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Preamble

Preamble

On behalf of the board of our association ‘Metallurgiestudenten zu Freiberg e.V.’, we would
like to express our gratitude to all participants, presenters, sponsors, and supporters of the
27th International Students’ Day of Metallurgy (ISDM) here at the TU Bergakademie Freiberg.

The ISDM serves as a forum for scientific and personal discussion, highlighting the benefit
of networking in our area. We trust that the connections established during this event will
significantly strengthen metallurgical knowledge and cooperation.

After a long absence due to several obstacles created by the COVID-19 pandemic, we are pleased
to have the ISDM resurgent in Freiberg. This is an important milestone, indicating the start of
a renewed commitment to keep the fire of metallurgy burning, also in the years ahead.

We are thankful about the opportunities that lay ahead and look forward to further engagement
and collaboration within the metallurgical community.

With a cordial metallurgical Glück Auf

Johann Albert Gey, Janus Schaarschmidt and Lukas Neubert
The association’s board
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Removal of copper from steel melts by way of vaporization

from the tapping stream

Stefan Andrä1

1 TU Bergakademie Freiberg

Copper is generally considered to be an undesirable element in steel production, mainly due to it causing hot
shortness during rolling operations of the billet. It is introduced into the steel resource cycle during recycling
of scrap. As it cannot be removed from steel melts via conventional means, a novel method of vaporization
of copper during the tapping stream of a simulated BOF process has been proposed and investigated, as the
BOF is one of the principal scrap recycling units. Experiments have been conducted at the vacuum induction
furnace at the Institute of Iron and Steel Technology, where operating parameters were chosen in such a way
as to simulate the BOF tapping process as accurately as possible. Samples were analyzed via optical emission
spectrometer. Influence of oxygen and sulfur content on vaporization behavior has also been explored. Results
show a correlation between absence of sulfur and oxygen from the melt and increase in vaporization rate of copper.
Furthermore, possible secondary vaporization and segregation of copper in the mold have been investigated.
Results are promising and warrant further investigation.

Introduction

Steel is currently the most produced metallic material and of vital importance for all branches
of modern society. Additionally, it is distinguished by its ability to be easily recyclable. The
biggest limiting in the recycling of steel is the occurrence of tramp elements that enter the
material flow of steel due to the use of scrap during steelmaking. Of these tramp elements,
copper is considered the most problematic. [1] While it is used as an alloying element in certain
steel grades, copper content in steel makes the material vulnerable to hot shortness. [2, 3]
Furthermore, due to the properties of copper, it can not be removed by conventional means in
a modern steel plant, as it is a much less prone to oxidation, as the Gibb’s free energy of its
reaction with oxygen is higher than that of iron. [4]

Since scrap use is an integral part of both primary (Blast Furnace /Basic Oxygen Furnace –
BF/BOF) and secondary (Electric Arc Furnace - EAF) steelmaking, it is imperative that in
the face of an ever more increasingly global economy, ways of removal of copper that are viable
for bulk applications must be found.

One such approach is the vaporization of copper from a steel melt. This is possible in principle
because copper has a higher vapor pressure than iron at steelmaking temperatures and as
much, may vaporize readily in an atmosphere of sub-atmospheric pressure. Additionally, vac-
uum treatment of steel melts is today a common, proven technology in many steel plants,
such as Vacuum Degassing (VD) or Vacuum Oxygen Decarburization (VOD). As such it is
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conceivable that the necessary equipment for the vaporization of copper may already designed
with certain common components with the mentioned technology, such as vacuum pumps and
seals. Furthermore, it would mean no additional process time would be necessary, as the tapping
process would not take additional time compared to modern industry standards.

In this paper, it is hypothesized that copper vaporization during the tapping stream of a BOF
is especially effective since it would take place at a time where the greatest turbulent flow of
hot metal is achieved during the steelmaking process. This is already being taken advantage of
today, as systems are in operation that allow the charging of alloying elements or desoxidation
agents during the tapping process, since it enhances the mixing of these agents and the hot
metal.

Experimental Setup

Experiments were conducted at the Vacuum Induction Melting (VIM) furnace of the Institute
of Iron and Steel Technology. This unit was chosen due to it being able to closely approximate
tapping conditions of a real BOF, as well as its installed systems for sampling, alloying and
thermocouple temperature measurements without affecting the internal atmosphere. Experi-
mental parameters were chosen to reflect real BOF conditions. Target tapping temperature
for all samples was set at 1640 ◦C, while the target tapping atmosphere was argon at 100mbar.
This pressure was determined to be closely reflective of currently operational low-pressure
metallurgical plants, such as Vacuum Degassing (VD) or Vacuum Oxygen Decarburization
(VOD) plants. During the melting phase, the pressure was kept at 100 mbar of argon to prevent
premature vaporization of copper as well as the formation of any kind of slag layer.

Armco iron was chosen as the base material for all experiments due to its purity. Additionally,
it was sandblasted before the experiments were conducted as to minimize to inclusion of oxygen
into the furnace chamber and as such to prevent the formation of a slag layer. This base material
was alloyed to a copper content of 0.5%. The target mass of hot metal for all experiments was
set at 25 kg. Table 1 shows the measured chemical analysis of non-alloyed Armco iron.

Table 1: Chemical composition of Armco iron

Fe Cu S O N C Si Mn
99.9 0.0058 0.0035 0 0 0.0116 < 0.0050 0.0212

P Cr Mo Ni Al Co Nb Ti
< 0.0030 < 0.0030 < 0.0050 < 0.0050 < 0.0010 < 0.0020 < 0.0020 < 0.0010

V W n B Ca Zr As
< 0.0020 < 0.0150 < 0.0020 < 0.0010 < 0.0001 < 0.0030 < 0.0050
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To mechanically simulate the tapping process, the crucible, after ascertaining that target
temperature and composition have been achieved, was turned on its supporting trunnion and
tapped into the steel mold. This resulted in a tapping duration of 140 s, which was achieved
using the slowest possible angular velocity of the trunnion.

To evaluate the effect that sulfur and oxygen in solution have on the vaporization behavior, four
experiments have been conducted with different concentrations of these elements. Iron oxide
and iron sulfide, respectively, were used as alloying agents.

To evaluate the vaporized copper, the chemical composition of the resulting steel rod has been
analyzed in the following way: Three samples were cut from it on approximately equidistant
locations of the rod, as to ascertain that no additional vaporization of still-liquid copper-bearing
melt took place in the mold. The samples were designated in the following way: Sample 1
being the baseline iron-copper hot metal before vaporization took place, sample 2 being at
the lowermost point of the mold after casting and as such represents the first material that
reached the mold and solidified, sample 3 representing the approximate center point of the mold
and sample 4 representing the top point of the mold, which was identified as the point where
secondary vaporization was the most likely to occur.

For chemical analysis during and after experiments, the optical emission spectrometer at the
Institute of Iron and Steel Technology (IEST) was used.

Results

It was originally intended for the first experiment to be used as a baseline to ascertain the
vaporization behavior of a binary iron-copper melt, to be compared to samples with additional
sulfur and oxygen content. However, it was observed that the oxygen content of the sample
rose without charging of oxygen-bearing iron oxide. This could be attributed to the reaction of
the melt and the crucible. It indicated that the addition of deoxidizing agents are necessary to
evaluate the vaporization behavior of copper in the absence of oxygen.

Regardless of additional oxygen ingress into the melt, experiment 1 showed a reduction of
measured copper content across all samples of 0.01%.
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Figure 1: Diagram showing the concentration of copper before and after vaporization took place during
experiment 1

The second experiment was intended to evaluate the vaporization behavior of copper in the
presence of both sulfur and oxygen in the melt.

Figure 2: Diagram showing the concentration of copper before and after vaporization took place during
experiment 2

It may be observed that a significant segregation of copper has occurred in the mold. This is
consistent with the result of experiment 3, where the melt has been deoxidized and sulfur was
added.
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Figure 3: Diagram showing the concentration of copper before and after vaporization took place during
experiment 3

Lastly, a last experiment was conducted to compare the effect of vaporization during the
tapping stream to that of a stirred melt bath. To facilitate this, the pressure inside the furnace
melting chamber was reduced to the target pressure of tapping for the other experiments for
the same duration as the tapping would take, and then raised again to 100mbar. Afterwards,
it was tapped at that pressure to prevent any further vaporization. It was observed that the
vaporization rate was comparable to the ones observed during the vaporization from the tapping
stream.

Figure 4: Diagram showing the concentration of copper before and after vaporization took place during
experiment 4
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Conclusion

Several possible modes of vaporization of copper from steel melts have been investigated. It has
been shown that the proposed method of vaporization from the tapping stream is equivalent in
efficiency to an inductively stirred melt, with the added benefit of it not requiring additional
time in a real-world application. It can generally be ascertained that sulfur content in the
melt reduces the vaporization potential of the examined melts. As such, current hot metal
desulfurization regimes may be continued if this technology is to be applied to industrial-scale
applications.

As such, the efficacy of the proposed process has been proved on a laboratory scale.

However, the observed segregation of copper in the mold with sulfur present in the melt warrant
further investigation.

In conclusion, the fundamental usability of this proposed approach appears to be proved, even
though certain aspects of the process, such as the copper segregation observed, must be further
refined before industrial-scale pilot plants may be commissioned.
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Examination of the foam behaviour of highly FeO rich

EAF slags

Angelini, Alberto1

1 TU Bergakademie Freiberg

Slag foaming was mainly used in electric arc furnaces (EAF) to protect the refractory materials
from the high energy intensity (radiation) generated by electrodes and to improve the productivity
and energy efficiency of this equipment. Nevertheless, the correct control and optimisation of
foam production is still limited by some of the main factors: Basicity, viscosity, surface tension,
presence of suspended solid particles, FeO content and injection rate of carbon particles and
oxygen. The shielding of the light arcs by the foaming slag reduces the energy losses via the
water-cooled furnace walls and ceilings and thus enables a significantly improved energy. The
foaming of the slag by CO/CO2 gas bubbles occurs in the EAF process through oxidation of
carbon dissolved in the molten steel by oxides in the slag (reaction 1). This foaming process
is intensified and maintained by injecting carbon into the slag. The injected carbon can react
directly with the iron oxide after reaction 2 or reduce the iron oxide indirectly after reactions 3
and 4 via an intermediate gasification step.

FeO(l) + C(s) Fe(l) + CO(g) (1)

FeO(l) + C(s) Fe(l) + CO(g) (2)

FeO(l) + CO(g) Fe(l) + CO2(g) (3)

C(s) + CO2(g) 2CO(g) (4)

The slags are divided into two groups: acidic oxides and basic oxides and they are SiO2, MnO
or for the acidic fluxes MgO and CaO for the base. In the slag Al2O3 can be acidic or basic his
behaviour is shown at the viscosity diagram. The creation of the foam came from the balance
between the acidic and basic oxides. In this case as Figure 1 shows:

B4 =
%CaO +%MgO
%SiO2 +%Al2O3

(5)
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Figure 1: Foam slag zones

A distinction is made between alkaline and acidic slags depending on their reaction behaviour.
Basic slags are those whose basicity is > 1.0 and therefore contain an excess of basic oxides.
Acidic slags have a basicity <1.0.

For my experiments it has been used a slag with an Iron oxide content >35% with an acid
basicity.

Experiments

Viscosity

The slag is once heated to 1650 ◦C (at a heating rate of 16 ◦C/min). The viscosity of the
slag is measured with the aid of an immersed dysentery body (made of molybdenum) until
the dysentery body is no longer able to rotate. Three measurements are taken in succession
(Figure 2), but the three curves have different shapes because the chemical composition of the
slag changes with each measurement. The first measurement can be assumed to be the real one.
For this reason, a chemical analysis is carried out at the end of the third measurement to show
the change in chemical composition after 3 measurements (Table 1).

Table 1: Chemical composition after the third viscosity measurement
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Figure 2: Viscometry of all 3 measurements

Compared to the chemical composition at the beginning of the experiment, it consists of only
two thirds Fe2O3, CaO has increased as well as SiO2, Cr2O3, P2O5, MgO, MnO and TiO2 slightly,
whereas the proportion of Al2O3 and Cr2O3 has decreased significantly. The biggest factor is
that in the end the chemical composition has over 9% MoO3, which was not the case at the
beginning. This means that the release of Mo from the crucible should not be underestimated,
and the curve can no longer be taken into account in the second measurement. The figure also
shows how the 3 curves change: When cooling in ‘Messung 1’ to 1330 ◦C, there is a ‘kink’ due
to the formation with a high probability of Mo spinels because of the change in the chemical
composition already in ‘Messung 2’ the curve solidifies beforehand. This can also be seen in
‘Messung 3’, where the solidification point is even lower due to the increase in MoO3 in the slag
with each measurement. For this reason, only ‘Messung 1’ is examined and analysed.

