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Abstract
Cooking oils play a crucial role in the food industry; however, during the cooking process, they undergo 
significant physical and chemical transformations that affect their subsequent usability and environmental 
impact. Our results show that oxidized rapeseed oil exhibits similar properties to industrial raw rapeseed 
oil, suggesting that used cooking oils at a certain oxidation state could potentially be suitable for surfactant 
synthesis. Since surfactants are widely used across various industries, this recycling approach offers a sus-
tainable alternative to synthetic raw materials.

Keywords: used cooking oil, oxidation, rapeseed oil, sustainability.

1. Introduction
Used cooking oils (UCOs) play a significant role 

in the food industry; however, during the frying 
process, they undergo chemical and physical 
transformations that affect their subsequent usa-
bility and environmental impact [1]. 

Fresh cooking oils are typically derived from ve-
getable or animal fats, with triglycerides as their 
main components. Commonly used vegetable oils 
include palm, sunflower, rapeseed, and soybean 
oils, while among animal-derived fats, lard is the 
most frequently mentioned. The oxidative sta-
bility and fatty acid composition of cooking oils 
are key factors in their selection, as they influen-
ce the chemical reactions occurring under heat 
exposure [2, 3]. High temperatures lead to the 
formation of free fatty acids, aldehydes, ketones, 
and polymers, which degrade oil quality, increase 
viscosity, and pose health risks  [4, 5]. Improperly 
managed waste oil can contribute to environmen-
tal pollution, highlighting the importance of sus-
tainable recycling strategies  [6, 7, 8]. 

The recycling of UCOs offers environmental 
and economic benefits, supporting a sustainab-
le, circular economy. One of the most common 
methods is biodiesel production via transesterifi-

cation, which reduces carbon dioxide emissions 
and dependence on fossil fuels. Life cycle assess-
ments confirm that UCO-based biodiesel is more 
environmentally friendly, and triglycerides can 
also serve as raw materials for surfactants and 
construction additives. Surfactants derived from 
UCOs present a sustainable alternative to synthe-
tic materials, reducing waste generation and the 
demand for new raw materials [9, 10, 11]. 

Our research was aimed at modeling the phy-
sical and chemical changes occurring during the 
frying process of rapeseed oil, with particular 
focus on oxidative stability, total acid number, 
saponification number, iodine-bromine num-
ber, and kinematic viscosity. Additionally, efforts 
were made to expand the range of raw materials 
suitable for surfactant synthesis by determining 
whether oxidized rapeseed oil from frying could 
potentially be applied for synthesis purposes.

2. Materials 
For the experiments, cooking oil, rapeseed oil 

was utilized as the raw material. Its properties 
are summarized in Table 1.  As a reference, the 
properties of crude, unrefined rapeseed oil typi-
cally used in industrial surfactant synthesis were 
also examined.

https://doi.org/10.33923/amt-2025-02-01
https://doi.org/10.33924/amt-2025-02-01


Bejczi R., Nagy R. – Acta Materialia Transylvanica 8/2. (2025)52

Table 1. Properties of used materials

Properties RO-cook RO-crude

Physical state (20 °C) liquid liquid

Density, d420
 (kg/m³) 0.882 0.91

Boiling point (°C) 347 341

Flash point (°C) 225 214

Pour point (°C) -9 -8

Molecular weight (g/mol) 900 900

Dynamic viscosity (40 °C mPas) 32.69 30.14

The rapeseed oils used in the experiments were 
supplied byBunge Zrt.

3. Methods
Edible rapeseed oil was subjected to oxidation 

to simulate the frying processes and the associ-
ated chemical changes occurring during various 
applications. Following the aging procedures, the 
physical and chemical properties of the oils were 
analyzed in detail to identify potential changes 
and assess their impact on future applicability.

3.1. Oxidative stability  
The resistance of oils to air (oxygen) is characte-

rized by their oxidative stability, which was deter-
mined according to the IP 157 [12] standard. The 
oxidation parameters are summarized in Table 2.

Table 2. Oxidation parameters

Parameter RO-cook 
(ox-1)

RO-cook 
(ox-2)

Temperature, °C 170 170

Time, h 8 16

Air, dm3/h 20 20

Volume of oil, cm3 20 20

3.2. Total acid number
The total acid number (TAN) is a measure of the 

amount of weak organic and strong inorganic 
acids in the oil. It was determined following the 
ASTM D974 [13] standard.

3.3. Saponification number
The saponification number expresses the 

amount of potassium hydroxide (mg KOH/g) 
required to completely saponify 1 g of a given 
substance. This was determined according to the 
ISO 3657 [14] standard.

3.4. Iodine-bromine number
The iodine-bromine number provides informa-

tion on the degree of saturation and unsaturation 

of the oils, which was examined according to the 
MSZ EN 14111:2004 [15] standard.

3.5. Kinematic viscosity
Kinematic viscosity (KV) was determined at 40 

°C following the ASTM D445-06 [16] standard.

4. Results
The experimental results are summarized in tables.
Fig. 1 illustrates that the total acid number of 

the oxidized samples increased compared to the 
edible rapeseed oil, indicating that the frying pro-
cess led to an increase in free fatty acid content. 

Fig. 2 presents the saponification number of 
the oxidized samples, which showed an increase. 
Notably, the saponification number of the sample 
oxidized for 16 hours equaled that of crude rape-
seed oil.

As a result of oxidation, the iodine-bromine 
number of cooking rapeseed oil decreased, with 
a similar value observed for crude rapeseed oil  
(Fig. 3).

Table 3. Kinematic viscosity of the samples

Samplke KV at 40 °C (mm2/s)

RO-crude 41.0

RO-cook 43

RO-cook (ox-1) 57.3

RO-cook (ox-2) 123.3

The kinematic viscosity increased due to oxida-
tion (Table 3), which can be attributed to polyme-
rization reactions and contamination.

Our results indicate that significant differences 
can be observed between the properties of the 
examined raw materials and those of industrial 
crude rapeseed oil, with both lower and higher 
values. As a result, the property range of poten-
tial raw materials has been successfully expand-
ed, representing an important step in evaluating 
alternative vegetable oils and used oils for surfa-
ctant synthesis.

5. Conclusions  
Our findings confirm that the aging of rapese-

ed oil induces significant physical and chemical 
changes that may influence its subsequent appli-
cations. Oxidation led to an increase in both the 
total acid number and the saponification number, 
while the decrease in the iodine-bromine number 
indicates the degradation of unsaturated fatty 
acids. The rise in kinematic viscosity reflects mo-
difications in the molecular structure, which can 
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affect industrial applicability.
It was established that, based on the similar 

properties of industrial crude rapeseed oil and 
the oxidized samples, used cooking oils may also 
be suitable for surfactant synthesis. This broadens 
the range of applicable raw materials and contri-
butes to promoting sustainable raw material utili-
zation while reducing the environmental burden 
associated with waste cooking oil disposal. Our 
results support the optimization of used cooking 
oil recycling and the expansion of raw material 
sources; however, further studies are needed to 
determine the optimal processing conditions.
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Abstract
In this study lath martensitic microstructure in S235JR and Mn-B alloyed steel sheets were produced. The 
Mn-B steel used as A and B pilar at autocars Laser welded blanks are an innovative way for automakers to 
reduce the weight of their vehicles while improving safety at the same time. We created welded joints with 
different parameters. Welding with 4100mm/min speed the weld metal hardness is similar to the late mar-
tensitic base material, and only a narrow heat affected zone is softened. Welding with lower speeds resulted 
softening of the weld metal and a double heat-affected zone: hard next to the weld metal and soft outside it. 

Keywords: lath martensite, laser welding, hardness.

1. Introduction
The characteristics of the martensitic micro-

structure of steels depend on the carbon cont-
ent of the steel. According to Krauss  [1], during 
hardening, if the carbon content is below 0.6%, 
lath martensite is formed in the microstructure. 
Between 0.6% and 1%, we can speak of a mixed 
microstructure, which becomes increasingly pla-
te-like rather than lath-like as the carbon content 
increases. With a carbon content above 1%, plate 
martensite is obtained. Literature data show that 
lath martensite appears below a carbon content 
of 0.6%, but below 0.3% C, this structure appears 
purely as a result of rapid cooling from the aus-
tenitic state [2, 3]. The lath martensite has a cha-
racteristic multilevel microstructure. The lath 
martensite is formed in parallel of parquet- or 
lath-like crystallites called laths.

Lath martensite consists of parallel laths, which 
are crystallites. Lath martensite characteristical�-
ly has a multi-level microstructure. The transfor-
ming austenite contains several bundles. Each 
bundle consists of blocks bounded by large-angle 
grain boundaries, which in turn are formed by 
lamellae [4]. Numerous articles have been pub-
lished in recent years on the formation and cry-
stallographic analysis of lath martensite micro-

structures  [5, 6]. As the C content increases, the 
structure of the blocks and bundles becomes finer 
[7, 8]. Depending on the carbon and alloying ele-
ments content researchers have created lath mar-
tensite by rapid cooling from high temperatures 
[7, 8, 9, 10]. 

The lower the carbon content of the steel, the 
higher the austenitizing temperature and the fa-
ster the cooling rate must be in order to create 
a pure martensitic structure [9, 10]. According to 
literature data [11] commercial hot-rolled high 
strength steel plates microalloyed with boron  
(C = 0.25%, Mn = 1.20%, B=0,006%), after austeniti-
zation at 950 °C, can form nearly 100% martensite 
by cooling at a rate of 100 °C/s, and nearly 71% 
martensite and 29% ferrite at a cooling rate of  
50 °C/s. In another series of experiments, Morito 
et al [12] have produced lath martensitic micro-
structure at high-nickel and cobalt alloyed mara-
ging steel and at two boron-microalloyed steels 
with very low carbon content. All three steels 
were cooled in brine from an austenitizing tem-
perature of 1200 °C.

In the automotive industry, boron- and mangane-
se-alloyed, press-hardened martensitic steels are 
used to form A and B pillars [13]. Martensite with 
a lath structure can support significant deforma-
tion [14]. The automotive industry aims to intro-
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duce laser welding joints in high-strength steels 
in order to save material  [15]. There is no data in 
the literature on what happens to the martensitic 
structure formed by press hardening during laser 
welding.

2. Experimental materials, experimen-
tal background

For the experiments, we used S235JR and 
PHS®1500 press-hardened steel (branded Usi-
bor®1500 by Acelor Mital) commonly used in 
the automotive industry. According to the manu-
facturer’s data sheet, the chemical composition 
of the PHS®1500 steel is: C=0.22%, Mn=1.3%, 
B=0.0035%, Si=0.25% [16].

Before heat treatment, the coating layer on the 
surface of the PHS 1500 steel sheet was removed. 
The samples were then austenitized in a labo-
ratory furnace at a temperature of 1100 °C and 
then quenched in ice water. The microstructure 
of the samples after quenching is shown in Fig. 1. 
The average hardness of the unalloyed steel sheet 
with lower carbon content was 293HV1, while 
the hardness of the Mn-B alloyed sample was 450 
HV1 after heat treatment.

After fitting the heat-treated samples together, 
we welded them using a Trump TLF 5000 turbo 
CO2 device. The technological data set for the 
test is shown in Table 1. The welding parameters 
described here were determined based on empi-
rical data. Due to the reduction in welding speed, 
the focus spot position had to be adjusted in order 
to achieve a properly penetrated weld.

Table 1. Welding data

 
Nr.

Power 
(W) Method Speed  

(mm/min)

Focus 
position 

(mm)

I 5000 CW 4100 0

II 5000 CW 2500 +5

III 5000 CW 1300 +7.5

IV 5000 CW 1050 +10

Metallographic polishes were prepared from the 
samples. Cutting was performed on a metallog-
raphic cutting machine with water cooling. The 
cross-section samples were prepared using tradi-
tional metallographic methods and then exami-
ned using a Keyence VHX-2000E light microscope. 
After the light microscopic examination, ultraso-
nic hardness measurements were performed on 
the samples. The hardness measurements were 
performed using a Krautkramer Branson Micro-
dur II device. The load force was 1 kg in all ca-
ses. We measured the change in hardness on the 
samples near the crown surface so that in each 
case the measurement range was: base material 
- heat-affected zone - weld metal - heat-affected 
zone - base metal.

3. Test results
In the case of Mn-B alloy steel, the welds were 

formed across the entire cross-section of the plate 
under the parameters used. In the case of Mn-B al-
loy steel, the laser technology parameters shown 
in Table 1 resulted in good through welds. No sig-
nificant porosity or cracks were observed  (Fig. 
2), despite the fact that the base material is highly 
resistant and a high-hardness microstructure 
formed either in the weld or in the heat-affected 

Fig. 1. Microstructure of heat-treated steels: a) S235, b) Mn-B alloyed steel.

a) b)
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zone, as can be seen in  Fig. 3  which shows the 
hardness measurement results. 

According to the hardness measurement results, 
when welding was effectuated at a speed of 4100 
mm/min, the hardness of the weld metal, which 
is barely more than 1 mm wide, is equal to the 
hardness of the lath martensitic base material. 
Hardness decreased to 310–330 HV1 in the very 
narrow heat-affected. When welding at a speed of 
2500 mm/min, the hardness decreased to 310 HV1 
in the center line of the weld metal and in the na-
rrow heat-affected zone, while the weld metal is 
characterized by a hardness above 400 HV1, des-
pite the fact that the grain boundaries of the weld 
metal are ferritic (Fig. 4). In the central 0.8 mm 
zone of the weld metal of sample III, the hardness 
varied between 250 and 290 HV1, followed by a 
0.7 mm high-hardness (470-500 HV1) heat-affec-
ted zone and a narrow 310 HV1 heat-treated zone. 

Welding at 1050 mm/minute resulted in the lo-
west hardness (240-270 HV1) weld metal, which 
was 1.8 mm wide, with a 0.5 mm heat-affected 
zone with a hardness above 400HV1, outside of 
which the hardness fell below 300HV1 in a nar-
row range. 

Although in the case of boron micro-alloyed 
steel the hardnesses reached 500 HV1 in some 
places, we did not find any cracks in any of the 
samples. A possible explanation for this favorable 
property in terms of crack formation is the cubic 
lattice structure [17]. due to low carbon content. 

Literature data show that in boron-micro-al-
loyed steels, the boron segregation can cause 
grain boundary cracks [18]. If the cooling rate is 
high, boron segregation does not appear

Welding of martensitic low-carbon unalloyed 
steel plate samples according to the data in Tab-
le 1, shows that even at a welding speed of 4100 
mm/min, a narrow continuous, full-penetrated 
weld was formed, as can be seen in the images in 
Fig. 5 When the highest welding speed was used, 
the hardness of the weld metal was the same as 
that of the martensitic base material, followed by 
a narrow (~0.3 mm wide) softened heat-affected 
zone, as shown in Fig. 6.  

At a welding speed of 2500 mm/min the weld 
metal achieved a hardness of 240–250 HV, in the 
range of 0.2–0.3 mm, it reaches the characteristic 
hardness of martensitic base material, followed 
by slight softening in the narrow heat-affected 
zone.

At a welding speed of 1300 mm/min, the characte-
ristic hardness of the weld metal and heat-affected 
zone was around 200 HV1, with one or two outliers. 

b)

Fig. 2. Macrographs of welds on Mn-B alloy steel sam-
ples.  
a) v = 4100 mm/min, b) v = 2500 mm/min,  
c) v = 1300 mm/min, d) v = 1050 mm/min

Fig. 3. The effect of welding speed on hardness chan-
ges in the weld-metal and its surroundings in 
the case of Mn-B alloyed steel.

Fig. 4. The microstructure of weld-metal in the case. 
a) v = 4100 mm/min,  
b) v = 2500 mm/min, c) v = 1300 mm/min,  
d) v = 1050 mm/min

a)

c) d)

b)a)

c) d)
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When we used a welding speed of 1050 mm/min, 
we found soft weld-metal, with a hardness below 
200 HV1 over a width of more than 2 mm, gradually 
increasing towards the base material. Using this wel-
ding speed, large porosities were observed, as can be 
seen on Fig. 5 d). The formation of porosity can be 
attributed to the excessively low welding speed. The-
re are data in the literature indicating that in laser 
welding, if the welding speed is not high enough, a 
plasma channel begins to form at the start of welding 
and then deepens. Subsequently, due to the flow con-
ditions of the melt, the plasma channel collapses, the 
gas inclusion remains in the material, and then the 
plasma channel begins to form again  [19].

The hardnesses that develops in the heat-affec-
ted zone of the welds can be explained by changes 
in the microstructure, which are presented in Fig. 7.

4. Conclusions 
In the present experiments, laser welding of two 

low-carbon steel grades was investigated, which 
were previously martensitically hardened 

During laser welding of low-carbon lath mar-
tensitic steels, no cracks formed in the weld or 
its heat-affected zone, even in Mn-B-alloyed steel, 
where the hardness approached 500 HV1 in some 
places when high welding speeds were used. 

It was found that a welding speed of 4100 mm/
min resulted in complete weld penetration for 
the sheet thicknesses used in the automotive in-
dustry, with the hardness of the weld metal ap-
proaching that of heat-treated martensite, with 
a narrow softening heat-affected zone in both 
steel grades tested. In the case of Mn- and B-al-
loyed materials, the weld metal softened at a wel-
ding speed of 1300 mm/min, while in the case of 
S235JR material, even a welding speed of 2500 
mm/min caused softening. 

A welding speed of 1050 mm/min is too low, and 
large porosities relative to the weld were also for-
med in the S235JR steel plate. 
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Abstract
In this study, we present an analysis of the infill patterns of 3D-printed gears with the aim of optimizing their 
load- capacity. During the investigation, we developed custom infill patterns, taking into account the influ-
ence of the direction of forces which occur under service. These patterns were compared with the Gyroid 
infill, which is the most commonly recommended in the literature. The examined gears were cylindrical 
involute gears, and the mass of the part was used as a reference parameter during the printing process.
A unique infill pattern was designed and combined with the Gyroid infill, then compared to the conventional 
Gyroid infill structure. The load-bearing capacity of different infill structures was determined by applying a 
simple static load test. Three gears were printed for each infill pattern, and three individual static load-bear-
ing tests were performed on each gear.
Since plastic gears were used in this study, the central bore of the gears was modified. This modification was 
necessary because, if a simple keyway solution had been applied, the gears could have rotated on the shaft 
due to the applied torque. To prevent this, the central bore was replaced with a hexagonal design.

Keywords: gear, infill pattern, load-bearing capacity, static load test, involute.

1. Introduction
Nowadays, the processing and recycling of plas-

tics are gaining increasing attention, especially 
from the perspective of sustainable manufac-
turing. One of the most widespread plastic pro-
cessing methods is injection molding, which is 
readily used in the automotive industry, packag-
ing industry, and in the production of electronic 
devices. The advantage of injection molding is 
rapid and economical mass production; however, 
it has a significant disadvantage, namely the high 
upfront cost of the tool. In contrast, additive ma-
nufacturing technologies – especially FDM (Fused 
Deposition Modelling) – have gained increasing 
popularity in recent years, as they minimize wa-
ste through layer-by-layer material construction 
and provide opportunities for the rapid producti-
on of components with unique and complex geo-
metry.

With the development of FDM technology, an 
increasingly wide range of materials has become 

available, including carbon fiber and glass fiber 
reinforced polymers, which improve mechanical 
properties and wear resistance. In the present 
research, we used the FFF (Fused Filament Fab-
rication) additive technology. Since most gears 
used in household appliances are made of plastic, 
along with cost-effectiveness, reduced service life 
must be taken into account, mainly due to ope-
ration at high rotation speeds and wear resulting 
from material properties [9]. Replacing these 
gears is often cumbersome, as product catalogs in 
many cases do not contain standard dimensions, 
making individual replacement difficult.

In the case of FFF technology printed gears, the 
appropriate infill pattern and optimal printing pa-
rameters are crucial for mechanical performan-
ce. During our research, we compared the effect 
of different infill patterns on the load-bearing ca-
pacity of gears.

https://doi.org/10.33923/amt-2025-02-03
https://doi.org/10.33924/amt-2025-02-03
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2. Design of the General Tooth Profile 
and 3D Model

At the beginning of the research, we determined 
that we would apply the most widespread tooth 
profile, the involute profile, since we intended to 
investigate involute cylindrical gears  [4].

To create the 3D model, the first step is to de-
velop the tooth profile and the corresponding 
root curve. Both the profile and the root curve 
are created in the Mathcad environment. The fol-
lowing parameters were used to development the 
tooth profile  [4, 5]:

 – modul: m = 5 mm,
 – specific tooth addendum height: h0 = 1,
 – specific backlash: c0 = 0.25,
 – number of teeth: z1 = 17,
 – tooth height: a = (h0 + c0) m = 6.25 mm,
 – gear width: b = 20 mm.

Arc segments of equal length were used to const-
ruct the gear tooth profile to achieve a more pre-
cise geometry. The root curve was not determi-
ned using the standard formula ρ0f = 0.38 m [6] 
but rather based on literature [7] striving for a 
more robust root design. With this approach, our 
aim was to optimize the load distribution and inc-
rease the service life of the gear. However, in the 
present research, we will not delve into a detailed 
analysis of this. 

The root and tooth profile are illustrated in Fig. 1.
The 3D model was developed in the Autodesk 

Inventor environment, using the profile points 
exported from Mathcad. To create the model, we 
applied specific Autodesk Inventor commands 
such as Extrude, Circular Pattern, Mirror, etc. [8]. 
The geometry created this way ensured precise 
tooth profile reconstruction, which is essential 
for further simulations and manufacturing pro-
cesses. The model can be seen in Fig. 2.

3. Development of specialized patterns  

3.1. Levoid infill pattern  
All patterns were created in the Autodesk Inven-

tor environment, and in each case the model was 
developed by modifying the existing gear model. 
During the design of the patterns, special attention 
was paid to the precise setting of geometric para-
meters to ensure they meet the desired mechanical 
properties. The wall thickness was set to 0.8 [mm] 
in all cases, as this thickness provides the approp-
riate balance between mechanical strength and 
material usage, while minimizing the disadvanta-
ges arising from excessive material consumption.

The supports, were designed by taking into ac-
count the symmetry line of the tooth. Additional�-
ly, we designed 0.8 [mm] wide supports along the 
line connecting the intersection point of the root 
curve radii and the gear axis. These supports en-
sure that the gear structure does not deform du-
ring printing, and the component maintains its 
shape even under maximum load.

The Levoid infill (resembling leaf venation 
(Fig. 3) was created by designing additional sup-
port elements at a 75° angle to the tooth’s axis 
of symmetry. The width of these supports was 
0.4 mm in all cases to provide sufficient stability 
while minimizing material usage. The distance 
between the supports was determined to be 1 mm, 
as this distance ensures that the printed pattern is 
strong enough but does not excessively strain the 
material. The arrangement and dimensioning of 
the support elements are crucial in ensuring the 
strength and long service life of the printed com-
ponents.

Fig. 1. Involute profile with specialized root curve.

Fig. 2. The Inventor model of the applied involute 
cylindrical gear.
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Since we were working with plastic gears, we 
modified the central bore of the gears. This was 
necessary because in the case of a simple keyway 
fixing, the gears could have rotated on the shaft 
due to the applied torque. To prevent this, we de-
signed the central bore with a hexagonal shape, 
thereby ensuring more secure torque transmissi-
on (Fig. 4).

3.2. Hybrid Levoid infill
In this case, we combined the Levoid and con-

ventional Gyroid infills to optimize the mechani-
cal performance and material usage of the gears. 
The infill of the teeth was Levoid, as this pattern 
is presumed to be suitable for ensuring long-term 
load-bearing capacity and achieving the neces-
sary stability. However, the core of the gear was 
designed with 30% Gyroid infill (Fig. 5), as the Gy-
roid structure is ideal for weight reduction and 
maintaining structural integrity while providing 
the desired mechanical properties.

We apply the Gyroid infill within a circle of 
71.264 [mm] diameter to maintain the external 
wall thickness at 0.8 [mm] in all cases. This ap-
proach ensures that the outer layer of the gear is 
strong enough to withstand the forces occurring 
during operation, while the internal structure 
remains lighter. The Gyroid infill is a complex 
geometric pattern, and its development using 
analytical methods is a very complicated task. 
Therefore we used the slicing software, which au-
tomatically generated the appropriate fill pattern 
for 3D printing..

We illustrate the sliced hybrid Levoid model 
in Fig. 6. This combined infill structure enables 
the gear to potentially achieve optimal mechani-
cal properties in both regions: the load-bearing 
capacity and wear resistance of the teeth could 
presumably be improved thanks to the Leaf infill, 
while the central part of the gear would remain 
lighter and more flexible, yet retain the required 
strength due to the Gyroid infill.

3.3. Conventional Gyroid infill
We created a version with entirely Gyroid infill 

for comparison purposes. The aim was to examine 
the effect of infill methods on structural strength, 
weight savings, and manufacturing processes.

Additionally, in this case we applied a 30% Gy-
roid infill within a circle of 71.264 [mm] diameter, 
ensuring the preservation of the 0.8 [mm] exter-
nal wall.

For the internal structure of the teeth, we appli-
ed a denser, 56% Gyroid infill. The purpose of this 

was to ensure that the mass of the subsequently 
created gears matched, regardless of which infill 
structure we used. This method allowed gears 
with different geometries to have similar dyna-
mic and static properties.

The complete Gyroid infill model is illustrated in 
Fig.7. The exact formation of the infill was created 
by the slicer program, which automatically gene-
rated the Gyroid structure taking into account the 
given density parameters and geometric constra-
ints. This approach not only simplified the design 
process but also ensured uniform material distri-
bution during manufacturing and optimization of 
mechanical performance.

Fig. 3. Levoid infill pattern.

Fig. 4. 100% Levoid infill.

Fig. 5. Hybrid Levoid infill.
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4. Manufacturing of gears using addi-
tive technology

For printing the gears, we used a bed slinger, So-
vol SV07 type 3D printer operating with Klipper 
firmware. This printer allows for higher speed 
and more precise printing, which is crucial for 
ensuring the accurate geometry of the gears.

The used filament was AzureFilm black, matte 
coloured HS (High Speed) PLA. This material was 
specifically optimized for high-speed printing, 
with low shrinkage and excellent inter-layer ad-
hesion. The matte surface is not only aesthetically 
advantageous but also helps reduce the visibility 
of the printing layers.

During the printing process, we did not use the 
printer’s own slicing program (Sovol Cura), but 
rather OrcaSlicer software, which offers more ad-
vanced setting options and provides more precise 
control. The printing speed was set to 150 mm/s, 
which provided fast and efficient extrusion in ac-
cordance with the characteristics of HS PLA wit-
hout compromising the adhesion between layers  
[9].

The settings were specifically adjusted to study 
the effect of the infill pattern on load-bearing ca-
pacity. For this purpose:

 – We limited the number of walls to 2, minimi-
zing the perimeter layer thickness.

 – We did not apply top and bottom solid layers, 
so the infill structure remained directly visib-
le and analyzable. 

 – The bed temperature was set to 60°C to ensure 
proper adhesion of the first layer and reduce 
the risk of deformation (warping) [9].

 – The nozzle temperature was 210°C, which is 
optimal for proper melting and uniform ext-
rusion of HS PLA  [9];

 – When designing the gears, we used mass as a 
reference, thereby ensuring balance and com-
parability between different constructions.

With these settings, the printing was fast and 
efficient, while ensuring the mechanical integrity 
and dimensional accuracy of the gears. The app-
lied parameters enabled more accurate exami-
nation of the effects of the infill pattern, which 
contributed to the optimization of design and ma-
nufacturing processes.

For each printed gear, we aimed to have the 
mass of the gears as close as possible. The lightest 
gear weighed 56.395 grams, while the heaviest 
was 57.450 grams. This means that the difference 
between the masses, or the range of dispersion, 
was 1.055 grams. This difference can be attribu-
ted to minor variations in the printing process, 
such as unevenness in extrusion, temperature 
fluctuations, and adhesion characteristics of indi-
vidual layers.

The mass constraint allowed us to ensure that 
the comparison of individual samples was not 
influenced by weight difference, allowing us to 
exclusively examine the effects of the infill pat-
tern. Based on the results, it can be concluded 
that the printing process is acceptable from the 
experiment’s perspective, as the mass differences 
remained minimal.

Regarding the printing time, the results show 
that there is only a minimal difference between 
printing times, indicating that the printing pro-
cesses run reliably and uniformly. The standard 
deviation of the printing time for the three mo-
dels is only 8 minutes.

5. Static loading tests and results
We prepared three specimens with each of the 

three proposed infills to generate sufficient mea-
surement data. The manufacturing of each sam-

Fig. 7. Conventional Gyroid sliced model.Fig. 6. Hybrid Levoid infill: sliced model.
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ple occurred under identical parameters, thus 
ensuring comparability and consistency of the 
printing process. We performed 3 measurements 
on each specimen, on 3 different teeth.

The static tests were conducted on a conventio-
nal TOS-250 type lathe, which provided adequate 
stability and precision for the experiments. A 250 
mm long, 32 mm hexagonal bar was placed in the 
chuck of the lathe, serving as the central bore of 
each gear.

A 10 mm diameter cylinder was placed in the 
tool holder of the lathe, which was adjusted to 
fit into the gear tooth space. This setup enabled 
direct loading of the teeth and precise measure-
ment of deformations.

A Sealey 1/2’’ SQ Drive Digital Torque Adapter 
with an accuracy of ±2% was mounted on the 
free end of the hexagonal bar. A ratchet wrench 
was connected to the torque meter, with which 
we gradually increased the load while monitor-
ing the deformation of the gears and the failure 
torque. During the test quasi-steady state conditi-
on was maintained. 

The purpose of the measurement was to obtain 
accurate data on the load-bearing capacity and 
mechanical behaviour of gears with different 
infill structures. The data thus obtained provide 
assistance in optimizing gear geometries and eva-
luating the practical applicability of 3D printed 
gears.

The measured values were summarized in the 
following tables.

1. Table. Levoid infill  

1. pcs (Nm) 2. pcs (Nm) 3. pcs (Nm)

1. 28.6 33.5 26.2

2. 24.1 23.7 30.4

3. 24.6 40.7 35.6

2. Table. Hybrid Levoid infill

1. pcs (Nm) 2. pcs (Nm) 3. pcs (Nm)

1. 24.3 49 46.9

2. 26 48.6 47.1

3. 35 55.7 48.3

3. Table. Conventional Gyroid infill

1. pcs (Nm) 2. pcs (Nm) 3. pcs (Nm)

1. 37.7 49.5 58.2

2. 53.8 56.4 –

3. 61 57.2 –

6. Conclusions
Our investigations confirmed that the geometry 

of the chosen pattern does not randomly deter-
mine the load-bearing capacity of the gears, but 
rather stems from the kinematics of the machi-
ne elements’ operation. This is a particularly im-
portant aspect during design, as the mechanical 
properties and service life of gears can be optimi-
zed by selecting the appropriate infill structure.

During the destructive tests, we observed that 
every failure occurred at a critical displacement 
below the tooth root, which correlated with the 
alternation of the infill pattern. This indicates 
that the transitional zones of the material struc-
ture may be weaker, therefore increased attent-
ion should be paid to the homogeneity of the infill 
pattern during design. 

In the case of conventional Gyroid infill, sig-
nificant spikes can be observed in the measured 
values. This can be attributed to the fact that the 
slicer program randomly forms the infill, thus 
the arrangement of the infill may differ for each 
tooth. Consequently, the load-bearing capacity of 
gears made with such infill is not constant and is 
unstable, which makes this infill pattern unreli-
able in industrial applications.

For the Hybrid Levoid infill, the measured data 
suggest that the structure’s load-bearing capa-
city is more stable than that of the simple Levoid 
infill, and approaches the level of conventional 
Gyroid infill. The measurement results show a 
smaller distribution, which suggests that the hy-
brid structure helps in more uniform distribution 
of the load. This indicates that hybridization can 
optimize the mechanical behaviour of gears, re-
ducing stress peaks at critical loading points.

The measurement results show that the lo-
ad-bearing capacity of conventional Gyroid infill 
is better than that of the Levoid infill pattern we 
developed. From the measured data, it can also be 
observed that the simple Levoid infill has a we-
aker load-bearing capacity, which is also evident 
from the lower average torque values.

Our results highlight that in gear design, not 
only the tooth profile and material selection but 
also the internal infill pattern play a key role in 
achieving optimal mechanical performance.
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Abstract
In our research, we investigated how the wear and corrosion resistance properties of ELMAX tool steel 
change during cryogenic treatment. The tool steel was heat treated in two different ways: con-ventionally, 
and using cryogenic treatment. From the two differently heat treated workpieces, 3 spe-cimens each were 
subjected to wear and corrosion tests. Based on the obtained results, it can be sta-ted that both the wear resis-
tance and corrosion resistance improved as a result of the cryogenic tre-atment. These properties can clearly 
determine the usability of the material in many applications.

Keywords: heat treatment, cryogenic treatment, wear, corrosion.

1. Introduction
Tool steels are fundamental pillars of modern 

industry, as they play a crucial role in the manu-
facturing of machines, tools, and equipment due 
to their high hardness, strength, and wear resist-
ance.

These optimal mechanical properties are deter-
mined by the material’s chemical composition 
and the carefully selected heat-treatment proce-
dures, which transform the internal structure of 
the steel to meet specific requirements.

The heat treatment of tool steels is a complex 
process aimed at modifying the microstructure in 
such a way that the steel attains the desired prop-
erties. One of the most commonly applied proce-
dures is the combination of quenching and tem-
pering [1]. During quenching, the steel is heated 
to a high temperature (austenitic state), followed 
by rapid cooling, producing a hard but brittle 
martensitic structure. This is then followed - of-
ten in multiple steps - by tempering operations, 
which fine-tune the microstructure, optimizing 
hardness, toughness, and corrosion resistance 
according to the intended industrial application.

To further optimize conventional procedures, 

recent research has shifted toward the use of 
deep cryogenic treatment between quenching 
and the first tempering step. This operation spe-
cifically targets the refinement of the martensitic 
structure by minimizing the amount of retained 
austenite. As a result of deep cryogenic treatment, 
the strength and wear resistance of the steel im-
prove.

Tempering after cryogenic treatment promotes 
carbide precipitation and increases martensite 
stability, enabling further enhancement of hard-
ness and wear properties. Deep cryogenic treat-
ment presents both new possibilities and new 
challenges in maximizing the often contradicto-
ry requirements of tool steels (e.g., toughness vs. 
wear resistance).

The goal of our investigation is to present and 
compare in detail the effects of two different 
heat-treatment procedures on the properties of a 
specific tool steel, ELMAX. The comparison focus-
es on the following two processes:

 – Conventional procedure: Quenching followed 
by three tempering cycles;

 – Cryogenic procedure: Quenching, cryogenic 
treatment, then three tempering cycles.

https://doi.org/10.33923/amt-2025-02-04
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By comparing the results, the study illustrates 
the differences between the characteristics 
achievable by the two technologies.