Density & Surface tension

Similar to the preparation for the viscosity measurement, in a molybdenum crucible filled first
with 20 g of slag, always at 16 ◦C/min up to 1650 ◦C. When the crucible was cold, it was
transferred to the MBP (Maximum Bubble Pression) system. There the Molybdenum crucible is
placed in a carbon crucible with a very wide wall diameter and covered with a carbon lid (on the
surface a small hole for the passage of the capillary the same capillary was used for the MFG40)
and inserted into the furnace at the MBP plant. Figure 3 shows when the temperature reaches
1650 ◦C, the capillary is immersed in the melt and a gas bubble of argon is forced through the
capillary into the liquid under investigation and the maximum internal bubble pressure is used
as a measure of the surface tension.
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Figure 3: Surface tension measurement through pression

Measuring the bubble diameter

With a specific software, I could determine the diameter of the bubble during the maximal
height of the foam in the Figure 4:

Figure 4: Diameter of the foam bubbles on different frames, mean values in [mm]
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Foam slag Height

In Figure 5 for ‘untreated polymers’ (Nicht behandelte Polymere) the polymers are used directly
without prior processing, we speak of polymers of different shapes, most of them spindle-shaped
with very different sizes, colours and lengths. Because of the different shapes of the polymers,
there was also the difficulty of filling the steel box. But the biggest challenge is to estimate
the chemical composition of the input plastics due to the heterogeneity of the material. In
contrast to ‘treated polymers’ (Behandelte Polymere), polymers are used with a relatively very
homogeneous size (significantly longer than wider), colour and length. Mixed polymers are
separated with water and only those with a density lower than that of water (PE/PP) are used.
The practical method of separating polymers by means of liquid also resulted in some problems
due to the very small differences in density compared to the total polymers. Of course, the
production of processed feedstocks requires additional labour, as shown in the figure, to perform
a good foam study. The height is measured using a caliper positioned at the opening of the
crucible, the depth gauge is immersed to the height of the remaining foam slag. The value is
read off a scale with millimetre graduations, the so-called Vernier scale is located on the slide,
which makes the values very accurate.

Figure 5: Achieved height during foaming
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Foam index calculation

Having all the parameter I need I for the calculation of the slag foam index I used the formulas

Σth =
H

Vg ∗ Φ
=

0.025m

0.057 684 836m/s ∗ 0.9069
= 4.8371 s (6)

Σbasic = 115 ∗ σ1.2

µ0.2 ∗ ρ ∗D0.9
b

=
0.30461.2N/m

0.028 4280.2 Pa s ∗ 3352.081 kg/m3 ∗ 0.00140.9m
= 6.2172 s (7)

where:
σ – surface tension
ρ – density
H – height of the foam
Db – average bubble diameter
Vg – volume gas flow
Φ – volumetric proportion of the gas
µ – viscosity

The values Σbasic [Observed Foam Index] reflect reality and are very close to the value of
Σth = 4.8371 s [Predicted Foam Index] and as is can be seen in Figure 6 the measured values
fall within the values of Zhang and Freuhan:

Figure 6: Achieved height during foaming
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Hot deformation behaviour of Inconel 718 superalloy by

SLM 3D-printing

Marek Benč1∗

1 Faculty of Materials Science and Technology, VSB–Technical University of Ostrava, 17. listopadu 2172/15,
70800 Ostrava–Poruba, Czech Republic
∗ Corresponding author: marek.benc@vsb.cz

The purpose of this research was to examine the deformation behaviour of a 3D-printed workpiece from the
Inconel 718 superalloy. The 3D printed samples were produced using the selective laser melting SLM method
when the metal powder is gradually melting with using a powerful laser. The SLM samples were subjected
to uniaxial hot compression tests at the temperature range of 900 – 1200 ◦C and, combined with a strain rate
range of 0.1 – 10 s−1.The experimental data obtained revealed a minimal and maximal flow stress level of 98MPa

and 683MPa as for the combination of 1200 ◦C – 0.1 s−1 and 900 ◦C – 10 s−1, respectively. Visual observation
and hardness measurements confirmed that higher strain rates and lower temperatures result in greater strain
hardening of the material, which can reduce or eliminate the disadvantages of 3D printing technology. The
sample tested at a deformation temperature of 900°C with a combined strain rate of 10 s−1 exhibited the highest
microhardness value of 410HV.

1. Introduction

Inconel 718 is a nickel-based superalloy with high nickel content (around 50%), as well as
significant amounts of cobalt, chromium, molybdenum, niobium, and titanium. The alloy has a
wide range of applications in various industries, particularly in aerospace, chemical processing,
nuclear engineering, and marine engineering due to its excellent mechanical properties, including
resistance to high-temperature corrosion, oxidation, and creep strength [1, 2].

The SLM (Selective Laser Melting) process is a widely adopted additive manufacturing technique
that involves selectively melting metal powder using a laser to build up complex 3D structures
layer by layer. The primary benefit of 3D printing is its capability to produce dimensionally
complex products that are difficult or impossible to manufacture using conventional methods.
However, 3D printed materials do have some disadvantages, including surface roughness, internal
porosity and voids, inhomogeneous distribution of residual stress, and limited product size [3,
4].

Combining 3D printing with post-processing through thermomechanical treatment involving
severe plastic deformation (SPD) methods, such as equal channel angular pressing (ECAP)
and its modifications, particularly the continuous method of ECAP-Conform, as well as the
intensive plastic deformation method of rotary swaging (RS), is a possible way to improve the
properties and performance of 3D printed materials. RS is primarily used in the automotive
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industry. Similar to SPD methods, this technique induces a mainly compressive stress state,
resulting in the homogenization of residual stress [5, 6].

The aim of the research is explored the effects of various processing conditions on the deformation
behaviour and gain how the material responds to different of deformation temperature and strain
rate levels. Understanding the deformation behaviour of additively manufactured materials is
crucial for identifying suitable processing conditions that can enhance their performance and
eliminate any defects that may arise during the printing process. By optimising the post-process
thermomechanical treatment, it is possible to improve the mechanical properties of the printed
components, such as their strength, ductility, and fatigue resistance. The 3D-printed Inconel 718
were subjected to uniaxial hot compression tests, followed by visual inspection and evaluation of
the flow stress obtained under different thermomechanical conditions, and finally microhardness
measurements were performed.

2. Metal 3D printing and hot compression test

The samples of Inconel 718 for experiment were built using the selective laser melting (SLM)
method (see Figure 1a) The powder about size of 15 to 44µm was melted with a laser a power
of 200W in an inert argon atmosphere using AM400 3D printer. Chemical composition of the
Inconel powder is presented in Table 1. The printed samples were printing with the vertical
direction from left to right using the stripes printing strategy and processed into 12 cylindrical
hot compression specimens of 10mm diameter and 15mm length (see Figure 1b). The printed
samples were surface machined to the required roughness. The prepared specimens were then
subjected to a series of 12 uniaxial hot compression tests using a Gleeble 3800 thermo-mechanical
simulator in conjunction in connection with the Hydrawedge II Mobile Conversion Unit (see
Figure 1c). Tests were carried out at four deformation temperatures (900, 1000, 1100 and
1200 ◦C) combined with four strain rates (0.1, 1, 10 s−1).

Table 1: Chemical composition of the power Inconel 718 used for SLM.

Element Cr Mo Fe Nb Co Cu Mn Si Al Ti C Ni

Wt. % 20.0 –
23.0

8.0 –
10.0

5.0 3.15 –
4.15

1.0 0.5 0.5 0.5 0.4 0.4 0.1 Balance

2.1 Microhardness analysis

Microhardness was measured on a cross section of the specimen in the direction of the compression.
The microhardness was measured at a distance of 1mm with a load of 0.3 kg on an FM-ARS
900 Automatic microhardness testing system equipment.
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a) b)

c)

Figure 1: a) Schematic of the SLM process b) Printed sample c) The testing chamber.

3. Results and discussion

3.1 Hot deformation behavior

The results of the compression tests showed that under certain thermomechanical conditions,
deformation led to the formation of cracks on the circumferences of the samples. Table 2
summarizes the occurrence of these cracks and evaluates their size and visual documentation
are shown in Figure 2. As can be seen the crack size increases with increasing deformation
temperature. The influence of strain rate is comparable. Higher deformation rates at lower
deformation temperatures allow crack-free surfaces to be achieved. Since the 3D-printed
superalloy will undergo rotary swaging with higher levels of deformation, it is likely that this
technology will reduce or eliminate the defects of 3D printing technologies.

ISDM Conference Proceedings 2024 20



Hot deformation behaviour of Inconel 718 superalloy by SLM 3D-printing

Figure 2: a) Schematic of the SLM process b) Printed sample c) The testing chamber.

Table 2: The cracks size on the sample circumference.

ϵ̇ (s−1) / T (◦C) 900 1000 1100 1200

0.1 no cracks no cracks no cracks small cracks
1 no cracks no cracks no cracks large cracks
10 no cracks no cracks no cracks large cracks

The data obtained from the hot compression test provided 12 flow curves covering the evolution
of material flow stress over a wide range of thermo-mechanical conditions, see Figure 3. It can
be seen from the figure that the flow stress curves show the expected trends. In other words, the
flow stress increases with decreasing temperatures and increasing strain rates. The maximum
acquired flow stress level was ∼ 683MPa (sample deformed at 900 ◦C and 10 s−1).

3.2 Microhardness

The results of the microhardness measurements are shown in Figure 4. The plot shows that
microhardness increases with decreasing deformation temperature and increasing deformation
rate. The samples deformed at 1200 ◦C exhibited comparable microhardness values, with an
average of approximately 250HV0 3. The samples deformed at a lower temperature of 900 ◦C

had an average microhardness value of approximately 350HV0 3. The effect of strain rate had
the opposite effect on the microhardness values as the microhardness increased with increasing
strain rate. The sample deformed at 900 ◦C and a strain rate of 10 s−1 exhibited the highest
microhardness of 410HV0 3. Compared to the results of flow stress analysis, we can conclude
that lower deformation temperatures and higher strain rates result lead to softening process
and work hardening.
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a) b)

c)

Figure 3: Courses of flow stress for four strain rates and each temperatures (a) strain rate of 0.1 s−1 (b) strain
rate of 1 s−1 (c) strain rate of 10 s−1.

a)

b)

c)

Figure 4: Progress of Vickers microhardness measurement b) indent c) line of the measuring.
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4. Conclusion

The submitted research evaluates the hot deformation behavior of the 3D-printed workpiece
of the Inconel 718. The results showed the presumed trend in flow stress, i.e. the lower the
temperature, the higher the flow stress and the opposite in the case of strain rate influence. The
maximal flow stress level is around 683MPa as for the case of 900 ◦C and 10 s−1. The visual
evaluation of the hot-compression-test samples after deformation then revealed a crack occurring
on the sample circumference. With respect to this phenomenon, It can be concluded that
lower temperatures result in larger crack sizes. The results of the microhardness measurements
showed that microhardness increases with decreasing deformation temperature and increasing
deformation rate. The highest microhardness of 410HV0 3 was obtained from the sample
deformed at a temperature of 900 ◦C and a strain rate of 10 s−1. Comparison of 3D printed
Inconel 718 with conventionally produced alloy will be the focus of future studies.
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This paper presents a research focused on the optimization of the steel flow in the tundish during the continuous
casting process. The tundish is one of the most important technological parts of the casting machine. It primarily
provides supplying steel during ladle change and steel distribution between casting strands. The tundish is the
last reactor in which it is possible to influence the final quality and purity of the cast steel. A key element of
this study is the use of numerical simulations to compare two turbulence models, namely k-epsilon and k-omega,
at variable steel casting speeds. Simulations were performed in the software ANSYS Fluent, examining a total of
six different variants with combinations of turbulence models and casting speeds. The aim of this paper is to
gain a deeper understanding of the character of the steel flow and its effect on the quality of the resulting steel
under different process conditions. Numerical results were interpreted in schemes of the model. These schemes
included the analysis of velocity vectors in different planes, the temperature distribution on the surface of the
tundish, and the monitoring of the tundish walls wear.

1. Introduction

The tundish is the last reactor in which it is still possible to influence the final quality and purity
of the cast steel. For this reason, emphasis is placed on the study of events in the tundish. The
tundish ensures the stability of the casting process, primarily fulfils the function of a reservoir
of liquid steel during the exchange of casting ladles during sequential casting and distributes
the flow of steel between individual casting strands [1–3].

The tundish consists of a steel shell with a heat-resistant lining. The tundish is placed between
the ladle and the molds. To minimize heat loss, remove non-metallic inclusions and ensure
the ideal course of chemical reactions, the level of the melt in the tundish is covered with slag.
To control the flow of steel from the tundish to the molds, the individual casting strands are
equipped with stopper rods or slide gate system [3–5].

Optimum steel flow during continuous casting is essential in the tundish. A number of elements
can be constructed in the tundish that affect the resulting flow of steel. The flow can be
modified by the use of impact pads, dams or weirs, baffles, or the use of a porous block for
argon blowing [3–8].
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The so-called retention time is related to the flow of steel in the tundish, which determines
the time spent by a certain element of the melt in the tundish. In order to ensure the desired
course of removal of non-metallic inclusions, to support chemical reactions and to achieve a
homogeneous melt, it is necessary to maximize the retention time and, in the case of multi-strand
casting, to maintain the lowest possible dispersion of retention times on individual casting
strands [6–8].

The flow of steel in the tundish can be divided into active and passive. In the case of active
flow, this is the area of the so-called active volume, which can be divided into a well-mixed
volume and a plug flow volume. The well-mixed volume is characterized by turbulent flow and
occurs mainly in the inlet area. The plug flow volume is characterized by slow directed laminar
motion and its occurrence in the intermediate basin is essential. In the case of passive flow, this
is the so-called dead volume. The dead volume is characterized as an ineffective area of the
tundish where the flow is substantially slowed down. The flow of steel in the dead volume area
reaches at least twice the value of the mean retention time [1, 2, 8].