Armed with these comparative results, it be-
comes possible to improve the efficiency of indus-
trial production by providing guidance for select-
ing the appropriate heat treatment technology.

2. Material grade
The tool steel examined in this study is Udde-

holm ELMAX SuperClean, distributed in Hungary 
by voestalpine High Performance Metals Hunga-
ry Kft [2]. 

Table. 1. Chemical composition of ELMAX [2]

Element Content (weight %)

C (carbon) 1.7

Si (silicon) 0.8

Mn (manganese) 0.3

Cr (chromium) 18.0

Mo (molybde-
num)

1.0

V (vanadium) 3.0

ELMAX is a powder-metallurgy tool steel devel-
oped by the Swedish company Uddeholm in the 
early 2000s.

Its purpose was to combine the advantages of 
traditional high-wear-resistance tool steels with 
the corrosion resistance of stainless steels.

Thanks to powder-metallurgy technology, it fea-
tures a homogeneous microstructure and excel-
lent properties, including high wear resistance, 
good machinability, and dimensional stability. It 
was originally developed for injection molding 
and extrusion tools, but today it is widely used, 
for example, in the production of premium kitch-
en knives, as well as tactical and survival knives  
[3].

3. Conducted Tests and Heat Treatments
To evaluate the properties, hardness measure-

ments, wear and corrosion tests were carried out.
The specimen preparation was performed in the 

laboratory of Polyax Ltd. Hardness was measured 
using an Ernst AT130 D hardness tester.

Wear testing was conducted on polished spec-
imens using the abrasion apparatus available 
in our university’s materials testing laboratory 
(Fig. 1). Three tests were performed per speci-
men, each lasting 5 minutes.

The abrasive ball was made of Al2O3 with a di-
ameter of 20 mm. The rotational speed of the ball 

drive was 570 rpm. The applied load was 72 g, 
which included the pivot rod and additional load. 
No lubricant was used during the test.

Wear marks on the polished surfaces were ex-
amined using an Olympus BX53M microscope.

For corrosion testing, ASTM G31-21 [5] and its 
supplementary standard ASTM G1-03(2017)e1 
[6]. were used as guidelines. During the tests, 
three specimens each were immersed in a 6% 
FeCl3 solution for 72 hours. Corrosion resistance 
was evaluated based on the mass loss rate.

The specimen dimensions were identical for 
all tests, on the order of tenths of a millimeter:  
16.0 × 10.0 × 2.5 mm.

3.1. Heat Treatments
The heat treatments were carried out at the heat 

treatment facility of Titán 94 Ltd (Fig. 2). Quench-
ing, cryogenic treatment, and the first tempering 
were performed in a Schmetz IU72/IF 2RV vacu-
um furnace, while the subsequent two tempering 
cycles were conducted in a nitrogen gas protected 
tempering furnace.

The heat treatment cycle diagram is shown in  
Fig 3. For the conventionally treated specimens, 
all parameters were identical except for the cryo-
genic treatment.

Notable parameters include the austenitizing 
temperature of 1080 °C, cryogenic treatment at 
−150 °C, and tempering temperatures of 200-, 210-,  
and 180 °C, respectively.

4. Results

4.1. Hardness
The workpiece from which the specimens were 

machined was received in a softened state.

Fig. 1. Schematic of the abrasion apparatus [4] 
1: Rigid plate mounted on a pivot rod, 
2: Load, 3: Specimen, 4: Abrasive ball,  
5: Ball bearing
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The average hardness values are summarized in 
Table 2:

Table 2. Averaged hardness values

Softened After  
Heat Treatment

Conventionally 
treated 257 HB 58 HRC

Cryogenically 
treated 257 HB 59 HRC

The results confirm the expected increase in 
hardness.

4.2. Wear Resistance
The formula used to determine the wear coeffi-

cient is:

	 (1)

where:
 – K: wear coefficient,	
 – Vv: lvolume loss,
 – S: wear path length,	
 – N: applied load.

The evaluation methods and formulas applied 
are described in more detail in the literature [4].

The wear coefficient values determined from the 
abrasion tests are summarized in Table 3.

Table 3. Averaged wear coefficients

Average Wear Coefficient

Conventional 10.066 × 10–6 mm3/Nm

Cryogenically treated 4.853 × 10–6 mm3/Nm

The obtained results also support the assertion 
that significant differences in wear properties 
can be observed even among steels with very sim-
ilar hardness [7].

4.3. Corrosion Resistance
The mass loss rate (mlr) was determined using 

the following equation:

 	 (2)

where:
 – ∆m is the mass loss caused by corrosion,
 – A is the surface area of the specimen exposed 
to the ferric chloride solution,

 – t is the exposure time in the corrosive medium
The calculated values are summarized in Ta-

ble 4.

Table 4. Averaged corrosion mass loss rates

Corrosion Mass Loss Rate,  g/(m2h)

Conventional 0.577

Cryogenically treated 0.372

These results highlight the wide range of prop-
erties achievable through different heat treat-
ment procedures.
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Abstract
The research focuses on the presentation and analysis of explosive welding and hardening processes. In 
practice, the direct method is used for explosive hardening, in which the explosive is placed on the surface of 
the metal to be hardened. The indirect method is not yet common in practice. In the indirect process, similar 
to explosive cladding, there is a gap between the explosive and the surface of the metal to be hardened. We 
conducted experiments on two different steel grades (X120Mn12, X5CrNi1810) using the same quantity and 
quality of explosive. Following direct and indirect hardening, the hardness measurement results showed that 
the hardness achievable with direct hardening (238 HV for X120Mn12, 263 HV for X5CrNi1810) was lower 
than that achieved by indirect hardening (472 HV for X120Mn12, 322 HV for X5CrNi1810) using a 1.5 mm gap 
distance.

Keywords: explosive welding, plastic deformation, dislocation, cohesive bonding.

1. Introduction
Explosive forming and welding technologies 

began to be developed and applied after World 
War I. The physical basis of the technology is the 
plastic deformation effect, which is aided by the 
heat generated by friction caused by deforma-
tion in the crystal structure of the metal [1]. The 
high-pressure gas shock wave generated from the 
explosion can join the metal surfaces at high spe-
ed during explosive welding. The forming speed 
in this case differs significantly from the forming 
speed used in cold metal forming. The deforma-
tion caused by the explosion is a high-speed dy-
namic effect that causes deformation and phase 
transformation in the face centered cubic crystal 
structure steels [1]. Typically, this process is used 
for austenitic Hadfield steel hardening, as this 
type of steel is prone to work hardening through 
phase transformation. The austenitic microstruc-
ture steel phase transformation can also be ob-
served as a result of cold working, Strain-Induced 
Martensitic Transformation (SIMT). In practice 
this hardening process is not used in the case of 
the austenitic stainless steels.

The shock wave established by the explosion 
causes an increase in hardness of metals, but 

the parameters of this phenomenon have not yet 
been fully described in scientific terms. The ana-
lysis of the effect of deformation rate on the γ-α’ 
transformation in austenitic steel has long been 
a subject of interest to researchers. Early studies 
simply noted that as the explosion pulse duration 
(Δt) increased, the amount of martensite also inc-
reased and the hardness of the steel increased  
(Fig. 1) [2].

Fig. 1. Hardening as a function on the explosion im-
pulse time. [2]
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The traditional hardening mechanism of Hadfi-
eld steel mainly involves dislocation, twinning, 
and dynamic deformation ageing [3]. Although 
explosion-hardened Hadfield steel frogs are wi-
dely used on railways around the world, the de-
formation mechanism that occurs during the 
explosion hardening of this steel is not yet ful�-
ly understood [4]. The explosive hardening of 
Hadfield steel railroad frogs is a widely used tech-
nology worldwide that allows for increasing the 
surface and subsurface hardness of crossings [2, 
4, 5]. Fig. 2 shows a typical application of a casted 
Hadfield steel at the tip of a railroad frog

References in the literature indicate that, as a 
result of plastic deformation caused by high-spe-
ed forming, Hadfield steel undergoes Strain-In-
duced transformation triggered by deformation, 
and γ austenite transforms into α ferrite or ε 
martensite. It has been shown that the transfor-
mation from γ austenite to ε martensite depends 
on the deformation rate [6]. Explosive hardening 
technology can also increase the hardness and 
wear resistance of ausustenitic stainless steel [7, 
8]. Austenitic stainless steel has high formability, 
low hardness, and very good corrosion resistan-
ce. Heat treatment cannot be used to increase 
its hardness. Of course, there are stainless steels 
that can be hardened exceptionally well, but their 
chemical composition differs from that of the wi-
dely used austenitic stainless steels  [9, 10].

2. Explosive machining technologies

2.1. Explosive cladding process
The purpose of explosive bonding technology is 

to join metals together using high-speed deforma-

tion caused by an explosion. Due to the cohesive 
bond that forms, this process is considered to be 
welding [10]. Metals do not typically melt because 
there is no heating during the process; the heat is 
generated only by the deformation and the exp-
losion, this process belongs to the group of cold 
welding processes. The material science basis of 
the process is the deformation that occurs as a 
result of high-speed forming, during which the 
atoms of the materials being joined form bonds 
with each other without mixing. This process is 
typically used in practice for joining large surfa-
ces, such as flat plates. This process can be used to 
weld together a number of different metals that 
cannot be welded together using fusion welding 
(e.g., steel and titanium)  [11, 12]. In the case of 
the explosive welding process specification, there 
is the need to take account of the selection of the 
explosive. When selecting explosives, the critical 
limit value for the explosive’s detonation velocity 
must be taken into account. The speed of sound 
in the material must be lower than the collision 
speed of the cover plate and the base plate  [13, 
14]. The amount of the selected explosive can be 
determined based on the thickness and density of 
the cover plate. In the case of the large plates exp-
losive welding, the base plate and the cladding pla-
te are placed parallel to each other, leaving a gap 
between them calculated from the thickness of the 
cover plate. The parallel setup is shown in  Fig. 3.

According to empirical recommendations, the 
gap distance should be between 0.5 and 1.6 times 
the thickness of the cladding plate, which is an 
empirical value. The gap distance is the distance 
that the cover plate travels before collission with 
the base plate. If this distance is too large, the pla-
tes may be damaged during impact and a signifi-
cant increasing in the hardness may be observed. 
If the distance is too small, the surfaces of the pla-
tes will not bond properly  [7].

The cross-section of the explosively welded joint 
in the direction of the explosion is the wave line 
following the shock wave of the explosion. The 

Fig. 2. Austenitic manganese steel railway frog. Fig. 3. Paralell setup of the explosive welding.
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hardness on both sides of the joint increases com-
pared to the hardness of the base metal. This can 
be considered the heat and deformation zone of 
the weld, which is a very narrow range (1-2 mm). 
The degree of hardening depends on the para-
meters of explosive cladding and the hardening 
coefficient of the materials used, i.e. their mate-
rial characteristics.

2.2. Explosive hardening process
Explosive hardening technology is similar to 

explosive cladding technology in that it uses 
shock waves from high-pressure gas generated 
by explosions to increase the hardness of metal 
surfaces caused by plastic deformation. Different 
metals exhibit varying work hardening depend-
ing on their material properties. Hardness also 
depends on the used hardening technology. In the 
traditional setup, the explosive is placed directly 
on the metal surface for the explosive hardening 
process(direct hardening), while in the new setup 
it needs to left a gap between the metal surface 
and the explosive according to the explosive clad-
ding setup (indirect hardening).

For the indirect hardening process, we used 319 
g of Permont 10T explosive powder. The indirect 
hardening setup, which is identical to the explosi-
ve welding setup (Fig. 3), had a gap distance of 1.5 
mm. Direct hardening was performed using the 
same explosive material and quantity. After har-
dening, Vickers hardness was measured on the 
surface of the steel test specimens using a load of 
1.2 kgf. The results are shown in Table 1.

Table 1. Results of the direct and indirect hardening

Material
Hardness HV

Base  
metal Direct Indirect

X120Mn12 110 238 472

X5CrNi18-10 215 263 322

The results clearly show that indirect hardening 
caused greater hardening in both steel grades 
than direct hardening.

3. Conclusions
The results obtained from literature research 

and explosive hardening are in harmony. Based 
on the experimental results, it can be concluded 
that the indirect explosive hardening process 
results in greater hardnening than the direct pro-
cess with the same explosive quality and quantity 
for the same steel grades.
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Abstract
In this research, flame cutting experiments were performed on 35 mm thick S355JR steel plates using acety-
lene and hydrogen. During our tests, we cut the pieces so that we ended up with one much larger piece and 
one smaller piece. Changes in the microstructure and hardness were studied, according to the size of the 
pieces and the cutting position, using the two different fuel gases. The heat flow of the smaller piece was 
measured using thermocouples.

Keywords: flame cutting, non-alloy structural steels..

1. Introduction 
The S355JR is a non-alloy, structural steel grade 

defined in the EN 10025-2:2020 standard. The 
S355 grade belongs to the group of structural ste-
els; as indicated by its designation (“S”), while the 
number denotes the minimum yield strength. Ac-
cordingly, its minimum yield strength is 355 MPa 
up to a plate thickness of 16 mm. As the thickness 
increases, the yield strength decreases progressi-
vely; in the case of the 35 mm thick plate used for 
the experiments in this study, the minimum yield 
strength is 335 MPa.

The suffix “JR” specifies the steel’s toughness 
determined by the Charpy impact test at a defi-
ned temperature at which the material exhibits 
a minimum impact energy of 27 J. In this case, 
the specified test temperature is +20 °C. From a 
chemical composition perspective, S355 JR is a 
non-alloy, low-carbon steel. Its carbon equivalent 
is approximately 0.45 [1, 2]. 

During flame cutting, the fuel gas mixed with 
oxygen is burned in a high-pressure oxygen jet, 
heating the material to its ignition temperature 
(preheating), while simultaneously blowing away 

the resulting molten combustion products with 
the oxygen jet. The conditions for the applicabi-
lity of flame cutting are that: the material must 
be combustible in oxygen; the ignition temperatu-
re of the material must be lower than its melting 
point; the melting point of the oxide formed from 
the material is also lower than its melting point, 
so that the combustion products can be brought 
to a molten state and easily removed from the 
cutting gap; the combustion heat (heat of oxida-
tion) of the material should be high and its ther-
mal conductivity low so that the cutting gap forms 
quickly and remains narrow.. In industrial prac-
tice, these flame cutting requirements are only 
applied to unalloyed and low-alloy structural ste-
els and cast steel. Although the ignition point of 
unalloyed steels remains below the melting point 
of the material up to a carbon content of nearly 
2%, they can typically be cut very efficiently with 
a flame up to a carbon content of 0.25% [3, 4]. 

Low-carbon (C < 0.25%), unalloyed, and mildly 
alloyed structural steels are used in large quantit-
ies for the manufacture of welded structures, and 
this trend is expected to grow significantly in the 
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coming years [5]. The most commonly used com-
bustible gas for flame cutting is acetylene (C2H2), 
but hydrogen is also playing an increasingly im-
portant role due to environmental considerations  
[6, 7, 8].

2. Flame Cutting of Test Specimens
The flame cutting of the test specimens used in 

our research was carried out in the demonstra-
tion laboratory of Messer Hungarogas Ltd. For the 
investigations, we used S355JR steel with a 35 mm 
plate thickness, cut into 200 × 300 mm specimens. 
Two test plates were cut: one using acetylene as 
the fuel gas, and the other using hydrogen. Du-
ring cutting, maintaining a uniform cutting speed 
was essential from several perspectives; this was 
ensured by a flame-cutting torch mounted on a 
mechanical cutting carriage (Fig. 1). 

The dimensions of the plates used as test speci-
mens are shown in Fig. 2. The hardness test spe-
cimens are numbered from 1 to 4; these numbers 
are used throughout the remainder of the paper 
to identify the individual samples. The cutting 
kerfs were initiated between samples 1 and 2 - 
smallest and largest part of cut pieces (sections 
with widths of 20 mm and 180 mm). The speci-
mens taken from the plate cut with acetylene as 
the fuel gas are designated with the letter “A” 
preceding the number (test specimens A1, A2, 
A3, and A4), whereas those taken from the plate 
cut using hydrogen are identified with the prefix 
“H” (samples H1, H2, H3, and H4). (Fig. 3). All test 
specimens were extracted from the plates using 
waterjet cutting to avoid additional microstruc-
tural alterations. Hardness measurements were 
performed perpendicular to the flame-cut surfa-
ce, as a function of the distance from the cut edge, 
following appropriate surface preparation. 

Another important aspect during cutting is ma-
intaining the appropriate gas flow rates, which 
were verified prior to the process using a flow 
meter Table 1 summarizes the key parameter va-
lues recorded during the cutting operation. 

Table 1. Set parameters at the flame-cutting process

Parameter Acetylene  
cutting

Hydrogen  
cutting

Cutting speed 
(mm/min) 520 520

Fuel gas flow rate 
(L/min) 1.6 1.2

Cutting oxygen 
flow rate (L/min) 5.1 5.1

Fig. 1. Flame-cutting equipment used for preparing 
the test specimens.

Fig. 2. Layout of the test plate showing the cut edge 
and the positions of the test specimens.

Fig. 3. Photograph of the test specimen after cutting.

3. Thermocouple measurements
Before cutting, thermocouples were inserted 

into the plates to enable continuous monitoring 
of the temperature during the process. The ther-
mocouples were positioned along the side of the 
plate, near the cutting line, as illustrated in Fig. 4. 
As can be seen on Figure 4, the thermocouples 
are numbered from 1 to 8. The thermocouples 
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numbered 1, 2, 5, 7, 8 were positioned in midd-
le of plate thickness at 35 mm, 75 mm, 130 mm, 
185 mm and 220 mm from the end of cut kerf. 
The thermocouples 3, 4, 5 and 6 were positioned 
at 170 mm from the beginning of cut kerf, at a 
different distance from the face of plate (5 mm, 
10 mm, 17,5 mm and 25 mm). For easier identifi-
cation when presenting the measurement results, 
the thermocouple numbers are prefixed with the 
letters “A” or “H”, corresponding to acetylene and 
hydrogen fuel gas usage, respectively (i.e., A1–A8 
and H1–H8).  

For the measurements, TC Direkt brand, Type 
K, stainless-steel sheathed thermocouples were 
used, with a diameter of 1 mm and a length of 300 
mm. The thermocouples were placed in drilled 
holes at a depth of 18 mm inside the plate mate-
rial, positioned so that their tips were in contact 
with the end of each borehole. The holes were 
drilled to a diameter of 3.5 mm down to 16 mm, 
followed by an additional 2 mm of drilling with a 
1.1 mm diameter. This ensured stable positioning 
of the thermocouples within the bores.

For recording the data supplied by the ther-
mocouples, a DATAQ DI-710-EH multi-channel 
Ethernet-based data acquisition unit for analog 
signals was used. The device operated with the 
manufacturer’s free software, WinDaq, which 
enabled exporting the results in tabular format.

4. Hardness measurement. Microscopy
In order to determine how fuel gas affects the 

microstructure of the cutting environment and 
how the size of the cut pieces affects the micro-
structure, the hardness on polished samples was 
measured and the microstructure after etching 
with nitric acid was examined.

The hardness measurements were carried out in 
the materials testing laboratory of the University 
of Dunaújváros. A Buehler Wilson UH4750 hard-
ness tester was used to determine the hardness 
values. Establishing the accuracy and reliability 
of the hardness tester used for the measurements 
is essential to ensure that no false measurement 
results are obtained. For this purpose, a trial mea-
surement was performed on a reference block 
with a certified hardness value of 388.6 HV10, al-
lowing the accuracy of the measuring device to be 
verified. After completing the instrument setup, 
the trial measurement was performed. 

The microstructure was examined using a Zeiss 
Axio Observer Z1M optical microscope.

5. Results

5.1. Results of the thermocouple measure-
ments

The temperature of the plate and its changes 
(cooling) during cutting were evaluated based 
on the data recorded by the thermocouples. The 
results are illustrated in Fig. 5 and 6. shown sepa-
rately for the measurements obtained during cut-
ting with acetylene and hydrogen. Fig. 5 shows 
the values recorded during cutting with acetyle-
ne, while Fig. 6 shows the values measured when 
hydrogen was used as fuel gas. 

The measurement results show that from the 
start of cutting to 80 mm, the maximum tempe-
rature did not reach 200°C for either cutting gas. 
The maximum temperatures recorded by the 
thermocouples barely exceeded 300°C for both 
cutting gases. The two types of cutting gas did not 
cause any difference at the measurement points. 

Based on these results, it is evident that the two 
plates reached nearly identical temperatures 
at the measurement points when using the two 
different fuel gases, and their temperature chan-
ges over time were also similar. The reasons for 
the differences observed in the resulting micro-
structural changes are discussed in the following 
subsections.

5.2. Results of the Hardness Measurements
The hardness measurements were performed 

using the Vickers method with a test load of 98.81 
N. Each test specimen was measured at 10 posi-
tions, depending on the distance from the cut 
edge. The hardness measurements were taken at 
distances of 1, 2, 3, 4, 5, 7, 9, and 15 mm from the 
cut edge (Table 2. and 3.).  

Fig. 4. Position of the thermocouples along the side of 
the plate.



Kuti J., Pató P., Fábián E. R., Szabó A. – Acta Materialia Transylvanica 8/2. (2025) 77

To compare the fuel gases used for cutting, it 
is necessary to evaluate the hardness values of 
selected test specimens against each other. This 
allows the differences in microstructural chan-
ges resulting from the use of different gases to 
be determined. The following figures present 
these comparisons separately. The hardness va-
lues measured on test specimens of identical po-
sitions—but cut using different fuel gases—were 
compared as a function of the distance from the 
cut edge.

From Fig. 7–10, it can be observed that at the 
beginning of the cut, contrary to our expectations, 
the specimens with smaller mass and volume 
(samples numbered 1) exhibited higher hardness 
values. Initially, we assumed that the specimens 
with larger mass and volume would extract more 

heat, and therefore specimens 2 and 4 would de-
velop higher hardness.

Specimen 4 shows higher hardness values near 
the cut edge—both for acetylene and hydrogen 
cutting—compared to specimen 3. This is due to 
the larger material mass located behind specimen 
4, which extracts more heat from the cutting pro-
cess. As a result, greater heat removal occurred 
there, leading to lower heating of those speci-
mens.

For specimen 1, assuming that heat was trans-
ferred symmetrically into the two adjacent pie-
ces, the smaller specimen received the same 
amount of heat input despite its lower mass. Con-
sequently, it remained at elevated temperatures 
for a longer period. This allowed more extensive 
austenite formation and resulted in larger grain 

Fig. 5. Cooling curves for acetylene cutting. Fig. 6. Cooling curves for hydrogen cutting

Table 2. Hardness values measured on the test speci-
mens cut using acetylene as the fuel gas, as 
a function of distance from the cut edge

Distance from 
flame cut edge  

(mm)

Hardness  (HV10)

A1 A2 A3 A4

1 327.3 258.1 170.2 463.5

2 153.1 243.4 151.3 292.0

3 163.2 198.0 144.7 188.0

4 166.2 186.8 145.5 166.2

5 165.2 181.1 145.5 173.4

7 162.3 161.3 142.3 170.2

9 162.3 160.4 123.8 167.2

15 153.1 156.7 138.4 166.2

Table 3. A hidrogén éghető gáz felhasználásával vá-
gott próbatesteken mért keménységértékek 
a távolság függvényében

Distance from 
flame cut edge 

(mm)

Hardness (HV10)

H1 H2 H3 H4

1 192.9 158.5 163.2 314.0

2 172.3 148.8 151.3 179.8

3 143.1 134.7 151.3 173.4

4 146.3 133.3 143.1 177.7

5 143.9 136.2 139.9 158.5

7 163.2 133.3 139.9 154.9

9 163.2 137.7 143.1 158.5

15 149.6 136.9 143.1 158.5
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Fig. 8. Comparison of hardness values measured on 
test specimens A3 and A4.

Fig. 7. Comparison of hardness values measured on 
test specimens A1 and A2. 

Fig. 9. Comparison of hardness values measured on 
test specimens H1 and H2.

Fig. 10. Comparison of hardness values measured on 
test specimens H3 and H4. 

Fig. 11. Comparison of hardness values measured on 
test specimens A1 and H1.

Fig. 12. Comparison of hardness values measured on 
test specimens A2 and H2.

Fig. 13. Comparison of hardness values measured on 
test specimens A3 and H3.

Fig. 14. Comparison of hardness values measured on 
test specimens A4 and H4.
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sizes. Both effects promote the formation of mar-
tensite [9, 10]. 

From Fig. 11. and 12, it can be observed that at 
the beginning of the cut, the hardness values are 
significantly higher when acetylene is used com-
pared to hydrogen. In Fig. 13 and 14, at the end of 
the cut, it can be seen that for the smaller speci-
men, both hydrogen and acetylene preheated the 
material prior to cutting. Due to the accumulated 
thermal energy, the resulting hardness values are 
nearly identical. For the larger specimen, howe-
ver, the higher flame temperature of acetylene 
becomes more pronounced.

Based on hardness measurements, it can be 
concluded that in both acetylene and hydrogen 
cutting, the hardness of the 35 mm plate is practi-
cally the same as that of the base material when 
measured 6 mm from the cutting surface, but 
using hydrogen as fuel gas the heat affected zone 
is under 3 mm.  This measurement is consistent 
with the results observed in high energy density 
cutting [11].

5.3. Metallographically studies results
Fig. 15 shows the basic microstructure of the 

plate material. The ferrite and pearlite bands for-
med as a result of rolling are clearly visible. Due 
to the rapid heating and cooling that occurs du-
ring cutting, the bands behave differently if they 
do not have time to homogenize. 

Fig. 16. shows the microstructure of the A4 test 
specimen. The transitional microstructure of this 
test specimen can be seen on the base metal side, 
at the beginning of the heat-affected zone. It is 
noticeable that the base metal pearlite has been 
transformed. The originally pearlitic bands have 
been transformed into bainite and martensite. 

Fig. 17. shows the microstructure of test spe-
cimen H1 near the cutting edge. Homogeniza-
tion occurred only in the immediate vicinity of 
the cutting edge, but the microstructure in the 
heat-affected zone is neither ferritic nor pearlitic.

A higher resolution had to be used to determine 
the microstructure formed in the heat-affected 
zone. 

Fig. 16. Heat-affected zone of specimen A4.Fig. 15. Base microstructure of the plate.

Fig. 17. Transitional microstructure of specimen H1 
adjacent to the cut zone.

Fig. 18. Heat-affected zone and microstructural 
boundary at the cut edge of specimen H1.
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 Fig. 18. shows the heat-affected zone of sample 
H1. The original pearlite rows were transformed 
into martensite and bainite, and some carbide 
particles also appeared in the ferrite rows, but 
they remained essentially ferrite.

6. Conclusions
In this study, flame cutting with hydrogen and 

acetylene as fuel gases was compared using 
S355JR steel. At the beginning of the cut, contrary 
to our expectations, the specimens with smaller 
mass and volume (samples numbered 1) exhibi-
ted higher hardness values

However, according to the thermocouple mea-
surements in the present experiments, this trend 
did not occur. Instead, the higher flame power 
and flame temperature of acetylene had a domi-
nant influence on the resulting microstructural 
transformations.
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Abstract
High-performance handheld laser welding technologies have undergone significant advancements in recent 
years, particularly with the emergence of compact, cooled, and precise beam-shaping equipment. Handheld 
lasers (HL) possess all the advantages of their industrially applied, machine- or robotic-arm-guided coun-
terparts. The key distinction lies in numerical beam control, which, alongside the parameters critical for 
successful welding, receives particular attention. This was due to the material- and penetration-depth-depen-
dent program code table of the user-friendly Lightweld 1500 XT fiber laser welding equipment. During the 
experiments, S355 structural steel and DC01 cold-rolled steel sheets were welded in a T-joint configuration 
with varying sheet thicknesses, using identical material pairings. The used filler material was a Böhler EMK 
8 Ø1 mm solid wire electrode, and the shielding gas was nitrogen with a 4.6. purity. We found that even with 
the settings recommended by the welding machine manufacturer, there were welding deviations, which 
suggests that the quality of manual welding also depends on the skill of the welder.

Keywords: handheld laser welding, conduction laser welding, welding speed, filler material, nitride precipitations.

1. Introduction
Fig. 1 shows the weld shapes typically created 

during laser welding.  
Laser technologies are indispensable in our dai-

ly lives, particularly in industrial applications. 
This is especially true in welding technologies 
due to their precision, high power density, and 
relatively low thermal load on the base material  
[1, 2, 3]. Until recently, robust equipment has typ-
ically been used, referring to the excitation cir-
cuit and isolated workspaces. Thanks to advance-
ments in fiber technology, excitation circuits can 
now be designed to match the size of industrial 
wire electrode (code: 13) or tungsten electrode 
(code: 14) shielded arc welding machines [4]. 
This has led to the development of handheld laser 
sources, which gained significant attention in the 
late 2000s (according to General Electronics Co.’s 
patent) [4, 5]. These first-generation laser sourc-

es did not yet possess the compact dimensions 
mentioned earlier, but current fourth-generation 
models, with advancements in cooling systems, 
have achieved this [4, 6].

Fig. 1. Difference between heat conduction (left) and 
deep-penetration (right) laser welding.
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The standard Welding and Allied Processes 
(MSZ ISO 4063: 2023) assigns identification codes 
to various processes, distinguishing between 
manual and automated variants of technologies 
operating on the same principles. Handheld laser 
welding lacks a specific designation but can be 
defined under code 521, which indicates high-en-
ergy-density (5), laser-based (2), and specifically 
solid-state (1) systems [7]. Key characteristics of 
this process include the use of Nd: YAG crystal 
(Y3Al5O12/YAG: yttrium-aluminum-garnet doped 
with Nd3+ ions) as the typical laser medium, with 
an emission wavelength of 1064 nm (Near Infra-
red - NIR) [1, 2, 8]. Additionally, it operates in con-
tinuous wave (CW) mode, and due to variations in 
welding speed, it is limited to conduction welding 
during manual beam guidance. 

At the end of the article, we evaluate the perfor-
mance of the default programs of the IPG Light-
Weld 1500 XT laser equipment, courtesy of Inter-
technika Ltd.

2. Parameters of Laser welding
To achieve a high-quality weld, it is essential 

to define and control the input parameters  [3]. 
]. The process begins with determining the weld 
geometry and the required material thickness, 
as these dictate the other adjustable parameters  
[9]. Parameters that can be controlled include 
the power setting on the equipment (potentially 
including beam oscillation), the gas flow rate on 
the shielding gas regulator, and the relative po-
sitioning of the workpieces using auxiliary tools 
(clamps, fixtures, welding table-template sys-
tems) or tack welding [3, 9]. Challenges with this 
process include maintaining a constant welding 
speed and ensuring the correct focus position and 
distance [6].

2.1. Laser Power
The laser output power (W, kW) determines the 

energy delivered to the base material, which in-
fluences the penetration depth [2]. 

Estimating the power requirement is common 
practice, as it depends on multiple factors. A sim-
plified approach is based on energy density [10]:

	 (1)

where:
I: energy density (W/cm2),
P: laser power (W),
A: irradiated area (cm2),
dspot: spot diameter (cm).

The approach is applicable since we know the 
energy density range for conduction welding 
(104-106 W/cm2); however, it must be noted that 
the formula neglects several factors. The follow-
ing formula approximates based on the absorbed 
energy (Qa; J) [1]:

	 (2)

where:
Q1: energy required to heat the base material to 

its melting point,
Q2: energy for melting, which requires latent 

heat,
Q3: energy required to vaporize the molten ma-

terial,
Q4: energy demand for vaporization as a func-

tion of the latent heat of vaporization,
Ql: energy lost through conduction, convection, 

evaporation, reflection, and radiation,
ma: mass of the melted material (kg),
cp  : specific heat capacity (J/kg∙K),
ΔTm: temperature difference required for melt-

ing the base material  (K),
Lm: latent heat of melting (J/kg),
ΔTV: temperature difference required for the 

molten material to reach its boiling point  
(K),

LV: latent heat of vaporization  (J/kg).
Taking into account the volume (V) and density 

(ρ), the following formula is obtained  [1]:

   (3)

With this, the absorbed energy has been deter-
mined. To obtain the power, it must be divided 
by the time required to melt the base material. If 
tack welding is not performed, the time can be de-
termined using the formula:

	 (4)

where Δx is the melted length (mm), and v is the 
welding speed (mm/s). Accordingly, the power 
calculation is:

	 (5)

During manual beam guidance, the welding 
speed is difficult to determine and maintain at a 
constant value. Therefore, the approach based on 
the melting energy requirement is: 

   (6)
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where:
V̇  : the volume of molten material per unit time 

(m³/s).

2.2. Welding Speed
Welding speed (feed rate) is one of the most crit-

ical process parameters during welding, as it di-
rectly affects the penetration depth, weld geome-
try, and the extent of the heat-affected zone (HAZ) 
[3, 9]. Increasing the speed reduces the specific 
heat input, resulting in a smaller molten pool and 
shallower penetration, while a lower speed leads 
to deeper penetration and a wider weld profile  
[3, 9].

The relationships discussed in the previous sec-
tion were based on the Rosenthal equation, which 
can be rearranged to express the welding speed. 
Another approach is illustrated in Fig.  2, which 
outlines the interaction between three parame-
ters: power (P), relative speed (vr) and beam spot 
diameter (df) [11]. 

The ratios formed between these parameters 
yield physically meaningful and interpretable 
quantities. These ratios include power density 
(p; W/mm2), specific heat input (q; W/mm), and 
the „residence time of a surface material point 
in the focus spot” (th; s) [11]. Power density in-
dicates how concentrated the laser power is per 
unit area. Therefore, the denominator must be 
adjusted with a focus geometry factor (Y; -): for a 
square spot, Y = 1, while for a circular cross-sec-
tion (more common), Y = π/4 (1). The specific heat 
input (line energy) reflects the heat energy deliv-
ered per 1 mm of length. This allows us to predict 
the outcome: at low P/vr, shallower penetration 
is observed, followed by faster cooling, resulting 
in a martensitic microstructure (in carbon steels), 
which increases the risk of cracking [10]. It is ad-
visable to maintain this ratio at a higher value to 
achieve a proper weld. The interaction time is re-
lated to this: the longer energy is delivered to a 
given material point, the higher its temperature 
rises, reducing the cooling rate and resulting in a 
martensite-free microstructure. 