The location of the five-strand tundish between the ladle and the molds is shown in Figure 1.

Figure 1: Five-strand tundish [1]

2. Principle of numerical modelling

In the case of numerical modelling, the numerical model is described using a system of partial
differential equations that solve, for example, the flow of liquids and gases, heat sharing or
chemical reactions in the model [2].
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The partial differential equations are solved on a computational mesh that covers the constructed
geometry. Partial differential equations are then solved in each individual cell of the computa-
tional mesh separately. The accuracy of the calculation is determined by the fineness of the
calculation mesh and the calculation method. Basic numerical methods include finite difference
method (FDM), finite element method (FEM) and finite volume method (FVM) [2].

Finite difference method (FDM) – the essence is the conversion of the investigated system
to a system of differential equations and the subsequent solution within certain limits. The
limits are set by the boundary and initial conditions of the model. The solved area is covered
by a mesh with a finite number of non-overlapping elements. Derivatives at nodal points are
replaced by differences. The differential equations are further adjusted to a system of algebraic
equations and then solved numerically using a system of iterations [8–10].

Finite element method (FEM) – is the most important among the numerical methods. It is
used especially when solving tasks in the area of temperature fields and in the area of flexibility
and strength. The essence consists in the division into a mesh of elements of a finite number,
which can also be unstructured. A two-dimensional mesh is most often divided into triangular or
quadrilateral elements, in the case of a three-dimensional division, it is most often tetrahedrons,
pentahedral or cuboids. The solution on each element takes the form of a quadratic polynomial
or linear function [8–10].

Finite volume method (FVM) – when calculating with the finite volume method, the object
is first divided into a certain number of non-overlapping finite volumes. The method across the
volume of the computational cell calculates the values of the variables and directly discretizes
the integral equation, which is subsequently solved in the general form. The calculation usually
takes place at one point that characterizes the given final volume. The representative point is
located in the centre of the finite volume and contains information about the values of scalar
quantities and velocity components [8–10].

3. Experimental conditions

Ansys software package was used for numerical simulations and their preparation. Ansys software
package was used for numerical simulations and their preparation. The DesignModeler software
was used to create the geometry, followed by meshing in Ansys Mesh and flow simulations in
Ansys Fluent. Software version 19.2 was used for the simulations.
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3.1 Geometry

For numerical simulations, only the inner part of the tundish was constructed. The created
geometry of the tundish is schematically shown in Figure 2.

Figure 2: Geometry of the five-strand tundish

For numerical simulations, 2 configurations of computing mesh were used. The CutCell compu-
tational network proved to be optimal, as it had higher orthogonal quality and lower skewness
than tetrahedral mesh. The parameters of the mesh are shown in Table 1. The schematically
displayed meshes are shown in Figure 3.

Table 1: Configurations of computing mesh

Computing mesh Number of nodes Number of cells Orthogonal Quality Skewness

Tetrahedral 248 977 1 331 930 0.7824 0.2162
CutCell 735 713 680 460 0.9827 0.0243

a) b)

Figure 3: Computing meshes: a) Tetrahedral; b) CutCell method

For the calculation, it was necessary to define the boundary conditions of the simulation. The
boundary conditions used for the simulations are shown in Table 2.

The simulations were performed using the k-epsilon and k-omega turbulence models. In addition,
the variants differed in casting speed, which is determined by the mass flow rate of the steel.
Variants of the simulations are shown in Table 3.
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Table 2: Boundary conditions of model setting

Parameter Value

Casting speed – Mass flow rate (kg s−1) 39.7; 46.32; 52.93
Casting temperature (K) 1773.15
Gravity (ms−2) −9.81
Operating pressure (Pa) 101 325
Heat flux of free surface (Wm−2) 13 000
Heat flux of tundish walls (Wm−2) 2000

Table 3: Boundary conditions of model setting

Model variant Turbulent model Mass flow rate (kg s−1)

V1 k-epsilon 39.70
V2 k-epsilon 46.32
V3 k-epsilon 52.93
V4 k-omega 39.70
V5 k-omega 46.32
V6 k-omega 52.93

4. Results and discussion

Figure 4 shows a comparison of the velocity vectors of all simulation variants. It can be seen
that a higher casting speed leads to higher turbulence at the tundish surface, which can cause
oxidation of the surface and entrainment of undesirable inclusions into the casting strands.
These turbulences are evident by comparing variant V1 with variant V2 and also by comparing
variant V4 with variants V5 and V6. In the V3 variant, large turbulence and irregular flow
are visible, which could have been caused by a calculation error. From the point of view of
the turbulence model, by comparing variants V1, V2 (k-epsilon) with variants V4, V5, V6
(k-omega), it can be seen that in the k-epsilon model the flow after hitting the impact pad is
directed more towards to the surface, while in k -omega is directed more towards the volume of
the tundish. In this case, the k-epsilon flow more closely corresponds to the real flow, which
was described, for example, in the paper [1].

A simulation of the wear prediction of the refractory lining was performed (Figure 5). It is
evident that a higher casting speed, i.e. comparing variant V1 with variant V2 and comparing
variant V4 with variant V5 leads to higher wear in the upper and lower areas of the tundish. In
the case of the turbulence model. The results for k-epsilon (V1, V2) and k-omega (V4, V5) are
very similar. The K-epsilon model achieves smoother results and the results are closer to the
operational state of the real device.
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Figure 4: Flow vectors in the shield tube section for all variants.

Figure 5: Flow vectors in the shield tube section for all variants.

ISDM Conference Proceedings 2024 30



CFD analysis of steel flow in the five-strand tundish at different casting speeds

Conclusion

n the paper, 6 variants of steel flow in the tundish were compared. Different casting rates and
turbulence models were compared. Reviews of velocity vectors in different planes, reviews of
temperature distribution on the surface of the tundish, and overviews of wear on the walls of
the tundish were monitored. It has been proven that a higher casting speed leads to a higher
oxidation of the steel, a greater amount of entrainment of inclusions into the casting strands
and above all to a higher wear of the lining. From the point of view of the turbulence model,
the k-epsilon model is significantly closer to the flow in a real system. There are smoother
transitions in the wear of the lining and the places of wear correspond to reality. The k-epsilon
model proved to be optimal for monitoring events in the tundish.
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Introduction

Friction Stir Welding (FSW) is a solid-state welding process used to join materials, particularly
metals. It was invented and developed in 1990 by The Welding Institute (TWI). FSW is a
highly efficient and innovative technique that offers several advantages over traditional welding
methods.

FSW involves the joining of materials using a specially designed tool. This tool consists of a
cylindrical shoulder and a non-consumable pin. The process begins by placing the rotating tool
on the joint line between the two materials to be welded. The tool is then plunged into the
workpieces, generating frictional heat, and plasticizing the material. The combination of heat
and mechanical action causes the material to soften and mix, creating a solid-state weld without
melting the materials.

One critical aspect of FSW is tool wear. The FSW tool is subjected to high temperatures,
friction, and mechanical stresses during welding, leading to wear and degradation over time. Tool
wear affects the quality and efficiency of the welding process and must be carefully monitored
and managed.

MP159 material

MP159 alloy is a cobalt-based superalloy, which possesses a good combination property of
ultra-high strength, ductility, corrosion resistance, and low thermal conductivity. The MP159
Superalloy is a Co–Ni–Cr-based multiphase superalloy and is usually applied in aerospace as a
bolting workpiece produced by hot upset processes [1].
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Mechanisms of wear

Wear has been defined as the progressive loss of material from rubbing surfaces. A broad
classification of the main wear mechanisms is shown below, and each of these mechanisms results
in material removal (Figure 1) [2]:

Abrasive wear: is caused by cutting or ploughing one surface by another, harder surface. The
harder material may simply be a harder alloy or hard irregularities on the counter surface; it
may also be an oxide, carbide, work- hardened particle or other foreign material.

Adhesive wear: material loss by transfer and adhesion to the counter surface. It is the most
common and difficult to control. It results from the welding or adhesion and subsequent
rupturing of contacting asperities on a surface. It is particularly severe between sliding pairs of
metals that are chemically similar and/or mutually soluble. Adhesive wear is closely related
to surface friction in such a way that an increase in frictional forces generally causes a large
increase in resulting wear.

Erosion wear: the wear of material under the flow of any environment (gas, liquid, or mixtures
thereof in the presence or absence of mechanical particles), which are the result of changing the
geometry, of the weight loss, etc.

Corrosive wear: the wear of material that occurs due to some type of chemical or electrochemical
reaction with the environment. It may be due to general oxidation, chemical fumes, humidity,
or combustion products, and may also be inadvertently caused by ingredients in lubricants.

Figure 1: Various types of wear mechanisms.

Adhesive Wear Failures

Friction and wear are important when considering the operation and efficiency of components
and mechanical systems. Among the different types and mechanisms of wear, adhesive wear is
very serious. Adhesion results in a high coefficient of friction as well as in serious damage to the
contacting surfaces. In extreme cases, it may lead to complete prevention of sliding; as such,
adhesive wear represents one of the fundamental causes of failure for most metal sliding contacts,
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accounting for approximately 70% of typical component failures. The different mechanisms and
failure modes of adhesive wear are scoring, scuffing, seizure, and galling [3].

Adhesive wear is characterized by transferring a material from one contacting surface to another
during the relative motion caused by localized bonding. It occurs when high loads, temperatures,
or pressures cause the asperities on two contacting metal surfaces in relative motion to deform
and spot weld together, followed by plowing, tangential shearing, and tearing of the metal in
small, discrete areas called micro joints [3].

During the adhesion process and material transfer, particles are removed from one contact
surface and either permanently or temporarily attached to the other surface by a cold-welding
process, thus leaving pits, voids, or cavities on the surface and causing roughening of both
contact surfaces as well as rapid wear.

Due to the cold-welding process, the generated particles are harder than the surfaces from which
they originate and thus can cause great damage and speed up abrasive and erosive wear [4]. As
such, adhesive wear initiates microscopically but progresses macroscopically.

The adhesive wear failure process can be summarized as [5, 6] (Figure 2):

1. Formation of adhesive micro junctions,

2. Deformation of contacting asperities,

3. Removal of protective oxide surface films,

4. Crack initiation and propagation,

5. Failure of junctions by shearing and tearing, and

6. transfer of material.

Figure 2: Adhesive wear shown by transferred layers of titanium alloy on a steel surface [3].
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In such cases, a large frictional force and plastic Deformation caused by dislocations are
introduced to the contact region. As a result of such a large deformation, a crack is initiated
and is propagated in the combined fracture mode of tensile load and shearing [3] (Figure 3).

Recrystallization of MP159 superalloy during hot Deformation

The microstructure evolution of the superalloy during hot deformation is a complex process,
involving deformation heat, flow location, dynamic recovery, and dynamic recrystallization.
The size and volume fraction of recrystallized grains were significantly affected by hot working
parameters [7, 8].

The dynamic recrystallization behavior of MP159 superalloy studied by Cai et al. [9], since they
found that:

The volume fraction and grain size of recrystallized grains increased with increasing strain rate
and deformation temperature. Deformation twins that formed during hot deformation provided
nucleation sites for dynamic recrystallization (DRX) and accelerated the DRX process.

Discontinuous dynamic recrystallization (DDRX) was the dominant mechanism for the MP159
alloy at different deformation strains. Due to the low thermal conductivity of the MP159
superalloy, the heat generated by plastic deformation could not be released in time at higher
strain rates [9]. Figure 3b) and c) show that the DRX grain size increased with increasing strain
rate, which was attributed to increased deformation heating.

Figure 3: DRX grain presented in MP159 alloy with deferent strain rate and deformation heating:
b) 950 ◦C / 10 s−1, c) 980 ◦C / 1 s−1.

Wu et al. [10] reported that the dynamic recrystallization of GH984G was strongly affected by
the initial grain sizes of alloys. The dynamic recrystallization (DRX) mechanism for GH984G
alloys is mainly continuous dynamic recrystallization (CDRX) for larger initial grains and
discontinuous dynamic recrystallization (DDRX) for fine grains. God suet al. [11] observed
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the hot deformation of cast superalloy 625 and found that the dynamic recovery and DDRX
mechanisms are mostly.

Responsible for microstructural modification, and the formation of twins controlled the recrys-
tallization rate. Moreover, factors including the initial δ phase, deformation temperature and
strain rate also have a clear influence on the DRX of superalloys [12, 13]. Wen et al. [12] showed
that the δ phase pre-existing in alloys first stimulates the occurrence of DRX and then gives
rise to a weak effect with increasing deformation temperature. Above all, the hot deformation
behavior of different superalloys varies with the chemical composition, initial grain size, initial
phases, strain rate, and deformation temperature.

Severe plastic deformation

Severe plastic deformation (SPD) refers to a group of techniques used to process metals and
alloys to achieve ultrafine-grained microstructures. These techniques induce very high strains
on the material, resulting in significant changes in its microstructure and properties [14]. Severe
plastic deformation (SPD) refers to a group of techniques used to process metals and alloys
to achieve ultrafine-grained microstructures. These techniques induce very high strains on
the material, resulting in significant changes in its microstructure and properties. The FSW
process has been recently classified as a special type of severe plastic deformation method. FSP
technique with certain improvisations can be used to modify the material microstructure by
densification of localized grain refinements and homogenization of precipitate particles such that
the metal properties can be changed through intense plastic deformation at elevated temperature
[14].