From the above calculations, further deductions 
can be made: the surface energy density („plani-
metric energy input,” e; J/mm²), volumetric ener-
gy density („volumetric energy input,” e’; J/mm³), 
and unit efficiency (e*; J/mm2 ∙√s) can be deter-
mined. Surface energy density represents the en-
ergy delivered per unit area, while volumetric en-
ergy density projects this onto a unit volume. The 
unit efficiency (bottom part of (Fig. 2), is derived 
from weighting the formulas for power density 

and surface energy density, describing the effi-
ciency of energy transfer to the workpiece for a 
given input power  [11].

2.2.1. Welding Speed with Filler Material
During welding without filler material, the en-

ergy of the applied heat source is used to melt the 
base material. When a filler material is used, ad-
ditional power is required to melt it [12]:

	 (7)

where: 
ṁ  : wire mass flow rate (g/s),
∆T: temperature difference between the wire 

and its melting point  (K),
c  : specific heat capacity of the filler material  

(J/(g∙K)),
Lf : specific latent heat of melting for steel (J/g)
From this formula, one unknown remains: the 

wire mass flow rate, which can be calculated as 
follows [13]:

	 (8)

where:
ρ : density  [g/cm3],
Ahuzal : wire cross-sectional area  [mm2],
vw : wire feed speed [mm/s],
Based on this, the additional power require-

ment can be determined from the energy balance 
[1], thus the modified welding speed is:

	 (9)

2.3. Heat Input
The heat input can also be expressed using 

the Rosenthal equation and the approach by  
Bagyinszki and Bitay. The heat input plays a 

Fig. 2. Parameter Relationships of High Energy 
Density Technologies [11].
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crucial role in covered arc welding, and the EN 
1011-1 standard provides an example for its es-
timation. A similar formula is applied for laser 
processing  [10]:

	 (10)

where: 
η: efficiency (-), which depends on the laser 

source and the light-matter interaction.
It is worth considering this parameter, as it in-

forms us about the outcome of the processing: 
high heat input results in slower cooling, leading 
to a microstructure that does not contain mar-
tensite, thereby reducing crack sensitivity. How-
ever, if the heat input is excessively high (result-
ing in very slow cooling), grain coarsening may 
occur [13]. The ISO 9606-1:2012 standard, accord-
ing to the International Institute of Welding (IIW), 
also provides a carbon equivalent calculation to 
predict crack susceptibility, which determines 
whether preheating of the workpiece is neces-
sary for a proper weld (CE < 0.4: preheating is not 
required; above this value, preheating becomes 
increasingly justified) [3, 9].

2.4. Penetration Depth
The penetration depth in laser welding is typi-

cally estimated using the Rosenthal equation. This 
equation assumes that the weld width is twice the 
penetration depth, the heat source is point-like, 
moves at a constant speed across the workpiece, 
and heat transfer is primarily described by con-
duction [1]. The equation has both two-dimen-
sional and three-dimensional variants. The 2D 
model is applicable to cladding welds where pen-
etration depth is negligible [1, 10]. Since we aim 
to express the penetration depth, the 3D model 
must be used, which assumes the heat source has 
a spatial extent and a Gaussian energy distribu-
tion:

  (11)

where:
k: thermal conductivity coefficient (W/(m∙K)),
h: penetration depth (m),
vx: heat source velocity in the x-direction (m/s),
ξ: effective distance from the source position in 

the Lagrange coordinate system  (m),
κ: thermal diffusivity coefficient  (m2/s),
K0: zeroth order of the modified Bessel function (-).
It is worth noting that this equation must be 

modified when working with materials other 

than carbon steels or when using a non-continu-
ous laser source  [14]. 

2.5. Shielding Gas Flow
Laser welding falls under the category of fusion 

welding [3, 9]. Consequently, the molten pool 
must be protected from the environment (oxi-
dation, contaminants), which is achieved using a 
shielding gas (or gas mixtures). This medium is di-
rected at the molten pool with a specific flow rate. 
The gas flow rate (l/min) affects the appearance 
and, consequently, the mechanical properties of 
the weld. To ensure a high-quality weld, lami-
nar flow must be maintained, although in some 
cases, transitional flow conditions may be neces-
sary  [10, 14]. This can be demonstrated using the 
Reynolds number. 

	 (12)

where: 
Re : Reynolds number (−),
ρ : density of medium (kg/m3),
v : flow velocity of medium (m/s).
The Reynolds number describes the nature of 

a medium’s (gaseous or liquid) flow, which can 
be laminar (ordered; Re < 2320), transitional  
(2320 < Re < 4000), or turbulent (Re > 4000) [15]. 
In the context of shielding gas flow, this is criti-
cal because turbulence can cause gas porosity 
or uneven protection in the welding zone [3, 9].  
During conduction laser welding, laminar flow 
must be ensured, whereas transitional flow con-
ditions are common in keyhole laser welding  
[14]. This is due to the specific characteristics of 
the technology: to allow energy to penetrate deep-
er layers, the keyhole (as shown on the right side 
of Fig. 1) must remain open, and the amount of 
generated plasma and metal vapor must be con-
trolled, as they act as optical media and influence 
energy transfer [2, 16].

During welding, the desired gas pressure can be 
set using the shielding gas regulator. However, 
for professionals, this is not sufficient, as Weld-
ing Procedure Specifications (WPS) are typically 
based on volumetric flow rate:

	 (13)

If a flow meter is not incorporated after the reg-
ulator, the pressure drop (ΔP) must first be deter-
mined using the Bernoulli equation (neglecting 
changes in elevation) [15]: 
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	 (14)

where:
P1 : pressure (Pa),
P2 : nozzle exit pressure (Pa),
v1 : medium velocity at the regulator outlet  (m/s),
v2 : medium velocity at the nozzle exit  (m/s).
Based on this, the pressure value to be set on the 

regulator is the sum of the pressure drop and the 
nozzle exit pressure. It is important to note that 
the formula is modified if the nozzle length is not 
negligibly long [9].

It can be concluded that determining the pa-
rameters for laser welding for a specific task is a 
complex activity. To assist professionals, the cal-
culations discussed earlier also form the basis for 
simulations [11, 14]. If access to such simulations 
is not available, it is advisable to conduct a series 
of experiments with the parameters mentioned 
in the studies, which can then be optimized for 
the specific task at hand.

3. Experiment
The key to successful handheld laser welding 

lies in the careful selection of appropriate techno-
logical parameters, which were analyzed in the 
previous section. The purpose of this chapter is to 
present the practical experimental investigation 
conducted at Intertechnika’s Csepel workshop us-
ing an IPG Photonics LightWeld 1500 XC handheld 
laser welding device (Fig. 3). This device employs 
factory-preset welding programs (Fig. 4), ímean-
ing that precise values of certain input parame-
ters (e.g., power, beam profile) are not accessible. 
Nevertheless, the focus of our investigation was 
to determine the extent to which these factory 
settings ensure high-quality welds. 

The equipment used is one of the most advanced 
handheld laser sources available today [17]. Ta-
ble. 1 outlines the specifications of the laser 
source.

Table 1. IPG Photonics LightWeld 1500 XC machine 
specifications [8]

Parameter Value

Laser power (HPP-pulse mode) 150–2500 W

Laser power (CW-continuous 
wave mode)

150–1500 W

Operating modes CW, Track, Modulation, HPP, 
Stitch, Clean, ADV. Stich

Laser source wavelength 1070 nm

Oscillation frequency 0–300 Hz

Oscillation amplitude 0–15 mm

Input voltage 200–240 V

Current consumption at full 
load

24 A

Rated power 4600 VA

The system is user-friendly, allowing the selec-
tion of a program from a table provided with the 
machine based on the base material, laser mode, 
and penetration depth (Fig. 4). Experiments were 
conducted in continuous wave (CW) mode, both 
with and without filler material (rows CW and M 
in the table). For welding with filler material, an 
IPG LightWELD WF-100 wire feeder device was 
used.

3.2. Experimental Materials
To investigate different penetration depths, we 

incrementally increased the sheet thickness from 
1 mm to 5 mm in 1 mm steps. Not all sizes were 
available for a single material type in our envi-
ronment, so we conducted experiments on DC01 
(1 mm and 2 mm) and S355J2 (3 mm and above) 
carbon steels. In all cases, we produced single-sid-

Fig. 3. IPG Photonics LightWeld 1500 XC handheld 
laser source and IPG LightWELD WF-100 wire 
feeder equipment. Fig. 4. Laser source program table  [8]
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ed fillet welds in a T-joint configuration, secured 
by pre-tacking the sheet ends. We were also in-
terested in the filler material program mode (W: 
Wire welding), for which we used Böhler EMK 8 
Ø1 mm solid wire electrode. As indicated in Ta-
ble 2 we consistently used nitrogen with a purity 
of 4.6 as the shielding gas at an operating pres-
sure of 0.2 MPa.

Table 2. Composition of the base materials used in 
the experiment  

Mate-
rial

C% Si% Mn% P% S% Cu%

S355J2 0.2 0.55 1.6 0.025 0.035 0.55

DC01 0.12 - 0.6 0.045 0.045 -

EMK 8 0.11 1 1.8 - - -

3.3. Investigation
We aimed to qualify the produced welds, so we 

conducted penetrant testing and subsequently 
prepared metallographic specimens for optical 
examination and hardness testing. 

The liquid penetrant testing was performed 
at the Óbuda University, Bánki Donát Faculty of 
Mechanical and Safety Engineering. The testing 
was carried out in accordance with the ISO 3452-
1:2021 standard. (Fig. 5)

The metallographic examination was conduct-
ed at the Budapest facility of Bay Zoltán Applied 
Research Nonprofit Ltd. The cross-sections to be 
examined were prepared in accordance with MSZ 
EN ISO 15614-1:2023. Thinner workpieces were 
cut using sheet metal shears, while for sheets 
4 mm and thicker, an angle grinder was used. This 
method allowed us to cut a larger area to account 
for potential heat treatment effects, after which 
an abrasive cutting machine was employed with 
water cooling to achieve a size suitable for em-
bedding. Sample preparation was carried out 
according to MSZ EN ISO 1463:2021. As our focus 
was solely on examining the weld shapes and po-
tential defects, we polished the samples up to a 
1 µm diamond suspension (for macro imaging). 
To reveal the microstructure, a 5% Nital etchant 
was used. (Fig. 6.)

The hardness testing was conducted within 
the university premises using the Vickers meth-
od with a 200 g load, as the heat-affected zones 
(HAZ) were expectedly narrow due to the charac-
teristics of the technology. The results showed no 
anomalies; hardness values increased progres-
sively from the base material toward the weld.

3.4. Results
During visual inspection and penetrant testing, 

no surface-breaking material defects were ob-
served. Microscopic images revealed spherical, 
porous welds (classified as defect code 2011 ac-
cording to MSZ EN ISO 6250-1:2008) when using 
the parameter table recommended by the man-
ufacturer. The most likely cause is uneven beam 
guidance and uncertainty in maintaining the po-
sition of the welding gun.

4. Conclusion
The key to high-quality welding lies in a thor-

ough understanding of the applied technology. 
In many cases, it is acceptable to rely on seem-
ingly trivial, empirical formulas and guidelines. 
However, for greater certainty, it is advisable to 
develop and simulate optimized technological pa-
rameters. 

One of the sensitive parameters in laser welding 
is the welding speed, particularly due to the un-
certainty associated with manual beam guidance. 

Fig. 5. Result of penetration testing on a sample wel-
ded with filler material using the E8 program 
on 3 mm thick S355J2 sheet.

Fig. 6. Samples made of S355J2 using the E4 program:  
5 mm filler material weld (left) and 4 mm base 
material weld (right).
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Although it involves additional costs (potentially 
several million forints), creating a Welding Proce-
dure Specification (WPS) for series or mass pro-
duction is worthwhile, and integrating the laser 
source with a collaborative robot is recommend-
ed [4].

The parameter table shown in Fig. 4 specifies 
the shielding gas for welding (nitrogen). Although 
no evidence was found in the metallographic 
specimens, it is worth experimenting with other 
commonly used industrial shielding gases, as ni-
trogen can form nitrides with alloying elements 
in the base materials (in our case, potential Mn4N 
and Si3N4 precipitations could have occurred). 
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Abstract
The geometric accuracy and surface quality of hole machining processes are fundamentally important for 
the operational reliability of manufactured components, as supported by the literature review. The aim of 
this research was to compare the geometric and surface characteristics of circular pockets produced by three 
different machining methods: turning, boring, and milling. During the investigations, coordinate measuring 
machine (CMM) and surface roughness measurement methods were applied, and the results were evaluated 
using the Taguchi method, signal-to-noise (S/N) ratio analysis, and weighted scoring assessment. Based on 
the results, boring proved to be the most favorable method in terms of geometric accuracy, while milling 
yielded better surface roughness values. The findings of this research can support the selection of appropri-
ate pre-production machining technologies and contribute to the optimization of manufacturing processes.

Keywords: geometric tolerance, hole machining, Taguchi experiment design.

1. Introduction
The attainable geometric accuracy of cylindrical 

surfaces plays a decisive role in the operational 
reliability of manufactured components, particu-
larly in applications where bearing fits, interfer-
ence fits, or sealing functions are required. The 
aim of modern manufacturing technologies is not 
only to ensure dimensional accuracy, but also to 
minimize form deviations (such as cylindricity 
and roundness errors). For this reason, the com-
parison of different machining processes and the 
optimization of their technological parameters 
are indispensable.

To evaluate the geometric and dimensional ac-
curacy of machined parts, various quantitative 
indicators can be applied, the definition and in-
terpretation of which are described in detail by 
ISO standards. The ΔD (diameter deviation) repre-
sents the difference between the measured mean 
diameter and the nominal size, and is interpret-
ed according to ISO 14405-1:2016 concerning di-
mensional tolerances. In addition to dimensional 
tolerances, geometric tolerances provide a more 
detailed description of the deviation of the man-
ufactured feature. The RONt (total roundness de-

viation) expresses the departure from roundness 
and is defined according to ISO 12180-1 and ISO 
12180-2 (Fig. 1/a). ). This value represents the dif-
ference between the largest and smallest radii of 
the measured contour within a given cross-sec-
tion. Similarly, CYLt (total cylindricity deviation) 
describes the overall departure from cylindric-
ity, as defined in ISO 12181-1 and ISO 12181-2 
(Fig. 1/b). This characteristic is interpreted as the 
radial distance between the smallest and largest 
concentric cylinders that completely enclose the 
measured surface. All three indicators are gener-
ally expressed in micrometers (µm) and are typ-
ically determined during form and dimensional 
inspections performed with coordinate meas-
uring machines (CMM). In the present study ΔD, 
RONt and CYLt parameters were applied for the 
geometric characterization of the bore features.

Turning is one of the most widespread methods 
for producing cylindrical surfaces; however, in 
certain cases it cannot be applied (e.g., for assem-
bled or non-axisymmetric components). In such 
situations, alternative machining processes (e.g., 
milling or boring) come to the fore.

During milling operations, in addition to cutting 

https://doi.org/10.33923/amt-2025-02-08
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parameters, other conditions also influence the 
accuracy of the machined surface, such as cooling 
and lubrication conditions [1]. Based on experi-
mental results, the most promising outcome was 
obtained with a cutting speed of 65.46 m/min, a 
table feed rate of 0.3 m/min, and an emulsion flow 
rate of 1.16 l/h, where the CYLt value was 19.20 
µm and CYLv was 8.52 µm  [1].

Measurements have shown that the type and 
amount of lubricant significantly affect the CYLt, 
CYLp, and CYLv values. According to research 
findings, the lowest CYLt value (13.31 µm) was 
achieved with a cutting speed of 188.5 m/min, a 
feed of 0.05 mm/rev, and an emulsion flow rate of 
546 cm³/min [2, 3].

The analysis of various form errors has also re-
ceived increasing attention in tangential turning. 
Due to its specific kinematic characteristics, this 
method is highly suitable for machining high-pre-
cision cylindrical surfaces; however, form devia-
tions – particularly CYLv and RONt – are strongly 
dependent on cutting speed and depth of cut  [4].

In the comparison of hard machining processes 
(hard turning of hardened steels and grinding), 
RONt, CYLt, CYLtt and Ra indicate that hard turn-
ing can be a competitive alternative to conven-
tional grinding, particularly when machining is 
performed in a single setup on the same machine  
[5].

Honing, as a finishing operation, also con-
tributes to the production of bores with excel-
lent form accuracy. In the work of Nagypál and  
Sztankovics [6], it was demonstrated that the 
structure of the abrasive tool and the feed rate in-
fluence CYLt, CYLtt and RONt – the use of smaller 
grain sizes and denser structures resulted in im-
proved cylindricity.

Special attention should also be given to pro-
cesses based on mechanical surface modification 
(non-cutting). Ferencsik and Varga investigated 
the effects of diamond tool burnishing on micro-
hardness and cylindricity in several studies [7, 
8], and demonstrated that, with appropriate bur-

nishing parameters, form accuracy can be signif-
icantly improved.

The combined findings of these studies indicate 
that various cutting and forming processes affect 
the development of geometric form accuracy, and 
that the careful selection of technological param-
eters is always required to achieve the desired 
outcome.

The aim of the present study is to investigate 
to what extent the geometric accuracy of bored 
cavities – particularly in terms of cylindricity, 
roundness, and surface roughness parameters – 
approaches that of workpieces produced by turn-
ing. The results may help to determine whether, 
in future experiments, boring alone is sufficient 
for the pre-machining stage.

2. Materials and methods
During the machining experiments, circular 

pockets were produced using three different ma-
chining technologies. In all three cases, cement-
ed carbide tools supplied by Walter Hungária 
Ltd. were employed. For the circular pockets 
produced by turning, an A20S-SDQCL11 boring 
bar equipped with a DCMT11T304-MP4-WPP20G 
insert was applied (Table 1/No. 1). For the work-
pieces machined by boring, a B4030G.T28.33-41.Z 
tool and a TCMT06T104-FP4 insert were used (Ta-
ble 1/No. 2), while for the circular pockets pro-
duced by milling, an H4021017-20 end mill was 
employed (Table 1/No.3).