The procedure for grain refinement using SPD techniques is mentioned below [14]:

i. The dislocations, initially scattered across the grains, reorganize, and regroup together
into dislocation cells to minimize overall strain energy.

ii. Misorientation between the cells occurs as the deformation picks up and more dislocations
are formed, resulting in sub-grains forming.

iii. This process continues inside the sub-grains till the size is small enough for the sub-grains
to rotate.

iv. More deformation leads to the rotation of sub-grains to rotate into high-angle grain
boundaries, which are often equiaxed in shape.
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Plastic deformation by grain boundaries sliding mechanism

The deformation behavior caused by the coarse-grained materials has become well-understood
by now. The postulated mechanism has followed the model explaining the grain boundary
sliding at high temperatures that were initially established. Therefore, the exterior dislocations
slide across the grain boundaries, which gives rise to an accumulation of dislocations at the
obstruction points like triple junctions. Stress builds up at the top of the pile-up, triggering a
source of dislocation in a distinct slip mechanism of the obstructed grain. Such dislocations slip
through the blocking grain, keep piling up at the adjoining grain boundary, climb the barrier,
and are then consumed into it. Basic characterizations for the model are depicted visually in
Figure 4 [14].

Figure 4: Schematic of deformation mechanism [14].
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The study analyzed and compared the properties of three types of hot work tool steels: X37CrMoV5-1, Unimax,
and Vidar Superior. All mentioned steels are intended for use in forging dies. The focus of the study was
to investigate properties critical to selected die wear mechanisms. A literature review guided the selection of
research and desired properties to characterise the dies. The main objectives of the study were formulated,
including verification of manufacturer’s warranties, heat treatment of the steel, microstructural investigation,
hardness, impact toughness and wear resistance. The results of the research were compiled and compared,
leading to conclusions regarding the suitability of the steels for use in forging tools.

Keywords: forging dies, heat treatment, tool steels, forging dies, tools, hardness, toughness

1. Introduction

The aim of this study is to compare and analyze the properties of three types of hot work tool
steels. These are: X37CrMoV5-1, Unimax, and Vidar Superior. All of the steels mentioned are
used in forging dies. The main objectives of the study are as follows:

• Verification of manufacturer’s warranties regarding the properties of steel in the as-delivered
condition and after heat treatment,

• Selection of parameters and conducting heat treatment of the tested steels,

• Microstructure analysis,

• Investigation of properties such as hardness and toughness at elevated temperatures.

Commonly used materials for dies and die inserts for hot forging are tool steels characterized by
stable properties at elevated working temperatures ranging from 200 to 700 ◦C. A literature
review was conducted to identify research areas and the desired properties that die cavities
should exhibit. Die forging tools must meet a series of requirements such as [1–3]:

• High impact toughness (resistance to dynamic loads),

• Wear resistance,

• Thermal-mechanical fatigue resistance,

• Compressive strength.
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Forging dies are made of hot work tool steels, which must exhibit high hardness, toughness, and
wear resistance [4, 5]. Steels should exhibit stability of these parameters at elevated temperatures,
usually up to 500 ◦C [6].

The aim of this study is to compare three selected types of hot work tool steels: X37CrMoV5-1,
Unimax, and Vidar Superior. The chemical compositions of the respective steels are presented
in the Table 1 [7–9]:

Table 1: Chemical composition of the selected steels.

Steel: Chemical composition [wt%]
C Mn Si P S Cr Mo V

X37CrMoV5-1 0.33 –
0.41

0.25 –
0.50

0.8 –
1.2

< 0.03 <0.02 4.8 –
5.5

1.1 –
1.5

0.3 –
0.5

Unimax 0.5 0.2 0.5 – – 5.0 2.3 2.5
Vidar Superior 0.36 0.3 0.3 – – 5.0 1.3 0.5

• Vidar Superior – Vidar Superior is a chrome-molybdenum steel produced by Uddeholm
company. Its chemical composition is similar to X37CrMoV5-1 steel. The manufacturer
states that increased metallurgical purity and small grain size enable achieving higher
hardness (up to 2HRC) with higher toughness than in the case of X37CrMoV5-1 steel.
The working hardness of the steel ranges from 40 to 52HRC. At such hardness, the tensile
strength reaches 1680MPa. The tempering temperature is 1000 ◦C [7].

• Unimax - Uddeholm Unimax is a tool steel with additions of chromium, molybdenum,
and vanadium. The steel production process has been enriched with electric arc furnace
refining, which beneficially affects its mechanical properties. The steel is characterized by
relatively high working hardness – above 55HRC after double tempering. At this hardness,
the tensile strength reaches 1780MPa [8].

• X37CrMoV5-1 - is an alloy steel with high hardenability, characterized by resistance to
thermal fatigue, tempering, and oxidation. Typically, its working hardness can range
from 45 to 55HRC. The addition of carbide-forming elements enables achieving secondary
hardness effects and increases resistance to the tempering effect of temperature. The steel
exhibits a tensile strength of 1600MPa (yield strength of 1380MPa) at a hardness of
48HRC [9].
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2. Experimental procedure

Samples measuring 10.5x10.5x55mm were quenched and tempered according to the schemes
presented in the Table 2.

Table 2: Heat treatment procedures for selected steels.

No. Steel Manufacturer’s Heat treatment Quenching
recommendations medium

Quenching Tempering Quenching Tempering
[◦C] [◦C] [◦C/min] [◦C/min]

1 X37CrMoV5-1 1000 – 1050 525 – 650 1030/25 580/2x120 Oil
2 Unimax 1000 – 1025 525 1025/35 525/2x120 OH70 -
3 Vidar Superior 980 – 1000 525 – 600 1000/35 580/2x120 70 ◦C

After quenching, a finishing operation was performed with the aim of removing the decarburized
and oxidized layer and machining a ‘V’ notch for Charpy impact testing.

During experimental procedure the following parameters were measured and analyzed:

• Hardness of the samples was measured in the as-delivered state, after quenching, between
tempering cycles, and after the entire heat treatment process. Hardness measurements after
heat treatment were conducted using the Rockwell method. After preparing metallographic
specimens, hardness was measured using the Vickers method with a 5 kg load (HV5).

• Toughness was measured by Charpy impact test. Samples were prepared according to the
standard [10]. To replicate the working conditions of the dies, tests were conducted at
temperatures of 20, 200, 400, and 600 ◦C.

• Microstructures of the steel in the as-delivered state and after heat treatment were examined.
Samples of hardened steel were cut from the center of the tested components to allow for
examination of the microstructure across the entire cross-section. The examinations were
conducted using a LEICA DM4000M light microscope. Images of each sample were taken
using a 100x magnification objective lens.
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3. Results and discussion

The chapter presents the results of the conducted research. Hardness of the steel was measured
in its as-delivered state as well as after subsequent heat treatment processes. Microstructure
analysis and impact toughness measurements were performed on samples after the complete
heat treatment process.

3.1. Analysis of Hardness

Results of the hardness test is presented in Table 3.

Table 3: Results of the hardness test.

Steel Hardness after each process
As-delivered Quenched Tempered Tempered twice

[HV5] [HRC] [HRC] [HRC] [HV5]

X37CrMoV5-1 190 57 51 50.3 520
Unimax 177 62 55 54 580

Vidar Superior 162 56.5 49 48.5 480

Hardness of X37CrMoV5-1 steel in its as-delivered state is 190HV5. Directly after hardening,
the hardness reaches around 57HRC. A double tempering process resulted in a reduction of
hardness to 520HV5 (approximately 50HRC), with a minor difference between the hardness
after the first and second tempering, approximately 0.7HRC.

Vidar Superior steel exhibited the lowest as-delivered hardness of 165HV5. Hardening and
double tempering led to an increase in hardness to around 480HV5. Immediately after hardening,
the hardness was similar to that achieved by X37CrMoV5-1 steel. However, after tempering,
the difference exceeded 40HV5.

Unimax steel measured 177HV5 on the tested samples, consistent with the hardness provided
by the manufacturer. Hardness after hardening reached 62HRC, and as a result of double
tempering, it decreased to 54HRC.
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3.2. Analysis of Toughness

Results of the toughness test are presented in Table 4.

Table 4: Results of the toughness test.

No. Steel KCV [J/cm2]
20 ◦C 200 ◦C 400 ◦C 600 ◦C

1 X37CrMoV5-1 22.1 33.1 38.6 60.1
2 Unimax 5.5 24.5 33.7 45.4
3 Vidar Superior 26.1 73.6 117.7 131.2

Vidar Superior steel exhibited the highest impact toughness at all temperatures. There is also a
correlation between the results and hardness measurements – the steel with the lowest hardness
demonstrates the highest impact toughness. X37CrMoV5-1 steel showed lower impact toughness
than Vidar Superior. Despite initially similar fracture work of 22.1 J/cm2, this steel does not
exhibit such a significant increase in impact toughness.

Unimax is characterized by relatively low impact toughness compared to the two previously
described steels. The low impact toughness correlates with high hardness and an expected high
carbide content in the microstructure.

3.3. Analysis of Microstructure

The examinations were conducted using a LEICA DM4000M light microscope. Images of each
sample were taken using a 100x magnification objective lens. The microstructure of the steel
X37CrMoV5-1 is presented in the Figure 1.

The microstructure of the X37CrMoV5-1 steel in the as-delivered state (Figure 1a) consists of
spheroidite with remnants of pearlite plates. Precipitates are unevenly distributed and align
along the grain boundaries in an interrupted line.

The microstructure of the Unimax and Vidar Superior steels in the as-delivered state (Figure 1c
and 1e) consists of spheroidite. Precipitates are evenly distributed throughout the sample,
indicating good uniformity of chemical composition.

The microstructure of all hardened steels (Figure 1b, 1d and 1f) comprises tempered martensite
with primary carbide precipitates. The nature of the microstructures cases correlates with the
hardness of the samples.

ISDM Conference Proceedings 2024 45



Analysis of the properties of hot work tool steel

Figure 1: a) X37CrMoV5-1 as delivered b) after heat treatment, c) Unimax as delivered d) after heat treatment,
e) Vidar Superior as delivered d) after heat treatment.

4. Conclusions

This study analyzed three types of hot work tool steels: X37CrMoV5-1, Unimax, and Vidar
Superior, aimed at evaluating their suitability for use in forging dies and other tools used in die
forging.

• Microstructure analysis in the as-delivered state indicates that the steels supplied by
Uddelholm company exhibit high quality in terms of microstructure uniformity and heat
treatment.

• For X37CrMoV5-1 steel, minor segregations of chemical composition and remnants of
pearlite were observed, which could potentially affect the steel’s quality.
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• The tested samples, after quenching, exhibit a uniform structure of tempered martensite.
Hardness values after heat treatment align with the assumptions based on hardness-
tempering temperature dependency charts.

• Based on impact toughness testing at elevated temperatures, it was found that Vidar
Superior steel demonstrates the highest resistance to cracking-related wear. Its very high
toughness enables its use in tools operating at high deformation speeds, such as forging
hammer dies. However, caution should be exercised when using it in tools subjected to
high pressures.
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The paper describes the examination and restoration process of a pattern-welded damascus steel sword blade.
The blades were received by our science club in a corroded state and without any handle elements. Initial
analysis suggests that they were crafted by a German blacksmithing company in the early 20th century. To gain
a better understanding of their history, samples were taken for evaluation under an optical microscope, and the
blades’ hardness was measured. These observations indicate that the blades served a purely decorative function
rather than a utilitarian one. The restoration of the blades involved cleaning and acid etching to reveal the
damascus pattern. New pommels were made using the laser powder bed fusion additive manufacturing method.
It is planned to create new handles and a crossguard based on the historical design.
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1. Introduction

Metal components are damaged by corrosion and mechanical failure. A repair or manufacture
of a replacement part is then required. However, for historical or old objects finding suitable
replacements can be a challenge and custom-made parts may be necessary.

The modern manufacturing methods such as 3D printing of metal are increasingly being utilized
to produce replacement parts that are no longer in production. The process of 3D printing
involves producing components layer by layer using 3D computer models. This enables the
production of components with complex shapes that cannot be produced using casting or cavity
machining methods. The ability to easily modify 3D models makes 3D printing a quick method
for producing the necessary components for restoration. Nowadays, 3D printing enables the
production not just prototypes, but also functional materials with good mechanical properties.
The Laser Powder Bed Fusion (LPBF) method allows for excellent reproduction of metallic
components, due to the use of micrometric powder layer thickness and precise selective melting
with a laser beam. The LPBF method has been used to produce pommels for old sword blades.

The received sword was presented at Figure 1. Blade is made of pattern welded steel, commonly
referred to as Damascus steel. Considering the production technology and materials of that time
it can be assumed that the sword was purely ceremonial and decorative applications. Swords
made of Damascus steel were most often memorabilia or gifts, because despite the complicated
manufacturing process, they not characterized by better mechanical properties than conventional
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steel produced at that times. It is highly likely that these swords belonged to an army or navy
officer.

The aim of the project was to characterize the microstructure and properties of the steel of the
swords, and then to restore them using classical and modern methods, including LPBF.

Figure 1: Picture of swords.

2. Experimental procedure – microstructure and hardness

To microstructure and hardness investigations 3 small samples were collected from areas near
the tang and at the tip of the blade (Figure 2). The samples were embedded perpendicular to
the layer arrangement so that all layers were visible in the cross-section of the blade. The steel
samples were ground, polished and etched in 2% nital, and analyzed using a LEICA DM4000M
optical microscope.

Figure 2: Scheme of the sword, with sample cut-out areas marked in red.

Hardness was measured using Vickers hardness tester using 0.5 kg load. Five measurements
were taken for analysis, with the lowest and highest values discarded.
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3. Microstructure analysis

At the Figure 3 the microstructure of sample B taken near the tang were shown.

Figure 3: Microstructure of sword in area near the tang.

The microstructure shows a layered structure, consisted with ferritic-pearlitic microstructure,
indicating a steel with lower carbon content (area No. 1) and perlite with small grains of ferrite
in areas with dark contrast. In Figure 3b, the transition between the medium and high carbon
layers was observed. The variation in the content of microstructural components in individual
layers suggests the use of two steels differing in carbon content. The presence of perlite and
ferrite in the microstructure indicates relatively slow cooling after forging. Which was confirmed
by hardness values at around 250HV5.

At the Figure 4 the microstructure of steel sample taken from the tip were shown. The
microstructure in both layers exhibits a martensitic character, indicating a conducted heat
treatment - quenching and tempering. The hardness of the sample was about 500HV0 5.

Figure 4: Microstructure of sword in area of the tip.
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4. Blade restoration

The blade of the received sword was covered by corrosion products due to prolonged storage
in non-dry conditions. Despite the advancing corrosion, it was still possible to discern the
previously etched pattern of the Damascus steel layers. To prepare the sword for re-etching, the
blade was first ground and then polished. The successive stages of preparation consisted of:

1. Coarse grinding – using P220 grit sandpaper, the corroded layer was removed, and part of
the pits was ground down.

2. Finishing grinding – the surface finished with P220 grit sandpaper was smoothed using
P400 grit sandpaper. The resulting surface was ready for polishing.

3. Polishing – was carried out using two polishing pastes. The first (coarse) paste had grain
sizes at around 6µm. The abrasive material used was iron (III) oxide. The second stage
involved finishing polishing using a paste with a grain size of 3 µm, consisting of chromium
oxide.

The schematic of the grinding and polishing process is presented in the Figure 5.

Figure 5: Polishing process.

5. Manufacturing pommels by LPBF

To prepare the sword pommels, LPBF were used. 3D models were created in SOLIDWORKS
software. Examples of two models are shown in the Figure 6.
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Figure 6: 3D models of pommels.

Manufacturing of the sword pommels was performed on AYAS 120 LM LPBF 3D printer using
following parameters:

• Laser power: 130W,

• Scanning speed: 0.9m/s,

• Hatch distance: 80 µm,

• Layer thickness: 30 µm,

• Scanning strategy: 67◦ rotation,

• argon

In the process the mixture of of 316L steel and Inconel 625 were used. The powder was recycled
from previously conducted researches using two separates powders. The Pictures of as-printed
models is shown on the Figure 7.

Figure 7: Image of LPBF printed pommels on build plate.
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Microstructure of LPBF samples

Microstructure of LPBF material were showed on the Figures 8 and 9. The material had a low
porosity of less than 0.2%. Mainly gas porosity was observed. In the Figure 8a gas pores are
marked by red arrows. At the Figure 8b higher magnification were showed. The microstructure
consisted by elongated in build direction grains with cellular substructure and evenly dispersed
nanometric oxides. The observed microstructure is characteristic of steels and nickel alloys
produced by this method. No significant segregation from the different powders was observed in
the material, indicating that good mixing of the two materials occurred during the process. In
material some amount of cracks in the grain boundary areas were observed (Figure 9).

Figure 8: Microstructure of LPBF samples.

Figure 9: Microstructure of LPBF samples.
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6. Conclusions

On the basis of the study, it can be concluded that:

• The material for the sword blade was intentionally chosen to possess good mechanical
properties alongside high hardness.

• The character of the microstructure indicates partial hardening of the blade, only in
the sharpened part, while the tang and the area between the blade and the hilt remain
unhardened.

• The conducted polishing allowed for achieving a surface finish enabling re-etching to reveal
the pattern of Damascus steel.

• Through the LPBF process, it was possible to produce a sword pommel that can be
successfully used in reconstructing original pommels that are no longer manufactured.
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1. Literature review

1.1. Introduction

Water is an essential component of oil and gas operations; it is produced and used in both
upstream and downstream facilities, and it had a strong corrosion-inducing agent on the
equipment surface. Corrosion is a process in which the metal’s surface becomes impaired and
eventually destroyed. It is a natural process that takes place in alloys, and it can cause problems
with the structural integrity of steel structures over time. In some cases, the corrosion will cause
a significant structural weakening in the steel or could cause the steel to break apart completely.
This phenomenon is known as ‘steel rot’. Steel rot can occur in many different types of steel
structures, including pipelines, tanks, vessel, beams, columns, girders. In extreme cases, steel
rot can cause the metal pitting, which could cause the metal to crack and fall away from the
structure, and special if a crack extends all the way through the wall, it could collapse and cause
significant damage to the rest of the structure.

To prevent these serious problems, it is important to inspect the steel on a regular basis and to
address any areas that show signs of corrosion. For this reason, it is necessary to add corrosion
inhibitors such as phosphates and nitrates during the refining process. Corrosion inhibitors are
commonly added to coolants, fuels, hydraulic fluids, boiler water, engine oil, and many other
fluids used in industry. One of the ways to improve anti-corrosion properties is by improving
the wettability. This can be done by adding special coatings to the surface. This type of coating
is usually applied to carbon steel parts after they have been treated with corrosion inhibitors
and primers. It is expecting that by improving wettability for the coating can help reduce the
amount of liquid present on a metal surface, thereby preventing it from coming into contact
with oxygen and reducing the rate of corrosion.
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1.2. Oil / Water Problems set on the metal surfaces

The expansion of Oil and Gas (O&G) production from atypical resources was extremely
dependent upon technologies, which utilize large amount of water such as hydraulic fracturing
for O & G extraction from shale regions. In terms of produced water production volumes, about
three to four barrels of water are produced with each barrel of normal oil extracted. Many
factors (type, geological properties and the time life of a formation) effect on this amount of
barrels could be increases the number of the water barrels more than four [1, 2].

Figure 1: Produced and process water in the Oil and Gas industry [1].

Generally, oil /water mixture may be labelled as categories not miscible or the emulsion that
consists of oil-water emulsions [3]. The petroleum enterprise typically classifies crude oil depend
on the geographic region it’s produced in (Brent, Oman, West Texas) and its API gravity (The
degree of density of the oil foundation) with the content of sulphur. Crude oil can be taken
into consideration as mild if it has low density, heavy if it has excessive density, or medium if it
has a density among that of mild and heavy [4]. Additionally, it may be described as sweet if it
contains little sulphur or sour if it contains a lot of sulphur [5]. Produced water with crude oil
typically contains different type of additives and in varying concentrations could be leading to
the corrosion as shown the composition in Table 1 [6]:

Table 1: Oil Composition by weight [6].

Element Carbon Hydrogen Nitrogen Oxygen Sulphur Metals

% Range 83 to 85% 10 to 14% 0.1 to 2% 0.05 to 1.5% 0.05 to 6.0% < 0.1%

Corrosive media aggressive is a real scientific and technical issue. Pipes used for crude oil
extraction and transportation are constantly in contact with corrosive media and harmful
materials of the metal surface that cause in-depth corrosion of pipes with the increase of
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corrosiveness media aggressive (air, soil and water) Figure 2. Thus, crack resistance of metallic
are decreased, leading to lessen the thickness of the pipe wall, and led to metallic abrasion
(like: Pitting, uniform corrosion, hydrogen induced cracking, flow induced, stress corrosion,
etc.) at some point of the pipeline under-process and their abrasion is followed with high
economic losses and extreme ecological consequences [7, 8]. This has been affirmed through the
day statistical data, namely, that nearly 80% of all oil pipeline disasters are due to number
one corrosion-mechanical harm and through progressing bases fissuring problems in locations of
corrosive caverns and welding joints [9].

Figure 2: Corrosion types in oil pipeline [10].

The properties of fatigue and corrosive fatigue failure of pipes in dependence on the preliminary
length and shape of the distorted with inside the pipeline defects may be obtained, then the
investigation of the results could outline the degree of an effect on aggressive corrosive media at
the propagation of fatigue failure in steel. It has additionally been clear that corrosive aquatic
media (soil and water) basically have an effect on the manner of fatigue failure propagation in
steel, which have an effect on probable growth of the detected damages [11, 12].
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1.3. Oil-pipelines Protection

There are many protection methods used to protect oil pipelines from corrosion resulting from
the oil and its content or the external and mechanical environmental conditions accompanying
the operation process. The goal of my work is to avoid the corrosion, and the following methods
we can protect the pipelines from corrosion:

• lining with HDPE (high-density polyethylene),

• anti-corrosion coatings,

• electrochemical way,

• if the oil is separated from the water.

1.4. Importance of studying wettability behavior and contact angle

Wettability behavior is one of the most important topics in interfacial sciences. It is a liquid
ability to preserve contact with the surface of the solid, it’s come from intermolecular interactions
while meeting together. It is described as solid selection to be in contact with one liquid rather
than another, and if the solid does not prefer one liquid over the other, it is called intermediate-
wetting or neutral-wetting, the degree of wettability is determined by the balance of surface and
interfacial forces between adhesive and cohesive forces. It deals with the phases of the materials
liquid, gas and solid, and the importance is clear in the combination of two materials and it is
managed for other related influences, containing capillary influences [13]. A droplet takes shape
on the solid substrate as a function of wetting properties (Figure 3). When a liquid drop on a
solid surface (Figure 3a) forms a bead and the contact angle (θ) is higher than 90◦ it means
non-wetting. A liquid wets a solid surface (Figure 3b) when the drop spreads on it and the
contact angle is lower than 90◦. Perfect wetting means the droplet spreads on the substrate and
the contact angle is zero (Figure 3c).

Figure 3: Liquid drop wettability and Contact angle on the solid surface
[Wettability: a) non-wetting, b) wetting, c) perfect wetting]
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2. Experiment

In the experiment part, the samples were the substrates have dimensions (10mm× 8mm× 5mm)
of different types of metals include (Al, Ag, Sn, Ni, and Cu) with 99.99% purity of the metals,
and ceramics (TiC and WC) were ground and polished mechanically immediately before the
measurement. The substrates average surface roughness (Ra) was 0.02µm by using a surface
roughness measurement device (MARSURF M 40).

Research Contact angle measurement is a widely used technique to assess the wetting behavior of
liquids on solid surfaces. Sessile drop and captive bubble techniques, are employed to determine
the contact angle, wetting in-sights into the wetting characteristics of oils on metal surfaces. In
the contact angle measurement, by using an automatic pipette a drop of 5µl of two types of oil
include (Hydraulic oil (HME10) from Mol group company, Petroleum from Mol group company)
was placed on the surface of a polished substrate for 5minutes for each sample, then used a
CCD camera to record the changing in the silhouettes of the formed drop. The CCD camera is
connected to the computer, were installed KSV software (CAM2008, KSV Instruments Ltd.,
Helsinki, Finland) to determine the worth of the contact angle.

Figure 4: Equipment for the contact angle measurement.

3. Results and discussion

Depending on the results listed in Table 2 obtained of experiments, the contact angle on metal
surfaces approaches zero value after 3-4 seconds it has a very high speed of liquid expansion
and diffusion on all types of metal surfaces, and the wettability of petroleum was better than
other oils we used on all types of substrates (for example on Ag surface, Θpetroleum = 9◦, but
Θhydraulic = 17◦) and these differences depend on the balance between adhesive forces (between
the oil and the metal) and cohesive forces (within the oil). Furthermore, the gradual escalation
in the oil proportion within the hydraulic system in turn decelerates the rate of its expansion.
Although this effect is confined to a consistent trajectory on the surface, it underscores the
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potential to influence oil wettability either through custom mixtures or, alternatively, by
considering the type of metal surface in question, paves to enhance the wetting behavior, this
could involve the addition of metallic coatings derived from alternative metals with superior
wetting characteristics.

Table 2: The measured contact angle of the liquids on the metal surfaces.

Liquid Al Ni Cu Sn Ag TiC WC

Contact hydraulic 17 15 20 19 17 17 15
angle θ◦ petroleum 9 8 11 11 9 9 8

The different types of oils have varying chemical compositions, which influence their inter-
molecular forces and surface tension. Some oils have low surface tension and strong adhesive
forces, allowing them to spread easily over the metal surface and exhibit good wetting. In
Figure 5 shows how the difference in oil composition could affect wettability behavior on the
surface, where the results show that increasing the hydraulic wetting when increasing petroleum
percentage to the oil.