The machining experiments were carried out 
on a MAZAK SQT 10 MS CNC turning center and 
a Mazak Nexus 410A-II CNC milling machine. Tool 
condition assessment and verification of their ge-
ometric dimensions (actual tool diameter deter-
mination for boring and milling tools) were per-
formed using an Elbo Controlli Hathor laser tool 
presetter.

The machining tests were conducted on C45 
(1.0503) quenched and tempered carbon steel 
with the following chemical composition:  
C: 0.43-0.5%; Si: <0.4%; Mn: 0.5-0.8%; Ni: <0.4%; 
P: <0.045%; Cr: <0.4%; Mo: <0.1%. Due to its ex-
cellent mechanical properties, this material is 
widely applied as a base material for mechani-
cal and structural components. The workpieces 
used in the experiments, with a geometry of Ø80 
x 70 mm, exhibited a hardness of HV30 185 ± 7.3  
(σ: 3.65).

The preforms of the workpieces used in the ex-
periments were produced on the MAZAK SQT 10 
MS CNC turning center in two setups. During the 

Fig. 1. Determination of geometric deviations in cir-
cularity (a) and cylindricity (b).
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tests, a circular pocket of Ø34 mm was finished to 
a depth of 32 mm (Fig. 2). The depth of cut (a) (in 
the case of milling, width of cut (ae)) was 0.5 mm. 
To ensure comparability of the experimental re-
sults, the material removal rate (V′ [mm³/min]) 
was kept identical for all three machining pro-
cesses. The machining experiments were per-
formed under flood cooling conditions using a 6% 
solution of MOL Emolin 420.

The machining experiments were designed 
according to the Taguchi experimental design 
method (L9). During the investigation, for each 
machining process the cutting speed (vc) and the 
feed per tooth (fz) were varied at three levels. The 
applied technological parameter values are pre-
sented in Table 2.

2.1. Coordinate measurement investigations
Following the machining experiments, the ge-

ometric errors of the circular pockets (RONt, 
CYLt) and their dimensional deviations from the 
theoretical geometry (ΔD) were determined us-
ing a Mitutoyo CRYSTA-Apex V544 CMM. The in-
vestigated geometric deviations were evaluated 
at eleven depth levels (h: 2; 4.5; 7; 9.5; 12; 14.5; 
17; 19.5; 22; 24.5; 27 mm), with 24 measurement 
points per level (total: 264 points).

The surface roughness parameters (Ra, Rz) were 
measured using a Mahr MarSurf GD 120 profilom-
eter. During the investigation, each machined 
surface was measured in three angular positions 
(0°, 120°, 240°) and at three depths (0, 9, 18 mm), 
resulting in a total of nine measurements, apply-
ing an evaluation length of lt = 4.8 + 2 ∙ 0.8 mm 
according to MSZ EN ISO:21920:2022.

The measurement results were evaluated using 
the dedicated software of the measuring devices 
and further analyzed with MINITAB 22 software.

For the determination of the results, the Least 
Squares Cylinder Fit method was applied, which 
minimizes the sum of squared distances between 
the measured points and the theoretical diame-
ter, perpendicular to the axis of the fitted circle 
or cylinder center. The obtained results were also 
represented graphically.

3. Presentation of the measured values
The results of the deviation from the theoretical 

diameter (ΔD) are presented in Fig. 3, where the 
distribution of 264 measurement results is shown. 
Based on the data, it can be established that the 
different machining processes can be clearly dis-
tinguished. For turning and boring technologies, 
it was observed that the machining process had 

only a minor influence on the deviation from the 
theoretical geometry, while in the case of milling 
this effect was significant. Turning produced the 
smallest ΔD deviation (on average −0.02 mm), 
whereas boring resulted in circular pockets with 
an average oversize of +0.09 mm. Based on the 

Fig. 2. Workpiece used in the experiment.

Table 1. Tools used in the experiments

No. Tool Insert

1 A20S-SDQCL11 DCMT11T304-MP4-WPP20G

2 B4030G. T28. 33-41.Z TCMT06T104-FP4

3 H4021017-20

Table 2. Technological parameters used in the experi-
ments

Turning Boring Milling

No. vc  
(m/min)

fz
(mm) No. vc  

(m/min)
fz

(mm) No. vc  
(m/min)

fz
(mm)

1 180 0.05 4 180 0.1 7 180 0.15

2 200 0.1 5 200 0.15 8 200 0.05

3 220 0.15 6 220 0.05 9 220  0.1

Fig. 3. Deviation from theoretical size.
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force measurement results and the experiments 
conducted in Necurom 651 artificial wood, it was 
concluded that the geometric deviation of the di-
ameter was caused by tool deflection.

Using the measured points, the roundness de-
viation (RONt) corresponding to each depth level 
was determined (Fig. 4). Based on the data, it can 
be established that turning and boring result in 
nearly identical roundness deviations, while in 
milling not only is the scatter of the data consid-
erably larger, but the investigated geometric de-
viation is also 2.8 times higher compared to the 
average value obtained for turning. The results 
once again confirm that, in the case of milling, the 
technological parameters exert a significant in-
fluence on the magnitude of roundness deviation.

The results of the cylindricity (CYLt) analysis 
of the circular pockets are presented in Fig. 5, 
where the outcomes of 36 measurements (9 ∙ 4) 
are shown. Based on the results, it can be con-
cluded that the smallest cylindricity deviation 
was obtained for the circular pockets produced 
by turning. In the case of boring, the cylindricity 
value deviated on average by 10% compared to 
the turned pockets, while for the workpieces pro-
duced by milling the average deviation was 2.9 
times higher. The data also clearly indicate that, 
in milling, the technological parameters exert a 
stronger influence on the cylindricity values.

3.1. Surface roughness investigations
The results of the average surface roughness 

(Ra) are summarized in Fig. 6. The lowest Ra 
values were obtained with milling. In compari-
son, turning resulted in an average Ra that was  
2.6 times higher, while boring produced an av-
erage Ra that was 2.8 times higher. For milling, 
the technological parameters had no significant 
effect on the average surface roughness, whereas 
in turning and boring the Ra values were strongly 
influenced by the cutting parameters. Further-
more, it was established that surface homogenei-
ty is considerably more advantageous when using 
single-edge tools compared to multi-edge tools.

In the surface roughness investigations, the 
other parameter examined was the mean peak-
to-valley height (Rz), the results of which are pre-
sented in Fig. 7. The lowest Rz values were ob-
tained for the circular pockets produced by mill-
ing, while boring resulted in values that were on 
average 1.8 times higher, and turning produced 
Rz values that were on average 2.1 times higher. 
Based on the scatter of the results, it can be stated 
that the homogeneity of the workpieces produced 

Fig. 5. Development of cylindricity during the exami-
nation.

Fig. 4. Development of roundness deviation during 
the examination.

Fig. 6. Average surface roughness development du-
ring the test.

Fig. 7. Development of mean peak-to-valley height 
during the examination.
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by turning is much more favorable than with the 
other processes. In the case of boring, the lack of 
sufficient cooling intensity likely caused the scat-
ter of the Rz results, since the continuous chip 
could not be effectively removed from the pocket.

4. Analysis of the measured values and 
findings

For the evaluation of the experimental results, 
the Taguchi method was applied, which enables 
the simultaneous investigation of the effects of 
multiple factors with a relatively small number 
of experiments. During the analysis of the data, 
evaluation was performed exclusively on the ba-
sis of the Signal-to-Noise Ratio (S/N). The calcula-
tion of the S/N ratio makes it possible to consider 
not only the average results, but also the scatter 
and stability of the measurement data. This pro-
vides a more reliable picture of the consistency 
and predictability of a given technological setup 
performs. The method is widely used in Design 
of Experiments (DOE), manufacturing technolo-
gy, and quality assurance, especially in situations 
where the aim is to improve process robustness 
[9, 10].

In assessing the effects of the factors, the magni-
tude of the delta value (Δ) was taken into account, 
which represents the difference between the S/N 
ratios obtained at the best and worst levels of a 
given factor (Eq. 1). The magnitude of the delta 
value is proportional to the effect of the factor on 
the outcome, and thus the order of importance 
of the factors can be established based on these 
values [9].

	 (1)

For the “Nominal is Best” case read:

	 (2)
where:

s: the standard deviation of the y values.
For the “Smaller is Better” case, the equation is:

	 (3)

where:
yi: i-th measured value,
n: number of measurements.

4.1. Coordinate measurement investigations
Fig. 8 shows the main effects plot of the signal-

to-noise ratios calculated from the deviation of 
the theoretical diameter. According to the “Nom-

inal is Best” type signal-to-noise ratio (Eq. 2), a 
higher value indicates better process stability. The 
greatest effect on diameter accuracy was exerted 
by the machining method (Δ = 21.87), while feed  
(Δ = 1.75) and cutting speed (Δ = 1.05) had small-
er influences. Although boring produced larg-
er deviations (Fig. 3), this method nevertheless 
ensured the most stable and repeatable results, 
which can be corrected to achieve higher accura-
cy. Milling exhibited a 35% lower signal-to-noise 
ratio, and thus its accuracy proved to be subop-
timal. The best result was obtained at a cutting 
speed of 180 m/min and a feed of 0.05 mm.

For the evaluation of roundness deviations, the 
“Smaller is Better” type signal-to-noise ratio was 
applied, since the aim was to minimize form er-
rors (Eq. 3). Based on Fig. 9, the greatest effect was 
exerted by the machining method (Δ = 8.67), while 
feed (Δ = 2.36) and cutting speed (Δ = 1.47) had 
smaller influences on the result. Turning ensured 
the best stability, while boring showed a 4% less 
favorable signal-to-noise ratio, and milling exhib-
ited a 22% less favorable value. The best results 
were obtained at a cutting speed of 200 m/min  
and a feed of 0.05 mm.

Fig. 8. Main effects plot of the signal-to-noise ratio for 
the deviation from the theoretical diameter.

Fig. 9. Main effects plot of the signal-to-noise ratio 
for roundness.
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The evaluation of cylindricity deviations was 
also conducted using the “Smaller is Better” type 
signal-to-noise ratio, since the objective was to re-
duce geometric errors (Eq. 3). According to Fig. 10 
the greatest effect was exerted by the machining 
method (Δ = 9.09), while feed (Δ = 1.91) and cut-
ting speed (Δ = 1.68) had a smaller influence on 
the results. Turning ensured the most stable cy-
lindricity values, boring showed a 2% lower but 
still promising signal-to-noise ratio, while milling 
resulted in a 25% lower ratio, indicating higher 
scatter and instability. The best results were ob-
tained at a cutting speed of 200 m/min and a feed 
of 0.05 mm.

4.2. Surface roughness investigations
For the evaluation of surface roughness (Ra), the 

“Smaller is Better” type signal-to-noise ratio was 
applied, in order to achieve smoother surfaces 
(Eq. 3). According to Fig. 11 the machining meth-
od had the most significant effect (Δ = 8.21), with 
milling providing the best surface quality. In the 
case of turning, the Ra value was 93% higher, rep-
resenting the most unfavorable result. Feed also 
had a strong influence on roughness (Δ = 5.66), 
with the 0.05 mm value producing the smooth-
est surfaces. Cutting speed had a smaller effect  
(Δ = 3.17), with the best results obtained at 220 m/
min, while 200 m/min yielded the lowest stability.

For the Rz roughness parameter, similar results 
were obtained as for Ra, therefore the evaluation 
was also carried out using the “Smaller is Better” 
type signal-to-noise ratio (Eq. 3). According to 
Fig. 12 s, the machining method had a decisive ef-
fect on the stability of Rz (Δ = 6.27), with milling 
providing the most favorable results. In the case 
of turning, the Rz value was 69% higher, indicat-
ing poorer surface quality. Feed also had a sig-
nificant influence (Δ = 3.80), with the lower feed  
(0.05 mm) producing the smoothest surface. 
Based on the effect of cutting speed (Δ = 2.45), the 
best results were observed at 220 m/min, while at 
200 m/min the greatest deterioration was record-
ed.

4.3. Evaluation of the data
Based on the results of the signal-to-noise ratios, 

it can be established that the machining method 
exerted the most significant effect on all of the 
investigated response parameters. According to 
Table 3 sthe deviation from the theoretical di-
ameter was most strongly influenced by the ap-
plied machining process, while the effect of cut-
ting speed and feed was considerably smaller. 

Fig. 10. Main effects plot of the signal-to-noise ratio 
for cylindricity.

Fig. 11. Main effects plot of the signal-to-noise ratio 
for arithmetic mean height (Ra).

Fig. 12. Main effects plot of the signal-to-noise ratio 
for peak-to-valley height (Rz).

Table 3. Summary values of the signal-to-noise ratio 
for ΔD

Level Technology Vc 
m/min

fz 
mm

1 55.61 54.02 53.97

2 63.19 52.97 53.92

3 41.32 53.14 52.23

Delta 24.87 1.05 1.75

Rank 1 3 2
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A similar trend can be observed in Table 4 and  
5 where the stability of roundness and cylindric-
ity deviations was also most strongly affected by 
the machining method.

In terms of surface roughness characteristics  
(Table 6 and 7) milling provided the most benefi-
cial signal-to-noise ratio. In contrast, with respect 
to roundness and cylindricity deviations, turning 
yielded the best results.

Summarizing the geometric and surface rough-
ness outcomes, it can be concluded that boring 
ensured the most balanced and stable machining 
performance, with favorable accuracy and sur-
face quality.

The influence of cutting speed (vc) was of mod-
erate magnitude, with the best values generally 
obtained in the range of 200–220 m/min. For feed 
(fz), a clear trend was observed: the low feed 
value of 0.05 mm consistently produced an out-
standing signal-to-noise ratio across all response 
parameters.

5. Conclusions
The aim of this research was to compare circu-

lar pockets produced by three different machin-
ing methods (turning, boring, and milling) based 
on geometric deviations (ΔD, RONt, CYLt) and sur-
face roughness parameters (Ra, Rz). Coordinate 
measurement and surface roughness measure-

Table 4. Summary values of the signal-to-noise ratio 
for RONt 

Level Technology Vc 
m/min

fz 
mm

1 39.32 34.97 37.40

2 37.82 36.45 35.37

3 30.65 36.37 35.03

Delta 8.67 1.49 2.36

Rank 1 3 2

Table 5. Summary values of the signal-to-noise ratio 
for CYLt 

Level Technology Vc 
m/min

fz 
mm

1 36.87 32.63 34.78

2 36.06 34.31 32.87

3 27.79 33.78 33.07

Delta 9.09 1.68 1.91

Rank 1 3 2

Table 6. Summary values of the signal-to-noise ratio 
for Ra 

Level Technology Vc 
m/min

fz 
mm

1 0.6367 4.0839 6.5947

2 1.5678 1.8993 3.5221

3 8.8488 5.0701 0.9365

Delta 8.2121 3.1708 5.6582

Rank 1 3 2

Table 7. Summary values of the signal-to-noise ratio 
for Rz

Level Technology Vc 
m-min

fz 
mm

1 -15.355 -11.830 -10.711

2 -13.544 -14.277 -12.764

3 -9.084 -11.876 -14.508

Delta 6.270 2.447 3.797

Rank 1 3 2

ment procedures were applied, and the results 
were evaluated using the Taguchi method by cal-
culating signal-to-noise ratios.

Based on simple average values, turning provid-
ed the most favorable results regarding geomet-
ric characteristics, closely followed by boring. In 
contrast, milling exhibited larger deviations and 
scatter in all geometric parameters.

According to the surface roughness data, the 
milling process resulted in the lowest average 
Ra and Rz values; however, turning and boring 
ensured more stable and homogeneous surface 
quality.

Overall, the best combined results were ob-
tained with the boring process. Among the cutting 
parameters, the combination of the highest cut-
ting speed (220 m/min) and the lowest feed rate 
(0.05 mm) yielded the best accuracy and surface 
quality.
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Abstract
Knowledge of the strength values of Populus canescens is important for expanding the range of applications 
of this species. The use of wood as an orthogonally anisotropic material in structural engineering is signifi-
cantly influenced by its strengths in different anatomical directions. The results obtained from tensile and 
compressive strength tests of test specimens in the main anatomical directions allow the determination of 
the strength surface, which makes it possible to determine the strength of wood in any direction. A further 
within-group classification is provided by the separation of sapwood and duramen, so that the strength be-
haviour of the individual wood sections within the wood body can be revealed in addition to the different 
ultimate strengths.

Keywords: grey poplar, strength surface, anisotropy.

1. Introduction
Research in forestry has shown that increas-

ing average annual temperatures and decreas-
ing precipitation has led to increased mortality 
of sensitive tree species [1]. Poplar (Populus ca-
nescens), which is indigenous to Hungary and has 
a significant native population, offers an excel-
lent opportunity to replace declining populations 
due to climate change. It is a fast-growing, highly 
productive species, occupying 1.5 million hec-
tares of forest area in today’s Hungarian forestry, 
of which 1.3-1.5 million m3 of timber is traded an-
nually. This volume represents 23-25% of the total 
annual timber production. Its use is to produce 
crates, pallets, coasters, particleboard, fibreboard 
[2]. Its structural use is in principle possible due 
to its higher-than-average density of poplar spe-
cies, but further strength testing is needed for 
predictable design. The present research aims to 
determine the strength surfaces resulting from 
anisotropic properties in different anatomical 
shapes.