Figure 5: The Wettability behavior of different percentages of the oil petroleum droplet composition during 2
seconds.
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4. Conclusion

This study explores wettability through the examination of two types of oil (Petroleum and
Hydraulic oil (HME10) from Mol group company) which were applied to a range of distinct
samples: (Al, Ag, Sn, Ni, and Cu), and two types of ceramics (TiC and WC). The findings are
as follows:

• Ni exhibit superior oil wetting, displaying consistently lower contact angles throughout
the entire duration of testing. This distinction can be attributed to oxide formation on the
other metals surface, resulting in decreased surface energy and decrease the wettability.

• Petroleum oil demonstrates remarkably rapid wetting compared to distilled water in other
studies. These novel observations could find applications in water-oil separation processes.

• Enhanced wetting efficiency could potentially be achieved through modifications in surface
characteristics.

5. References

[1] Dardor, Dareen, et al. ‘Protocol for Preparing Synthetic Solutions Mimicking Produced
Water from Oil and Gas Operations.’ ACS omega 6.10 (2021): 6881-6892.

[2] Montgomery, Carl T., and Michael B. Smith. ‘Hydraulic fracturing: History of an enduring
technology.’ Journal of Petroleum Technology 62.12 (2010): 26-40.

[3] Zheng, Weiwei, et al. ‘Advanced materials with special wettability toward intelligent oily
wastewater remediation.’ ACS Applied Materials & Interfaces 13.1 (2020): 67-87.

[4] Schultz, N. ‘Canadian Association of Petroleum Producers presentation to the Propane
Gas Association of Canada’TransPosium 2001’.’ (2001).

[5] Marafi, A., H. Albazzaz, and Mohan S. Rana. ‘Hydroprocessing of heavy residual oil:
Opportunities and challenges.’ Catalysis Today 329 (2019): 125-134.

[6] Speight, J. G., and C. R. C. Press. ‘The chemistry and technology of petroleum.’ (1999):
298-300.

[7] Dmytrakh, I. M. ‘On corrosion fatigue initiation from notches and the local corrosion
fracture approaches.’ Notch Effects in Fatigue and Fracture. Springer, Dordrecht, 2001.
331-346.

[8] Nykyforchyn, H. M., and O. T. Tsyrul’nyk. ‘Specific features of the in-service bulk
degradation of structural steels under the action of corrosive media.’ Strength of materials
41.6 (2009): 651-663.

ISDM Conference Proceedings 2024 61



Variations in the wettability behavior of material surfaces caused by petroleum and hydraulic oil

[9] Panasyuk, V. V. ‘Fracture mechanics and strength of materials: advances and prospects.’
Materials Science 40.3 (2004): 305-319.

[10] Al-mashhadani, Mohammed H., et al. ‘Inhibition of corrosion: mechanisms and classifica-
tions in overview.’ Al-Qadisiyah Journal Of Pure Science 25.2 (2020): 1-9.

[11] Pustovoi, V. M., and I. O. Reshchenko. ‘Modeling of the in-service degradation of steels of
cargo seaport structures under the laboratory conditions.’ Materials Science 48.5 (2013):
561-568.

[12] Khoma, M. S. ‘Application of electrochemical methods to the investigation of corrosion
fatigue of metals.’ Materials Science 36.1 (2000): 80-86.

[13] Carpenter, Chris. ‘A study of wettability-alteration methods with nanomaterials applica-
tion.’ Journal of Petroleum Technology 67.12 (2015): 74-75.

ISDM Conference Proceedings 2024 62



WIR BRAUCHEN DICH 
FÜR UNSER

STAHL- UND WALZWERK

WWW.FERALPI-STAHL.COM

ISDM Conference Proceedings 2024 63



Comparative study of the influence of selected trace elements on the phase transformation in medium-carbon
steels

Comparative study of the influence of selected trace

elements on the phase transformation in medium-carbon

steels

I. Gruber1∗, J. Cejka1, and S. K. Michelic1

1 Christian Doppler Laboratory for Inclusion Metallurgy in Advanced Steelmaking, Montanuniversitaet Leoben,
8700 Leoben, Austria.
∗ Corresponding author: isabell.gruber@unileoben.ac.at

By 2017, the steel industry was the single biggest global emitter of industrial CO2 emissions with 7% of all
energy-related emissions worldwide [1]. In the EU, it is responsible for over 5% of total CO2 emissions [2].
However, in order to comply with the European Commission’s Green Deal and reduce CO2 emissions by 55%

compared to 1990 until the year 2030 and to reach net neutrality by 2050, it is necessary to transform the
European iron and steel industry towards a more sustainable, scrap-based electric arc furnace-route [3, 4].
Increased amounts of various trace elements, such as copper and molybdenum, compared to the traditional
integrated route pose a very important challenge here, affecting the steels’ properties and thus the performance
of the finished steel products. In order to gain more knowledge about these effects, medium-carbon steels were
alloyed with different amounts of trace elements and subjected to various testing methods. Inter alia, the steels
were subjected to high-temperature quenching dilatometry. Subsequently, they were metallographically prepared
and investigated under the light optical and scanning electron microscopes. Already small amounts of certain
tracing elements affected the steels’ surface quality during hot working. Furthermore, phase transformation
during cooling was influenced even by trace amounts of various elements and thus different microstructures were
found in the differently modified steels after being subjected to the same heat treatment.

1. Introduction

The iron and steel industry is responsible for 5% the EU’s total CO2 emissions [2]. Not only
is a shift in energy sources to renewables necessary but the reduction of iron ore to hot metal
via the traditional blast furnace / basic oxygen furnace (BF-BOF) route in itself is a very CO2

intensive process due to the use of coke as reduction agent [4]. Estimations by Broadbent [5] in
2016 projected that steel production from scrap via the electric arc furnace (EAF) route could
potentially reduce CO2 emissions by up to 75%.

However, increased usage of this aggregate leads to accumulation of certain elements – alloying
or tramp – in the steel in circulation over time [4] which can lead to affected material properties.
Copper and nickel are known to be so-called austenite stabilizing elements which means that
the austenitic area in a phase diagram is expanded while at the same time the ferritic area is
diminished [6]. Molybdenum, on the other hand, is a ferrite stabilizer [7]. Tin is not known to
stabilize any single phase but influences a steel’s microstructure in various other ways, such as
interactions between precipitates and matrix interface or affecting the recrystallization start
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temperature [7–10]. Furthermore, Trzaska et al. [11] postulate that critical temperatures of
steels during cooling are affected by even small amounts of, inter alia, nickel, molybdenum, and
copper.

Therefore, cooling behavior of medium-carbon steels with trace amounts of copper, nickel, tin,
and molybdenum was observed in this work. Subsequently, the steels’ resulting microstructures
were investigated using light optical and scanning electron microscopy.

2. Materials and methods

In this study, two different low-alloyed medium-carbon steels were used as base materials and
alloyed with varying amounts of the elements copper, tin, nickel, and molybdenum. The base
steels were 42CrMo4 and 30MnVS6.

All samples were heated to 900 ◦C and then quenched using a TA Instruments DIL805 A
dilatometer (Delaware, USA). The unmodified samples were quenched using different cooling
rates of 500K/s, 50K/s, 5K/s and 0.5K/s. The modified 42CrMo4 samples were quenched
with a cooling rate of 0.5K/s. In Table 1 the different modifications of the 42CrMo4 base steel,
their respective cooling rates and their respective name for easier differentiation are shown.

Table 1: Modifications of 42CrMo4 with their respective names.

Alloying element added Modification name Cooling rates [K/s]

– Alloy 1 500, 50, 5, 0.5
+ 0.50wt−%Cu Alloy 1-Cu050 0.5
+ 0.20wt−%Ni Alloy 1-Ni020 0.5
+ 0.025wt−%Sn Alloy 1-Sn0025 0.5

The modified samples of 30MnVS6 were quenched with 5K/s. In Table 2 the modifications of
the 30MnVS6 steel, their respective cooling rates and their respective names are given.

Table 2: Modifications of 30MnVS6 with their respective names.

Alloying element added Modification name Cooling rates [K/s]

– Alloy 2 500, 50, 5, 5
+ 0.50wt−%Cu Alloy 2-Cu050 5
+ 0.20wt−%Ni Alloy 2-Ni020 5
+ 0.025wt−%Sn Alloy 2-Sn0025 5
+ 0.04wt−%Mo Alloy 2-Mo004 5
+ 0.08wt−%Mo Alloy 2-Mo008 5
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The quenched specimens were embedded in electroconductive resin, ground on silicon carbide
paper in grit size of 180, 320, 600 and 1200 and erosively polished with diamond suspension
with a diamond particle size of 9 µm and 3 µm. The last metallographic preparation step was
chemical polishing with OPS suspension. The samples were color etched with Beraha I etching
solution which consists of diluted hydrochloric acid (6%), ammonium hydrogen bifluoride, and
potassium bisulfite solved in distilled water.

3. Results

3.1. Dilatometry

During dilatometry, the length and thus length change of the specimens as well as sample
temperature are measured. In Figure 1 specimen length of the differently quenched unmodified
42CrMo4 samples as well as their respective first derivative is shown.

a) b)

Figure 1: Dilatometry curves (a) and their respective first derivatives (b) of unmodified 42CrMo4.

It can be seen that the curves of the cooling rates of 500K/s, 50K/s and 5K/s do not show
much variation, and only the curve for cooling with 0.5K/s differs from the other three and
also the first derivatives show that phase transformation for the 500, 50 and 5K/s curves set in
rather late in the martensite region. Only at 0.5K/s, phase transformation starts earlier which
was why 0.5K/s was selected as cooling rate for the modified 42CrMo4 steels. In Figure 2 the
dilatometry curves and their first derivatives of the differently alloyed 42CrMo4 modifications
cooled with 0.5K/s are given.
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a) b)

Figure 2: Dilatometry curves (a) and their first derivatives (b) of the modified 42CrMo4 steels cooled with
0.5K/s.

In Figure 3 the length change over temperature and the first derivative curves for unmodified
30MnVS6 steel quenched at different cooling rates are illustrated.

a) b)

Figure 3: Dilatometry curves (a) and their respective first derivatives (b) of unmodified 30MnVS6.
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The phase transformation points and thus the expected microstructure are rather similar for
500K/s and 50K/s as well as for 5K/s and 0.5K/s, respectively. This is why for the modified
alloys of 30MnVS6 a cooling rate of 5K/s was selected. In Figure 4 the dilatometry curves and
their respective first derivatives of the modified 30MnVS6 samples are depicted.

a) b)

Figure 4: Dilatometry curves (a) and their first derivatives (b) of the modified 30MnVS6 steels cooled with
5K/s.

3.2. Microstructure

The etched samples were examined under the light microscope for quantitative phase characteri-
zation. In Table 3 the findings of the light microscopic investigations are listed.

For certain modifications of 30MnVS6 the phase distribution was not exactly quantifiable under
the light microscope which led to a scanning electron microscopy (SEM) investigation with a
backscattered electron (BSE) and a secondary electron (SE) detector in a JEOL 7200F (JEOL
Ltd., Akishima, Japan), coupled with the Aztec 6.0 (Oxford Instruments NanoAnalysis, UK)
software. Exemplarily, the SE image of Alloy 2-Cu050 and its elemental mappings of iron and
carbon, respectively, are given in Figure 5.
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Table 3: Quantitative phase analysis under the light microscope.

42CrMo4 – Alloy 1 30MnVS6 – Alloy 2

Blind 500K/s Martensite: 100% Martensite: 95 – 100%
Ferrite: < 5%

Blind 50K/s Martensite: 100% Martensite: 90 – 95%
Ferrite: 5 – 10%

Blind 5K/s Martensite: > 95% Martensite: 75 – 80%
Ferrite: < 5% Pearlite: 20 – 25%

Blind 0.5K/s Bainite: ∼ 85% Ferrite: ∼ 80%
Ferrite: < 10% Pearlite: ∼ 20%
Pearlite: < 10%

+Cu0.50 Bainite: ∼ 90% Ferrite & Pearlite
Ferrite: < 10% not precisely quantifiable

Pearlite: 5 – 10%

+Ni 0.20 Bainite: 80 – 85% Ferrite: ∼ 85%
Ferrite: < 15% Pearlite: ∼ 15%
Pearlite: < 10%

+Sn0.025 Bainite: 85 – 90% Bainite: < 5%
Ferrite: 5 – 10% Ferrite: 80 – 85%
Pearlite: ∼ 5% Pearlite: ∼ 15%

+Mo0.04 Ferrite & Pearlite
not precisely quantifiable

+Mo0.08 Ferrite & Pearlite
not precisely quantifiable

a) b) c)

Figure 5: SE image (a) and BSE elemental mappings of iron (b) and carbon (c) of Alloy 2-Cu050.
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4. Discussion

From Table 3 and the phase transformation curves, it is apparent that minimal amounts of
certain tramp elements already influence phase transformation at a given cooling rate.

Copper delays phase transformation already after an addition of 0.50wt−% to 42CrMo4. The
30MnVS6 steel with an addition of 0.50wt−% could not be accurately quantified under the
light microscope. SEM measurements showed that the size of the microstructure was in the
micrometer range. The brighter areas in a SE image are higher than the darker areas, indicating
that the material has been selectively etched. The transformation curve and its first derivative
suggest that the microstructure is ferritic-pearlitic. The elemental mapping of iron does not
show any variation in iron distribution over the sample area. On the other hand, the carbon
mapping shows a network-like structure matching the lighter areas in the SE image, which can
likely be attributed to pearlite. Beraha I etching solution forms a film on the material and thus
it is logical to assume that the etching solution was too viscous to penetrate into the pearlite
lamellae and instead has formed a film over the whole of the pearlitic area. However, this has
not occurred for the 30MnVS6 blinds, which makes it obvious that those lamellae are wider in
distance. If copper delays phase transformation, carbon has a smaller time frame to enter the
cementite areas in the pearlite and thus the pearlite lamellae get narrower. This supports the
notion that already trace amounts of copper delay phase transformation noticeably.