2. Materials and methods
The sapwood and the heartwood parts of the 

grey summer are clearly separated. The moisture 
content of the strap, present in a proportion of 
30-40%, is higher than that of the gizzard, but the 
literature shows that there is no significant differ-
ence in their physiological characteristics. In the 
design of the test specimens, the separation of the 
two parts of the wood was taken into account to 
obtain more distinct strengths for each part and 
to avoid results that are influenced by the differ-
ent moisture content. Care must be taken to en-
sure that the specimens are of the correct length 
dimensions. If the specimen is too long, the nor-
mal stresses from compression will be accompa-
nied by buckling and stress from bending, while if 
the specimen is too short, the stress plateau at the 
transfer locations will influence the linear stress-
strain state of the central part. The ideal size is 
defined in the literature as a length of the test 
specimen 2-3 times the minimum cross-sectional 
dimension [3, 4]. On this basis, I have defined the 
nominal size of my own specimens as 20 × 20 × 50 

https://doi.org/10.33923/amt-2025-02-09
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mm. In the strength tests, the consideration of an-
atomical directions on the specimens was given 
priority. As shown in the first figure, longitudinal 
(L), radial (R), tangential (T) directions and their 
planes were distinguished, on which specimens 
with 0°, 45° and 90° designs were prepared de-
pending on the direction (Fig. 1). The multi-direc-
tional specimens made it possible to determine 
the strength surfaces later.

The 45° fibre run is used to experimentally de-
termine the shear strength, based on Askenazi’s 
anisotropic strength theory and practical expe-
rience [3]. The design allows the specimens to 
shear parallel to the principal axis of the ana-
tomical principal planes, despite normal loading, 
with normal and shear stresses. Pure shear will 
still not occur, but the distribution of shear stress 
along the shear cross section will be uniform, 
which is not the case with other methods. The 
influence of normal stresses on the shear stress 
can be determined by a comparison between the 
maximum of the principal stress functions of the 
tensile and compressive strength tests, which are 
shown to have no influence on the shear strength 
within a certain probability level. Thus, shear 
strength can be indirectly determined by tensile 
strength measurements [4].

Thus, shear strength can be indirectly deter-
mined by tensile strength measurements. During 
the tests, 30 straps and the same number of studs 
per direction - LR0°, LR45°, LR90°, LT45°, LT90°, 
RT45° - were measured for compressive strength 
in a total of about 400 test specimens, using an 
Instron 5985 universal material testing machine. 
With this number of specimens, strength values 
can be determined with an accuracy of about 0.2 
MPa.  The measurement procedure was based 
on the ISO 13061-17 standard, which specifies, 
among other things, that the tests should be con-
ducted for a period of between 1 and 5 minutes 
until the specimen breaks. [5] In order to achieve 
the standard, the instrument test speed was cali-
brated to 0.6 mm/min, but due to the anatomical 
orientation and different strengths of the LT90 
and LR45 gauge specimens, the speed had to be 
increased to 1.2 mm/min for the LT90 and LR45 
heartwood specimens and 1.8 mm/min for the 
LR45 sapwood and LT45 specimens. Moisture 
content was determined by wet and absolute 
dry mass, converted to 12% air dry mass using 
the standard conversion formula (1). The com-
pressive strength is represented by „σ”, „u” is the 
moisture content, „α” is a correction factor for the 
variation of the Si-strength per moisture content, 
with a value of 0.04 [5]: 

	
(1)

The stress values thus corrected, calculated as 
the ratio of the maximum force to the head area, 
can be considered for the literature comparison, 
which also refer to air-dry strength.

In addition, the elastic modulus of the test speci-
mens has been determined, which also influences 
the shape of the curves presented later. To do this, 
the specific length change must be expressed as 
the ratio of the total length change to the original 
length (2):

	 (2)

The modulus of elasticity can be defined as the 
ratio of the compressive stress divided by the 
corresponding specific strain in the linear elastic 
range, given the data (3):

	
(3)

The calculations were performed on the results 
of all samples to exclude measurement errors 
and then evaluated, considering the minimum, 
maximum, mean, standard deviation.Fig. 1. Directional design of the test specimens.
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3. Results and their evaluation 
During the test, the instrument produced a 

force-displacement diagram for each specimen, 
which clearly shows the failure and its extent. 
The individual sections can be clearly identified 
in each case. The first stage was surface levelling, 
followed by a linear rising stage, which showed a 
steady absorption of the force. Its steepness was 
influenced by the elastic modulus. In the third 
phase, cracks in the specimen were not visible un-
til the point of maximum force absorption. Frac-
ture of the wood structure, with visible stump 
loss, occurred in the fourth and final phase, 
which the instrument continued until a 40% set-
back. All tests were performed up to the point of 
visual failure.

The force-displacement diagrams of the LR0 
sapwood specimens show the different phases  
(Fig. 2). The linear phase is followed by a curved 
phase, the failure is observed in the fourth and 
final phase, where there is no sudden breakage, 
only a slight decrease in force. The strength data 
are shown in Table 1–6.   

In the same direction, the test specimens in the 
heartwood showed a slightly lower force absorp-
tion (Fig. 3), while a much more significant de-
crease was observed in the failure section. The 
sudden jump was caused by specimen fracture. 

According to the literature, several different ba-
sic types of fracture patterns can be distinguished 
in the longitudinal direction parallel to the fibres, 
such as collapse, wedge-shaped cleavage, shear-
ing, splitting, collapse and splitting, and end slid-
ing and opening [6]. The fracture pattern typical 
of these specimens during testing is shown in the 
following figure (Fig. 4). It can be clearly seen that 
the most typical failure mode is shearing, which 
is associated with small cracks in the heartwood 
specimen, which is the cause of the failure mode 
shown in the diagram. 

In the LR45 direction, the typical diagrams of 
the sapwood patterns (Fig. 5) start with a steep 
linear phase, followed in all cases by an abrupt 
change to a steeper phase with a smaller slope 
in the third, unobservable failure stage. In the 
fourth stage, after continuous fragmentation, 
there was a sudden stump transition. 

The heartwood specimens produced a curve 
with a smaller slope than the sapwood, without 
any prominent change (Fig. 6). After the gradual 
cracking in the stub-retraction section, a sudden 
fracture occurred, causing the specimen to sepa-
rate.

The fracture patterns (Fig. 7) typically showed 
collapse and shear along the annual rings in the 
case of the sapwood. The specimens remained in-
tact with significant residual deformation. In all 
cases, the heartwood was brittle, and the fracture 
patterns were characterised by shearing, result-
ing in separation of the test specimen without sig-
nificant permanent deformation.

The diagram of the LR90 sapwood specimens  
(Fig. 8) shows a steady slope, with no abrupt 

Fig. 2. Force-displacement diagram – LR0 sapwood.

Fig. 3. Force-displacement diagram – LR0 heartwood

Fig. 4. Typical fracture pattern of the test specimens 
– LR0.
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breakage even at the failure stage. The fibres 
compressed gradually and proportionally during 
the test.

The heartwood (9. ábra) shows a similar curve, 
except for the last section, where in almost all 
cases there was a significant drop after the point 
of maximum force application, indicating a sud-
den crack. This process was so rapid that the test 
specimen started to regain strength, which was 
observed on the minor uphill section.

According to the literature, tangential and radial 
stress-indicating fractures in the perpendicular to 
the rostra are the collapse of an area of the early 
pastes (shearing along a tree-ring) and the bulg-
ing of tree-rings [6]. ] In the case of the sapwood, 
the early lattice was characterised by collapse, 
while the heartwood was also characterised by 
shearing, which was also reflected in the protru-
sion of the growth ring (Fig. 10).

Fig. 6. Force-displacement diagram – LR45 heartwood.

Fig. 7. Typical fracture pattern of the test specimens 
– LR45

Fig. 8. Force-displacement diagram – LR90 sapwood.

Fig. 9. Force-displacement diagram – LR90 heartwood.

Fig. 10. Typical fracture pattern of the test specimens 
– LR90.

Fig. 5. Force-displacement diagram – LR45 sapwood.
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The diagram of the LT45 sapwood specimen 
(Fig. 11) shows the same pattern as the LR45 sap-
wood, however, in the failure phase there were 
no sudden shift-zones, a low intensity decreasing 
phase was observed.

The heartwood samples also showed a similar 
curve with a smaller slope in the linear phase 
(Fig. 12). AThe rapid decrease in the scale in the 
last phase was caused by the complete fracture of 
the specimen. 

The fracture patterns for the LT45 specimens 
(Fig. 13) were characterised by shear, associated 
with a kind of „S” shaped permanent deformation 

of the sapwood, with the tensile sides splitting. In 
the case of a heartwood, the specimens separated 
without significant deformation.

In the case of LT90 (Fig. 14) a relatively abrupt 
linear section occurred, but at the same time the 
visible failure did not occur in the form of a frac-
ture, as can be seen in the diagram. 

In contrast, the LT90 heartwood specimens 
showed a non-significant but more easily distin-
guishable loss of integrity on the curve  (Fig. 15).

The typical fracture pattern of the LT90 spec-
imens (Fig. 16) can be compared with the liter-
ature described for the LR90 specimens. In a 

Fig. 12. Force-displacement diagram–LT45 heartwood.

Fig. 11. Force-displacement diagram – LT45 sapwood.

Fig. 13. Typical fracture pattern of the test specimens 
– LT45.

Fig. 15. Force-displacement diagram – LT90 heartwood.

Fig. 14. Eorce-displacement diagram – LT90 sapwood.

Fig. 16. Typical fracture pattern of the test specimens 
– LT90.
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tangential direction, it is characterised by the 
protrusion of the annual rings, both in the case of 
the sapwood and the heartwood. Both specimen 
types suffered permanent deformation, which 
was more significant in the case of heartwood. 

The RT45 sapwood specimens (Fig. 17) showed 
a slight decrease in the failure rate after the point 
of maximum force application, with no sudden 
fracture pattern. 

The heartwood curve followed a similar pattern 
(Fig. 18), but in the last stage a decreasing as-case in-
dicating a gradual destruction appeared. The small 
jumps indicated the breakage of the tree rings. 

A typical failure pattern in the tangential and ra-
dial directions is the buckling of the annual rings 
(Fig. 19). The fracture pattern in the sapwood 
was almost all annual rings, in the heartwood the 
whole specimen showed permanent buckling.

The slope of the linear section of the diagrams 
is determined by the elastic modulus in the line-
ar elastic range, which can be determined from 
the formulas presented earlier. The following 
figures show the values of the elastic modulus in 
each direction, separately for the sapwood and 
the heartwood, as a function of the width of each 
specimen. The exact average values are present-
ed in tabular form. 

For the LR0 specimens (Fig. 20) all parts showed 
similar elasticity values, the heartwood having a 
minimally higher average, but also a higher dis-
persion than the sapwood, due to the more brittle 
behaviour.

The LR45 specimens showed much larger differ-
ences (Fig. 21). While the sapwood fitted tightly to 
a value, the heartwood showed not only a large 
variance, but also much larger results, not only on 
average but also considering its minimum values.

Fig. 18. Force-displacement diagram – RT45 heartwood.

Fig. 17. Force-displacement diagram – RT45 sapwood.

Fig. 19. Typical fracture pattern of the test specimens 
– RT45. Fig. 21. Modulus of elasticity values – LR45.

Fig. 20. Modulus of elasticity values - LR0.
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The elastic modulus values of the LR90 speci-
mens also show a difference between the sap-
wood and the heartwood (Fig. 22). This variance 
is significant in all cases but is also easily distin-
guishable relative to each other. The heartwood 
gave a higher average value.

The results for the LT45 specimens (Fig. 23) 
were distinct in terms of elastic modulus values, 
however, the average of the heartwood was only 
slightly higher than the average of the sapwood. 
The scatter of the heartwood was larger, with 
minimum values below the minimum of the sap-
wood. Compared to the LR45 specimens, the sap-
wood showed a higher scatter, but the difference 
between the two logs was less.

LIn the LT90 direction, the dispersion of the sap-
wood and heartwood values was almost equal, 
with the average of the sapwood values below the 
average of the heartwood values (Fig. 24).

The elastic modulus values of the RT45 speci-
mens were also divided into mixed groups of sap-
wood and heartwood (Fig. 25). The experiment 
included specimens that included the sapwood - 

heartwood boundary along the entire length and 
hence the properties of both parts were charac-
terized. The variation was large for each group, 
with the averages being larger for heartwood. 
The mixed samples represented a kind of average 
between the two parts.

Based on the results presented, the following 
tables show the averages, minimum, maximum, 
standard deviation, and percentage of standard 
deviation values for compressive strength, elas-
tic modulus, the lower the smaller the value, 
the more dependable the material behaviour. 
The fc.k refers to the quantiles in the lower 5%, 
which are used to determine the strength class. 
The comparison is based on the strength values 
of the Eurocode5 series of standards, also used in 
structural design, which also consider the lower 
5% quantile of the characteristic value  [7]. 45° 
specimens are not covered by the standard and 
cannot be classified (N.C.). LR0 is for the pressure 
parallel to the fibre, LR90 and LT90 are for the 
pressure perpendicular to the fibre.

Fig. 22. Modulus of elasticity values – LR90. Fig. 24. Modulus of elasticity values – LT90.

Fig. 25. Modulus of elasticity values – RT45.Fig. 23. Modulus of elasticity values – LT45.
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Table1. LR0 – pressure parallel to the fibre

LR0 – pressure parallel to the fibre  (N/mm2)

Sapwood Heartwood

Average 33.72 Average 33.02

Min. 24.71 Min. 21.48

Max. 38.18 Max. 41.01

Std. dev. 2.85 Std. dev. 5.17

Std. d. % 8.46 Std. d. % 15.66

Sapwood and heartwood together

σ12 33.44 fc.k 24.93

Emean 3384 Szil. o. C30

Table 2. LR45 – 45° pressure to the fibre

LR45 – 45° pressure to the fibre (N/mm2)

Sapwood Heartwood

Average 7.26 Average 11.48

Min. 5.69 Min. 5.04

Max. 8.62 Max. 16.44

Std. dev. 0.64 Std. dev. 2.69

Std. d. % 8.88 Std. d. % 23.45

Sapwood and heartwood together

σ12 10.02 fc.k 5.74

Emean 1108.5 Szil. o. N. B.

Table 3. LR90 – pressure perpendicular to the fibre

LR90 – pressure perpendicular to the fibre (N/mm2)

Sapwood Heartwood

Average 3.74 Average 5.93

Min. 2.87 Min. 4.48

Max. 4.53 Max. 8.83

Std. dev. 0.50 Std. dev. 0.91

Std. d. % 13.44 Std. d. % 15.32

Sapwood and heartwood together

σ12 4.77 fc.k 3.79

Emean 543.6 Szil. o. C50

Table 4. LT45 – 45° pressure to the fibre

LT45 – 45° pressure to the fibre  (N/mm2)

Sapwood Heartwood

Average 8.28 Average 9.19

Min. 6.88 Min. 6.02

Max. 9.43 Max. 14.09

Std. dev. 0.80 Std. dev. 2.80

Std. d. % 9.70 Std. d. % 30.42

Sapwood and heartwood together

σ12 8.79 fc.k 6.50

Emean 661.1 Szil. o. N. B.

Table 5. LT90 – pressure perpendicular to the fibre

LT90 – pressure perpendicular to the fibre (N/mm2)

Sapwood Heartwood

Average 2.62 Average 3.81

Min. 1.78 Min. 2.91

Max. 3.32 Max. 4.69

Std. dev. 0.40 Std. dev. 0.42

Std. d. % 15.20 Std. d. % 10.96

Sapwood and heartwood together

σ12 3.22 fc.k 2.49

Emean 266.7 Szil. o. C22

Table 6. RT45 – 45° pressure to the fibre

RT45 – 45° pressure to the fibre (N/mm2)

Sapwood Heartwood

Average 2.46 Average 3.34

Min. 1.82 Min. 0.77

Max. 3.05 Max. 4.49

Std. dev. 0.41 Std. dev. 0.81

Std. d. % 16.86 Std. d. % 24.18

Mixed Sz + g + v

Average 3.27 σ12 2.98

Min. 2.96 Emean 223.6

Max. 3.70 fc.k 2.51

Std. dev. 0.21
Szil. o. N. B.

Std. d. % 6.48
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4. Conclusions
From the above measurement results, it can be 

concluded that the wood showed significantly 
different behaviour between the diverse types 
of wood. This can be seen from the diagrams 
drawn during the tests, which also indicate the 
behaviour and the type of deterioration. Signif-
icant differences between the sapwood and the 
heartwood sections were observed during the 
measurements. The sapwood grid showed more 
spring-like behaviour, the fibres slid and de-
formed, but the specimen remained in one piece. 
When the heartwood was destroyed, much more 
brittle fracture patterns were observed, mostly 
with specimens separating, fibres tearing and 
breaking. The Modulus of elasticity values also 
showed significantly different behaviour as a 
function of the sapwood and the heartwood, with 
scatter values as shown in the tables. The elastic 
modulus and strength values were also deter-
mined for both logs together, considering their 
working together. To determine the strength val-
ues that can be measured in practice, the lower 
5% quantiles were calculated and then classified 
into a strength class. The results showed that 
the sapwood, despite its lower strength results, 
showed a more reliable and elastic behaviour 
with low variance. On the other hand, the heart-
wood had higher measuring values, but its brittle 
behaviour gave more unpredictable results with 
higher scatter.  

Based on the results, it can be concluded that 

the strength of grey poplar reaches the strength 
requirements of structural timber and can be rec-
ommended as a structural material, thus replac-
ing imported pine.
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Abstract
The aim of this study was to investigate the failure of titanium alloy fixation screws (connecting the implant 
and the abutment) used in custom-made subperiosteal implants. Once the cause of failure was determined, 
our main objective was to determine the maximum tightening torque for the existing design. To achieve this, 
3D CAD screw models were examined using finite element software. Based on the results obtained, we were 
able to recommend a tightening torque interval to the screw manufacturer that was guaranteed not to lead to 
failure (provided that the screws are manufactured according to the dimensional tolerances specified in the 
drawing). Our secondary objective was to improve the design of the screw to ensure that the failure could be 
fully eliminated. In this paper we will describe the failure mode, its cause, the methodology of our investiga-
tion, the results obtained, the conclusions drawn and finally, future research opportunities.

Keywords: subperiosteal implant, screw joint, simulation, finite element analysis.

1. Introduction
Finite Element Method is a state-of-the-art nu-

merical method, which is widely used in the sim-
ulation and analysis of physical phenomena. This 
method enables the optimization of components 
for more efficient and cost-effective product de-
velopment [1]. In the field of medicine, especially 
in dentistry, numerical analysis has become an 
indispensable tool for the study of complex bio-
mechanical systems that are difficult or impossi-
ble to analyse in vivo or in vitro [2, 3].

In the design and evaluation of dental implants, 
numerical analysis allows a detailed assessment 
of the stability and reliability of the interface 
between the implant and the surrounding bone. 
Overloading or underloading can have a signifi-
cant impact on bone loss, which highlights the im-
portance of accurately modelling the biomechan-
ical behaviour of implant  [5]. The application of 
the method also includes the analysis of dynamic 
and fatigue loads, which are key to predicting the 
long-term success of implants [3, 4].

Biomechanical optimisation plays a key role 
in the design of dental implants. Finite element 
method allows us to evaluate the effects of dif-
ferent implant designs and to fine-tune design 
parameters for long-term stability [1, 2]. In ad-
dition, finite element method allows to consider 
the effect of friction on screw preload, which is 
a critical factor for the durability of prosthetic 
structures [4, 6].

Overall, numerical modelling enables a compre-
hensive understanding of the complex biomechan-
ical behaviour of dental implants. It contributes to 
improved clinical outcomes and reduced prosthet-
ic complications [7, 8].

2. The need for analysis

2.1. Subperiosteal implants  
Modern dental implants used today can be di-

vided into three main types. The most used type 
is endosteal implants, which are usually screw 
threaded implants that are placed directly into 
the jawbone. If the bone volume does not allow 

https://doi.org/10.33923/amt-2025-02-10
https://doi.org/10.33924/amt-2025-02-10
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Fig. 3. Critical cross-sections.

the use of screw implants, transosteal implants 
(implants that are placed through and fixed to 
the jawbone) or subperiosteal implants (implants 
that are placed over and fixed to the mandible or 
maxilla) may be used. The main components of 
subperiosteal implants are shown in Fig. 1. [9, 
10].

The framework base is usually created with 
additive manufacturing from Ti-6Al-4V powder. 
After manufacturing, the piece is post-processed 
on a 5-axis milling machine to form the threads 
and the surfaces that would incorporate the in-
terfaces (sleeves). The interfaces (which will later 
receive the crown or denture superstructure) and 
the fixation screws are usually made of Ti-6Al-
4V ELI based titanium alloy, machined (turning) 
from bar stock.

In this study, we investigated the screws used 
to fix the implant framework to the interface in 
subperiosteal implants. Fig. 2. shows a technical 
drawing of an implant screw with its main di-
mensions and tolerances.

2.2. Problem statement 
As can be seen in Fig. 2. the screws used have 

M1.8 threads. To tighten these and similar sized 
screws, dentists usually use a tightening torque of 
255 Ncm.

To tighten the screw, the internal keyhole slot 
with a 1.3 mm flat width is used. To maintain the 
torque interval, a calibrated torque wrench is 
used. A bit head provides the connection between 
the screwdriver and the screw. To ensure that the 
screws can be tightened with as high torque as 
possible without damaging the internal keyhole 
or bit head, the size of the keyhole opening must 
be maximised.  The size of the screw head is lim-
ited due to space constraints, and the total length 
protruding from the upper plane of the receiv-
ing (nut) thread must not be greater than Ø2,4 × 
2,2 mm as shown in the drawing.

For this reason, the design and dimensions of 
the internal keyway must be carefully selected to 
avoid leaving too small a wall thickness between 
the outer surface of the screw head or the under-
cut required by the thread runout and the inter-
nal keyway or its pilot hole. The surfaces connect-
ed by these potential fracture lines are illustrated 
in four different cross-sections for improved clar-
ity and are marked in pairs using different colors, 
as well as with the labels a, b, and c in Fig. 3. If 
not properly selected, the stresses arising in the 
screw head may exceed the yield strength of the 
screw material (795 N/mm²), causing shear fail-

Fig. 1. Main components of subperiosteal implants.

Fig. 2. Technical drawing of interface fixing screw 
with its main dimensions.
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ure between the screw head and the shank (screw 
head breaking off). [9].

Based on the location of the narrowest cross-sec-
tion, three different critical cross-sections can be 
distinguished, the locations of which are shown 
in Fig. 3.

In case a, the fracture occurs between one tip 
of the hexagon and the side of the screw head. 
In this case, this is not relevant, as the size of the 
key is carefully selected and repeatedly checked. 
Moreover, it cannot be modified. In case b, the 
fracture occurs between the tapered part of the 
screw head and the gap. In case c, the fracture oc-
curs between the tip of the technological (pilot) 
hole of the internal keyhole and the undercut re-
quired by the thread run-out.

The latter two are due to the choice of a keyhole 
opening that is too deep. Fig. 4. shows a screw af-
ter failure. In this case, the fracture occurred in 
cross-section c.

The reason for our research is that during the 
assembly of a sample prepared for load testing, 
some screws sheared at as little as 30 Ncm.

In this preliminary study, we examined a total 
of four different screws, all of which were indi-
vidually machined on a lathe. Failure occurred at 
30 Ncm, 32.6 Ncm, 33 Ncm, and 55 Ncm, respec-
tively. Since the result at 55 Ncm differs by ~20 

Ncm from the other torque values, we suspect a 
one-off manufacturing defect in the other screws. 

Fig. 5. shows the torque wrench used in the 
mentioned study, specifically the Stahlwille Tor-
siotronic 1.2 model.

It is important to note, however, that due to 
the multiple testing prior to clinical use and the 
strict quality management systems in place, no 
production defective screw can be supplied to the 
end-user. At the same time, the aim is to ensure 
that screws that could fail under such load in the 
future are not produced in the first place.

Basically, for the internal keyway of the screws, 
the pilot hole can have 3 different vertex angles. 
These angles are defined by that of the selected 
pilot drills. Out of these three versions, we have 
considered the two most common cases of 180° 
and 120° pilot drills, but there are also 140° drills 
available.  The vertex angles of the pilot drills and 
their corresponding hole patterns (in ascending 
order from left to right according to the size of the 
tip angle) can be observed in Fig. 6. 

3. CAD model description
In this paper, a simulation study of the internal 

stresses within implant screws was performed. 
The model is shown in Fig. 7. 

Fig. 4. Ccrew after failure, two broken-off screw he-
ads and one threaded shaft.

Fig. 5. Utilized torque wrench Fig. 7. The CAD modell.

Fig.6. Vertex angle options for pilot drills and their 
respective pilot hole geometries.
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Fig. 10. Occurring stress at the neck of the screw.

Fig. 11. Location of the maximum stress within the 
shaft of the screw.

The model was made up of 3 parts: the sleeve 
material was Ti-6Al-4V (Grade 5), which was man-
ufactured using additive manufacturing together 
with the subperiosteal implant. The model also 
included the interface and the screw, which were 
both made of Ti-6Al-4V ELI (Grade 23) titanium 
alloy. The screw and the sleeve did not contain 
threads, they were created by post-geometric 
transformation in the simulation software. An-
sys (engineering simulation software) considers 
all contact surfaces as „bonded” after importing 
them. It means that no displacement is allowed 
between the components. The bonds between the 
parts had to be manually adjusted: the connection 
between the sleeve and the interface remained 
„bonded”, the connection between the sleeve and 
the screw was „frictional”, and the connection be-
tween the interface and the screw was selected 
to be „rough”, which allows the elements to sep-
arate. As the sleeve and the implant are created 
together, fixed connection was considered be-
tween them. The implant osseointegrates and can 
therefore move together with the jaw. The load 
was defined as the screw tightening torque, with 
values between 10 Ncm and 80 Ncm. The selected 
boundary conditions are shown in Fig. 8 .

4. Analyses
Our tests were carried out on two types of fix-

ing screws: one with a 120-degree and one with 
a 180-degree tip angle. These are shown in Fig. 9. 

Tetrahedral meshing technique was selected. In 
the case of the 120° vertex angle, the number of 
nodes ranged from 51 260 to 53 194. The element 
numbers were between 33 289 – 34 776. For the 
180° vertex angle, these values were as follows: 
the number of nodes ranged from 51 447 – 52 566 
and the element numbers ranged from 33 455 –  
34 325. Denser meshing was applied for the study 
area.  

5. Results of numerical analyses    
In this paper, the stresses arising in the screw at 

the thread runout groove and at the thread were 
analysed. Based on the results, it can be stated 
that the maximum stress values are generated at 
the thread runout, as shown in Fig. 10. 

The location of the maximum stress in the shaft 
of the fixing screw is shown in Fig. 11.   

Fig. 12 shows the stress distribution, where the 
maximum stress at the above-mentioned location 
is very clearly visible. 

Fig. 13 shows the measured stress distribution 

Fig. 8. CAD-model and boundary conditions.

Fig. 9. Designs of different vertex angles.
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at the screw neck for the fixing screw with 120° 
vertex angle. In the following diagrams, the hori-
zontal axis of the diagrams shows the different 
screw tightening torques and the vertical axis 
shows the maximum stress values in the screw. 
Each different coloured value (function) corre-
sponds to a different keyhole depth (red dimen-
sion in Fig. 2). 

Fig. 14. shows the stress distribution in the 
screw shank, measured for a fixing screw with a 
120° tip angle. 

Fig. 15. shows the measured stress distribution 
at the screw neck for the fixing screw with 180° 
vertex angle. 

Fig. 16. shows the stress distribution in the 
screw shank, measured for the fixing screw with 
a 180° tip angle. 

 5. Conclusion
As already mentioned in the first chapter, the 

yield strength of the Ti-6Al-4V ELI material used 
for the screws is 795 N/mm², based on the man-
ufacturer’s catalogue datasheet and the ASTM 
F136-13 standard, considering the material diam-
eter applied in this study. This means that if the 
internal stresses arising in the screw reach this 
value, plastic deformation of the screw will be-
gin. In engineering practice, factors of safety are 
applied during the design process to reliably pre-
vent such failure. 

The chemical composition of the raw material 
is presented in Table 1, while its main mechani-
cal properties are summarized in Table 2. These 
values are taken from the ASTM F136-13 stand-
ard, which applies to medical-grade, low-impu-
rity titanium alloys, specifically the wrought and 
annealed Ti-6Al-4V ELI (Grade 23) titanium alloy. 
This standard ensures that the material meets the 
stringent requirements imposed by medical ap-
plications [10]. 

Fig. 12. Stress distribution in the screw shaft.

Fig. 13. Analysis results of 120° vertex angle (at the 
screw neck).

Fig. 14. Analysis results of 120° vertex angle (within 
the screw shaft).

Fig. 15. Analysis results of 180° vertex angle (at the 
screw neck).

Fig. 16. Analysis results of 180° vertex angle (within 
the screw shaft).
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Table 1. Chemical composition of Ti-6AL-4V-ELI alloy 

Ti-6AL-4V-ELI
(ASTM F136) mass %

Al 5.5–6.5

V 3.5–4.5

Fe max 0.25

O max 0.13

C max 0.08

Ti rest

Low impurity content is of paramount impor-
tance to achieve good biocompatibility.

When evaluating the results, three different cas-
es and three safety factors are shown. In the first 
case the factor of safety n = 1. Thus, the maximum 
allowable internal stress is 795 N/mm2. Values 
exceeding this are shown in Table 3 and 4 on a 
red background. In the second case the factor of 
safety is n = 1.5. Thus, the maximum allowable in-
ternal stress is 530 N/mm2 (values exceeding this 
are shown on an orange background). In the last 
case, the factor of safety is n = 2,5, in which case 
the maximum allowed stress value is 318 N/mm2 
(values exceeding this value are marked with a 
yellow background). In cases where the tables do 
not show any other colour (white background) for 
the stress value obtained, there is certainly no fail-
ure (calculated with a factor of safety of n = 2,5). 

 Table 3 shows the maximum stress values for 
the 120° and Table 4 for the 180° holes as a func-
tion of the inner-wrench-hole depths (Fig. 1, size 

in red) and tightening torques (25-80 Ncm).   
The upper limit of the tightening torque range 

of 25±5 Ncm for screws is 30 Ncm. Based on the 
simulation results obtained, different maximum 
pilot hole depth could be determined depending 
on whether the pilot hole for the internal key-
way had a 120° or 180° vertex angle. Based on the 
maximum stresses, the maximum hole length for 
the 120° case was 1.8 mm and for the 180° case 
was 1.9 mm. Both cases considered a safety factor 
of n = 2.5.

Based on our results and experience, we recom-
mend the use of 180° vertex angle pilot drills in 
the future, as simulation results show that in this 
case, by an average of 8.44% lower stress values 
can be expected. This, in turn, allows longer in-
ternal keyhole openings to be produced. The big 
advantage of a deeper keyhole opening is that a 
higher tightening torque can be safely achieved 
when tightening the screws without damaging ei-
ther the key or the screw.

Table 2. Mechanical properties of Ti-6AL-4V-ELI alloy

Ti-6Al-4V-ELI | (ASTM F136) 
Mechanical properties

Density 4.47 g/cm3

Melting point 1649 °C

Beta transition temperature 977 ± 4 °C

Thermal conductivity (at 20°C) 6.6 W/m°C

Yield strength (at 20°C) min 795 N/mm2

Tensile strength (at 20°C) min 860 N/mm2

Elongation (at 20°C) 10%

Table 3. Maximum stress values in the screw in the 
case of a 120° pilot hole

Results are shown in N/mm2 (σ120°)

Drill 
hole 

length  
(mm)

Tightening torque  (Ncm)

25 30 40 50 65 80

1.4 137 165 220 275 357 440

1.5 148 177 236 295 384 472

1.6 163 196 261 326 424 522

1.7 183 220 294 367 477 587

1.8 220 264 352 440 572 704

1.9 269 323 430 538 699 861

2 352 423 564 705 916 1128

2.1 631 757 1009 1261 1639 2018

Table 4. Maximum stress values in the screw in the 
case of a 180° pilot hole

Results are shown in N/mm2 (σ180°)

Drill 
hole 

length  
(mm)

Tightening torque (Ncm)

25 30 40 50 65 80

1.4 133 159 212 265 345 424

1.5 141 169 225 282 366 451

1.6 152 182 243 304 395 486

1.7 169 202 270 337 438 540

1.8 198 237 316 396 514 633

1.9 239 287 382 478 621 765

2 310 372 497 621 807 993

2.1 558 670 893 1117 1452 1787
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Table 5 shows the percentage difference in in-
ternal stresses for given hole lengths for the 120° 
and 180° vertex angle holes. It can be observed 
that the magnitude of the differenced shows a 
continuous increase with increasing hole depths. 
For holes with a depth of 1.9 mm, the deviation is 
as high as 11.17%.

Formula (1) was used to calculate the values in 
the table.

Dif = 1 − (σ180°/σ120°)	 (1)

6. Future research opportunities
Avoiding screw breakage when tightening 

screws during surgery is of paramount impor-
tance. If screw failure is clearly detected during 
surgery (head break-off), the screw must be re-
moved and a new screw must be inserted. Remov-
al of the screw(s) may mean increased surgery 
time, which may increase anaesthetic complica-
tions and thus lead to consequential additional 
costs. An even more significant problem is when 
deformation or failure of the screw is not detected 
and there is no clear external sign of it. This can 
be the case, for example, when the internal head 
stresses due to tightening reach the yield point, 
causing the head of the screw to twist relative to 
the shank, but no full fracture occurs because the 
stresses do not reach the tensile strength of the 
material. In this case, the quality of the connec-
tion is inadequate due to damaged screws, which 
can lead to early implant failure.

For these reasons, we would like to continue our 
research in the following directions:

 – investigation of the stress concentration ef-
fects of different thread runout geometries,

 – production of physical screws and testing of 
their failure modes. This would validate our 
simulation results,

Table 5. Percent differences of maximum internal 
stresses within the screw 

Pilot hole length Maximum torque difference 
(Dif)

1.4 mm 3.42%

1.5 mm 4.46%

1.6 mm 6.87%

1.7 mm 8.11%

1.8 mm 10.08%

1.9 mm 11.17%

2 mm 11.93%

2.1 mm 11.45%

 – design and testing of new screw designs (opti-
misation of head height, internal hole length, 
head diameter, investigation of the possibility 
of using self-locking tapered designs to elimi-
nate possible loosening),

 – examination of screw materials and their 
post-processing (heat treatments),

 – determination of the optimum tightening 
torque range for M1.8 and M2 bolts, using 
both simulation and physical tests.
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