Nickel, on the contrary, does not seem to affect phase transformation at the given alloyed
amounts. Neither in the 42CrMo4, nor in the 30MnVS6 modification significant influence has
been observed.

Tin actually seems to have opposite effects for 30MnVS6 for which a little delay was measured
and 42CrMo4 for which even a slight acceleration in phase transformation was observed. This
leads to the suggestion that the amount of tin alloyed was actually too small to prompt change
in phase transformation and that the observed small deviations have other reasons like slight
fluctuations in various other alloying elements.

Both samples of 30MnVS6 that were alloyed with traces of molybdenum were not precisely
quantifiable under the light microscope. Light microscope images as well as SEM BSE images
and elemental mappings were widely consistent with those of Alloy 2-Cu0.50 which suggests
that the same mechanisms were at play here. Considering that only 0.04 and 0.08wt−% of
molybdenum were alloyed to the samples, respectively, and that this was apparently enough to
affect the steels’ microstructure in this way, it can be concluded that even slightest amounts of
molybdenum significantly delay phase transformation while cooling in medium-carbon steels.
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5. Conclusion

Already trace amounts of copper and especially molybdenum seem to significantly delay phase
transformation while cooling in medium-carbon steels so that the resulting microstructure is
visibly different from unalloyed steel samples. Nickel’s effect on phase transformation seems to be
a lot less intense resulting in no noticeable influence of 0.20wt−% nickel on the microstructure
or cooling curves of the samples.

Tin was alloyed in roughly the same amounts as molybdenum but contrary to the molybdenum
alloyed samples, no conclusive statements about tin’s influence on phase transformation and thus
the resulting microstructure can be made. This leads to the suggestion that tin’s effect on the
cooling behaviour of medium-carbon steels is less pronounced than for example molybdenum’s
and if further investigations are to be made, they should include higher amounts of tin in the
steel.

Overall, the subject of secondary raw materials is a growing area of research and a lot more
focus will be placed on the topic of tramp elements in steel.
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This report investigates the impact of different heat treatment parameters and varying Al-contents on the
microstructure of Quenching & Partitioning (Q&P) steels. Therefore, three lean-medium-Mn-steels with
Al-contents between 0.3 and 0.9wt−% underwent heat treatments according to Q & P-regimes. For comparison,
the steels were subjected to a TRIP-aided-bainitic-ferrite (TBF) process. In both cases, the samples were fully
austenitized at 900 ◦C for 120 s, using dilatometry. For the Q&P process, the quenching temperature (TQ)
ranged from 210 ◦C to 300 ◦C, while the TBF samples were cooled to 360 ◦C. Afterwards, the specimen were
re-heated to the partitioning temperature (Tp) of 400 ◦C and isothermally held for partitioning times (tp) of 40,
120 and 200 s. Subsequently, these steels were analyzed with regard to their phase fractions and hardness. The
results indicated that in the Q & P process, the microstructure was primarily influenced by TQ, while tp played
a minor role due to the time-independent martensitic transformation during quenching. In general, rising TQ

led to an increase in retained austenite (RA) fraction. In the TBF process, a substantial influence of tp was
found, which can be explained by the kinetics of the isothermal bainitic transformation. Regardless of the heat
treatment concept, an increasing Al-content contributed to elevated RA contents.

Introduction

Advanced High Strength Steels (AHSS) draw high interest by the automotive industry due to
increasing demands in fuel efficiency, CO2-emissions and crash safety. AHSS stand out with
their superior mechanical properties in terms of tensile strength and balanced formability when
compared to conventional steels and are separated in three generations. The first generation
contains dual-phase-(DP), complex-phase (CP), transformation induced plasticity (TRIP),
martensitic and press hardened (PHS) steels. The second generation is dominated by the
so-called twinning induced plasticity (TWIP) steels, which only play a minor role in today’s
automotive industry due to their economic inefficiencies. The third generation AHSS consists
of medium-Mn, TRIP-assisted bainitic ferrite (TBF) and quenching and partitioning (Q&P)
steels, of which the latter lie in the focus of this work. AHSS of the third generation excel in the
mechanical properties of the first generation, without the usage of the high alloying contents of
the second generation. [1–3]

To achieve a favorable combination of strength and formability, the microstructure of third
generation AHSS typically consists of tempered martensite (α′′), bainitic ferrite (αB) and
metastable retained austenite (RA). [2, 4] Based on the TRIP-effect, this metastable RA
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transforms into martensite (α′) during straining. [5, 6] For a sufficient stabilization of RA to
room temperature both, chemical composition of the steel and specific annealing cycles are of
great importance. RA is chemically stabilized by the austenite stabilizing elements C and Mn
and indirectly by Si and Al. Although Si and Al are ferrite stabilizing elements, they suppress
the formation of cementite (Fe3C) during heat treating due to their low solubility in Fe3C, which
allows for the essential C-enrichment of RA. [7, 8]

The Q & P-annealing process starts with a full austenitization of the steel, followed by quenching
to TQ below the martensite start temperature (MS), leading to a microstructure containing
α′ and untransformed austenite (γ). Subsequently, the so-called partitioning step takes place,
during which C is redistributed from α′ to γ. This leads to a matrix of α′′ and ensures the
chemical stabilization of RA to room temperature. A third phase that may be present in
the microstructure of Q&P steels is αB, which develops from γ during the partitioning step.
The amount of αB that can be formed is dependent on the amount of γ being present in the
microstructure after the quenching step. [9–12] The final microstructure of Q&P steels is
therefore composed of α′′, RA and small fractions of αB.

When quenching is stopped above MS the annealing cycle follows that of the TBF-process, in
which RA is solely stabilized by C due to the formation of αB, which develops from γ. Since
the kinetics of the isothermal bainitic transformation plays an important role for this heat
treatment, the progress of the microstructural evolution is significantly determined by the
isothermal holding time. The microstructure of a fully austenitized TBF steel solely contains
the two phases αB and RA. [1, 13]

Material and experimental methods

Three different steels with varying Al-contents were investigated for this work. These steels were
produced under laboratory conditions by voestalpine Stahl GmbH Linz, according to procedures
described in [12]. The chemical composition of each steel is shown in Table 1. The Q&P
heat treatment for the specimen of each steel is given in Figure 1. After a full austenitization
at a temperature of 900 ◦C for 120 s the steel is quenched to its quenching temperature TQ

and held for 10 s. The exact temperatures for TQ are displayed in Figure 1. Afterwards, the
partitioning-step was performed at a temperature of 400 ◦C with three different partitioning
times (tp) of 40, 120 and 200 s. After the partitioning step, the steel is finally quenched to room
temperature.
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Table 1: chemical composition of the investigated steels in wt−%.

Steel C Mn Si Al

0.2C-3Mn-0.5Si-0.3Al 0.194 3.01 0.54 0.29
0.2C-3Mn-0.5Si-0.6Al 0.195 3.00 0.53 0.63
0.2C-3Mn-0.5Si-0.9Al 0.196 3.01 0.54 0.95

Dilatometry (BÄHR 805A/D) was used for the investigation of the first screening of the
microstructural evolution during Q&P-treating. After heat treating, the RA-content was
determined by saturation magnetization in a magnet yoke. The hardness was measured
according to Vickers (HV1) and for the microstructural analysis the steels were etched with
LePera and analyzed by means of light optical microscopy.

Figure 1: Time-temperature-cycles for Q & P heat treatment.

Results

Influence of the quenching temperature on the microstructural evolution and hardness

The influence of TQ on the evolution of the microstructure and hardness is shown exemplarily for
the steel 0,2C-3Mn-0,5Si-0,6Al at tp = 120 s in Figure 2. When looking at the phase fractions,
an increasing TQ up to a temperature of 330 ◦C leads to a decrease in the portion of α′′, while
both fractions of αB and RA increase. Since a TQ of 360 ◦C lies above MS, no α′ is formed
during quenching, which means that this process is no longer a Q & P-cycle but a TBF one. The
noticeable difference is shown in the appearance of α′. It is evident that with a rise in TQ the
hardness decreases up to the temperature of 330 ◦C, whereafter it increases at a temperature of
360 ◦C.
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Figure 2: Phase fractions and hardness of the steel 0,2C-3Mn-0,5Si-0,6Al; tp = 120 s.

Influence of the partitioning time on the microstructural evolution and hardness

For this investigation again the steel 0,2C-3Mn-0,5Si-0,6Al is used. The effect of tp at different
TQ becomes evident when analyzing the microstructure (Figure 3 and Figure 4). For the Q & P
process at TQ = 300 ◦C and tp = 40 s shown in Figure 3a), the microstructure mainly consists
of α′′ and αB (blue/brown matrix) along with RA (white islands). The same appears to be the
case for the microstructure of the steel that was partitioned for 200 s (Figure 3b)). Regarding
the hardness of the two specimen, no significant influence of an elevated tp is visible.

a) b)

Figure 3: Influence of tP for the steel 0,2C-3Mn-0,5Si-0,6Al for TQ = 300 ◦C and tp = a) 40 s, b) 200 s.

The microstructural evolution for the TBF process at TQ = 360 ◦C is shown in Figure 4a) and
b). With shorter tp, i.e. 40 s a large amount of α′ (brown needles) is found after annealing as
well as a small amount of RA (white islands), while the rest of the microstructure is composed
of αB (blue needles). By elevating tp to 200 s the amount of αB and RA increases while the
amount of α′ significantly declines, which is accompanied by a reduction in hardness.
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a) b)

Figure 4: Influence of tP for the steel 0,2C-3Mn-0,5Si-0,6Al for TQ = 360 ◦C and tp = a) 40 s, b) 200 s.

Influence of the Al-content on the microstructural evolution and hardness

The effect of Al on the phase fractions is shown in Figure 5a) and b) for the steels 0,2C-3Mn-
0,5Si-0,3Al and 0,9Al with tp = 120 s, respectively. For both steels it appears that with rising
TQ the reduction of the α′′-fraction is accompanied by an increase of αB and RA. For the
steel containing 0.3wt−% the results of the dilatometric study show that in case of a TQ of
330 ◦C a small portion of α′ is formed during final cooling, which increases for a TQ of 360 ◦C

(TBF-process). The steel with 0.9wt−% Al does not show any α′ formation during Q&P
heat treating (TQ <= 330 ◦C), whereas at the maximum TQ of 360 ◦C (TBF-process) α′ is also
present in the microstructure after heat treating.

a) b)

Figure 5: Phase fractions of a) 0,2C-3Mn-0,5Si-0,3Al, b) 0,2C-3Mn-0,5Si-0,9Al; tp = 120 s.
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Figure 6a) displays the RA-contents as a function of TQ for the investigated steels with varying
Al-content. In general, a slight increase in RA-fraction is visible when elevating the Al-content.
Furthermore, all steel grades show a similar trend regarding the TQ-influence. In particular,
an increase in RA is observed when raising TQ until a temperature of 330 ◦C. At 360 ◦C the
RA-fraction decreases. The effect of the Al-content on the hardness of each steel is depicted
in Figure 6b). All three steels show a loss in hardness when increasing TQ up to 330 ◦C. The
most pronounced difference is shown at TQ = 360 ◦C, where the steels with 0,3 and 0.6wt−%

Al have a slightly higher hardness increase than the steel with 0.9wt−%.

a) b)

Figure 6: a) RA-content as a function of TQ for different Al-contents, b) Hardness as a function of TQ for
different Al-contents; tp = 120 s.

Discussion

In agreement with [10, 11, 13], the decreasing amount of α′′ and increasing fractions of RA and
αB with rising TQ are ascribed to the declining difference between TQ and MS. The smaller
difference between these two temperatures leads to a smaller portion of α′ and larger portion of
untransformed austenite after quenching, which is then able to be stabilized via C-partitioning
or transformed into αB. The declining hardness can be explained by an increase of αB and a
decrease in the α′′-fraction for the Q & P-cycles with higher TQ, which correlates with the results
in [12]. There is no direct relation between the RA-fraction and the hardness of the steels, since
otherwise there would be a difference in hardness between the three Al-alloyed different steels
in their Q & P-cycles. The growth in hardness for TQ = 360 ◦C is related to the formation of α′

upon final cooling. Since the α′-fraction for the steel with 0.9wt−% Al is the smallest at that
temperature, it aligns with the lower hardness increase. On the contrary, the lower Al-alloyed
steels reach the highest hardness due to the largest amounts of fresh martensite (α′).
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Comparing the different tP of the Q&P-cycles, the results show that there is no noticeable
influence of tp in the investigated range between 40 s and 200 s on the overall phase fraction.
The amount of RA is predominantly determined by TQ, while the process of chemical RA
stabilization is rapidly completed due to the short distances that C needs to diffuse from α′ into
γ, which is in agreement with the results from [9] and [13]. While tp does not have a significant
influence on the microstructural evolution during the Q & P-process, a pronounced effect can be
seen for the TBF-process (TQ = 360 ◦C), which can be related to the kinetics of the γ

αB transformation. With an increase in tp the fraction of αB and RA significantly increases,
thus the amount of α′ declines, which correlates with the results from [1] and [13]. Nonetheless
the results show that a tp of 200 s does not suffice to fully stabilize the existing γ to room
temperature and therefore avoid the development of α′ in case of the TBF-process.

Summary

In this work the influence of varying Al-contents as well as two different heat treatment parameters
in form of the TQ and tp for a Q&P-annealing cycle on the microstructural evolution and
hardness were investigated. The following main conclusions were found:

• The final microstructure after Q & P processing is primarily determined by TQ. The higher
TQ, the larger the RA and αB fractions due to the decreasing α′′ content. Higher TQ lead
to a reduced hardness of the steel.

• The tp has no significant influence on the development of the microstructure in the Q & P-
process, whereas it is of significant importance for steels gained through a TBF-process.
In later case an elevated tp leads to increased αB and RA fractions and a reduced amount
of α′, resulting in reduced hardness.

• An increasing Al-content shows its influence through the stabilization of a higher amount
of RA after Q&P and TBF-annealing cycles. In the case of the TBF-cycles, a rise in Al
furthermore contributed to lower fractions of α′, resulting in lower hardness values.
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The subject of the paper is the analysis of the forging process of a model elongated-shaped forging. The purpose
of the work is to design the correct tool geometry resulting in an increase in tool life. The first part of the
paper is devoted to literature analysis. The characteristics and division of die forging processes are presented
taking into account the methods of filling blanks. Subsequently, the stages of designing elongated forgings are
presented, among others methods of making elongated forgings as well as determining the dimensions of the
starting material. At the end of the literature part, defects and the concept of durability of dies are discussed.
The second part of the paper corresponds to conducted research. It begins with an analysis of the currently used
technology in the forge. Maps of the distribution of effective stress, mean stress and elastic strain of tools were
analyzed. Based on this, a new pre-cut geometry with better durability was proposed. The last part is devoted
to the summary and conclusions.

Keywords: forging dies, die forging, tools, stress, durability

1. Introduction

A wide range of metalworking processes are widely used in the production of various everyday
products. This field also includes the so-called ‘Deep processing of metal products’, which is
used to manufacture products with specific functional properties such as sheets, forgings, bent
profiles, stamped parts for car bodies, or household appliances [1]. Die forging is a traditional
method of metal forming that has been used for centuries. This process has evolved with
technological progress and continues to play a key role in the production of high-quality metal
components. Forged parts are commonly used in various products such as machinery, tools, and
everyday items. Among the various types of forged components, die forgings are particularly
significant. Their share in production depends on the type of product, scale of production, and
manufacturing method. It can range from 50 to 80% [2].

The scope of the work included an analysis of the forging process of a modelled elongated shape,
during which failure of the die impression occurred due to the formation of cracks. A solution to
the problem was proposed in the form of a modified geometry of the preliminary die impression,
which reduces stresses both in the preliminary and final die. As a result of the introduced
changes, cracks ceased to form. Creating a geometric model of the forging based on the technical
drawing and die models was carried out using the SolidWorks program. All variants of the
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forging processes were performed in the QForm program, which allows to accurately predict
phenomena’s occurring during processes where plastic deformation is significant.

2. Research Part

2.1. Material

The material used for the forging is steel S235J0 in a normalized state. The utilized steel is
non-alloy steel. Steel S235J0 is widely used in various engineering projects in both land and
water engineering [3].

The material used for the dies is steel X37CrMoV51 (according to PN-EN ISO 4957:2004). This
type of alloy steel is characterized by high hardenability, good resistance to thermal fatigue,
tempering, and oxidation [4].

2.2. Research Methods

The forging model was created based on the technical documentation provided by the company.
The model was created using the SolidWorks software.

Figure 1: Forging model.

Next, the forging was prepared for the production of appropriate dies, i.e., the dimensions were
scaled up by the thermal expansion value of the used material, in this case by 1.3%. Then, the
holes were closed off and die impressions were made in both the upper and lower dies.
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a) b)

Figure 2: Die model: a) bottom die, b) top die.

a) b)

Figure 3: Die model: a) bottom die, b) top die.

Rounded edges, cutouts for tongs, and elements facilitating the leveling of the charge were
added. The final dies were presented in Figure 3a) and 3b). All necessary parameters were
determined using the SolidWorks software.

The first operation was swelling on the flat side surfaces of the dies to remove scale and prepare
the semi-finished product for further plastic processing. Next procedure performed was flattening
the material in the shaping dies. The purpose of this process was to preliminarily shape the
billet to reduce stresses on both the preliminary and final dies. The dies and the billet presented
in the drawings were made using the QForm 3D Qshape subprogram. The next step was the
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preparation of preliminary dies. Several versions of these dies were made, however, in this work,
one of them is presented, which met the project objectives.

2.2.1. Boundary Conditions

In the adopted model, the tool material was defined as X37CrMoV51 steel, and the material
for the forgings as 235J0 steel. The initial temperature of the billet was set at 1050 ◦C. The
die temperature was set at 300 ◦C to avoid cracking caused by too large temperature difference
between tools and the billet. The forging process was carried out on a mechanical press with
maximum load 16MN, using a graphite-based emulsion lubricant with a friction coefficient of
0.4. Forging takes place without a protective atmosphere at a temperature of 20 ◦C. The end of
forging was set at a height of 2mm.

2.2.2. Analysis of Results

The presented results are for the final dies. All drawings analyzed are presented for the time
instant at which the force exerted on the forging material is maximum. Analyzed the simulation
results of the forging process employed in the forge. The first analyzed parameter was the
mean stresses, which is the arithmetic mean of three principal stresses at a given point. This
can be interpreted as their simplification allowing to calculate the stress tensor describing the
hydrostatic state and the deviator stress tensor describing pure shear.

Figure 4: Mean stresses in the final die.

It was found that the highest values of mean stresses are within an acceptable range up to
1670MPa, indicating that the die should not be damaged. They are located in areas of small
fillets and slight wall inclinations.
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Next, stress intensity was analyzed, i.e., the total effective stress, which can be defined as the
uniaxial stress that causes the same material strain at a given point in the body as the combined
stress state.

Figure 5: Effective stresses in the final die.

The results of effective stress exceeded the yield strength of the material. They occurred in the
same locations as in the case of average stresses, and their magnitude could lead to the failure
of the die.

Based on the obtained information, a different version of the preliminary die was designed.
The radius of fillets were increased, which was believed to improve the flow kinematics of the
material.

a) b)

Figure 6: The preliminary die models created: a) bottom die, b) top die.
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The geometry of the final die impression has not changed compared to the previous case, however,
the shape of the input material has changed. The contour of the average stresses of the final die
is shown in the drawing below. The maximum obtained values are below the limit value.

Figure 7: Mean stresses in the final die – after modification.

The modified geometry of the die impression reduced the values of stress intensity in the final
die by 267MPa, causing them to be below 1670MPa.

Figure 8: Effective stresses in the final die – after modification.
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3. Summary

• The die impression which is fulfilling the project assumptions has been designed.

• Increasing the radius of fillets and inclining the of walls positively impacted the durability
of the dies.

• Producing a preform with a shape more similar to the final product reduced stresses on
the finishing die.
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The main objective of this work is to develop an automated robotic laboratory station for rapid prototyping and
research on the development of forming technologies for low-batch production of sheet metal products. The
research is based on the single-point incremental forming (SPIF) technology with the use of the Dobot M1 Pro
robotic arm. The first part of this work presents the process of manufacturing the forming tools and adapting a
robot tool holder to realize SPIF. Then, the development stages of algorithms to generate the toolpath and create
a communication protocol between an implemented user-friendly software interface and the robotic arm are
discussed. Finally, results from a series of operational tests on the developed stand, including forming different
materials and shapes of final products, are shown and discussed. The work is summarized with the idea of
transferring the created approach to an industrial robotic arm.

1. Introduction

With the rapid development of modern societies, the demand for non-standard metallic products
is increasingly evident in various areas of everyday life. This is especially noticeable in the
case of thin-walled products, often with very complex shapes, which are used in architecture,
antique car industry, advertising industry, etc. Often, such products are unique or required in
low batches. Thus, issues related to the economic aspects of manufacturing play a key role.

Standard sheet metal forming technologies, such as stamping, require the development of
dedicated sets of two or more working tools (in the case of a standard stamping process - a
bottom and a top die) with adequate durability [1]. The cost of these technologies is further
raised by the mentioned very complex shape of the finished product to be obtained [2]. Those
costs are justified for high-volume production, but for low-volume or unit production (e.g.,
components of individual medical prostheses), they are unacceptable. The solution for such
low-volume production may be a single point incremental forming (SPIF) technology [3].

SPIF is a sheet metal forming technique that does not require any additional dies, as in the
standard stamping. Instead, in the SPIF, a computer-controlled round-tipped tool incrementally
deforms the sheet to create the final part shape. The SPIF technique is a cost-effective method
dedicated to low-volume production and rapid prototyping. However, to make the process design
stage even more time- and cost-effective, a scaled version of the SPIF was developed within the
work based on the standard Dobot M1 Pro SCARA robot dedicated to lab applications. In this
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case, the rotating mandrel installed on a robotic arm will plastically deform the material in a
point-wise manner, forming it into any required shape.

The main aim of the work is to develop and implement algorithms for the proper control of a
robot to run SPIF. The concept will be validated with a series of experiments conducted on
thin 0.1mm and 0.2mm copper and brass sheet samples.

2. Design of SPIF robotic workstation

Dobot M1 Pro SCARA-type robot with 4 degrees of freedom was selected for the investigation
(Figure 1). The robot’s mobility is provided by four stepper motors J1-J4. The latter motor
is responsible for the rotation of the forming stylus with defined velocity. The maximum
operational extension of the arm is up to 400mm, while the maximum load-carrying capacity is
1.5 kg. The exact range of motion of each motor and their maximum angular / linear velocities
are shown in Table 1.

Table 1: Range of motion of each motor and their maximum angular / linear velocities.

Robotic arm Range of motion Maximum velocity

J1 ±85◦ 180 ◦/s
J2 ±135◦ 180 ◦/s
J3 5mm – 245mm 1000mm/s
J4 ±360◦ 1000 ◦/s

Figure 1: Coordinate system of the DOBOT SCARA M1 Pro.

The robotic system adaptation process to execute the SPIF process was composed of several
steps. First, the dedicated forming tool holder often used in the CNC machines was acquired,
as seen in Figure 2a, 2b. A brass forming tool (mandrel) was manufactured and placed in the
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precision collet (Figure 2c). Precision collets make it possible to quickly change mandrels of
different diameters, which is a practical solution for the process design stage.

a) b) c)

Figure 2: Forming tool holder compatible with robotic arm: a) robot-collet connection b) collet c) mandrel
fixed in collet.

Then, in the second step, a sample fixture system was designed to allow stable clamping of the
sheet during forming, as seen in Figure 3. The fixtures were manufactured with the use of 3D
printing technology and PLA filament. A bottom part and a sheet holder were printed to allow
a working area of 141mm. The overall dimension of the fixture system is 197×197mm.

a) b)

Figure 3: a) Dimensions of the fixture system and b) 3D views of the bottom part and sheet holder sections.

The sheet holder and bottom part of the fixture system are assembled using special clamps
that apply load to the sheet sides during forming. Additionally, the bottom part features a
notch that guides the sheet metal into a slit in the sheet holder resulting in stable sheet plate
positioning.

Figure 4 shows the designed and assembled SPIF lab system. With such a setup, in the final
step, the development and implementation of algorithms for the proper control of the SPIF
system was realized.
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Figure 4: Developed lab system with a robotic arm with a holder, fixture system and the computer control
unit.

3. Software implementation

The developed software concept is based on two main parts: Back-end and front-end. In the
front-end, the user defines process parameters, such as the robot arms’ movement rate, the
forming shape’s diameter, and the forming depth, or selects the file with the predefined forming
tool path. The back-end is responsible for all activities related to setting the robot’s parameters,
operating the robot, and displaying the current coordinates, error information, and event log. It
also displays graphs representing tool movement paths.

The application was implemented using Python, a language that utilizes libraries provided by
the Dobot company. The graphical user interface (GUI) was constructed with the TKinter
library and is presented in Figure 5a. Figure 5b illustrates the forming tool paths designed
directly in the GUI. The view of the tool path can be easily manipulated in 3D to check the
exact path geometry.

a) b)

Figure 5: a) Graphical user interface and b) visualization of the designed forming tool paths.
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4. Establishing process limits

The developed SPIF lab system was tested with a series of forming operations. The 0.1mm and
0.2mm thickness copper and brass sheets were selected as case studies. An additional aim of the
research was to determine the limiting forming parameters of the robotic arm. The following
parameters were investigated: Type and thickness of the material, shape of the final component,
diameter of the circle on which a shape is described, step size in the X, Y, and Z. The test
setups and results of the conducted experiments are gathered in Table 2.

Table 2: Tests conducted using SPIF (H – hyperbolic cone, T – three side triangle pyramid, P – pyramid, 4T – four
side triangle pyramid).

Material type Shape Circle XY axis Planned Z axis Reached
with thickness diameter step forming depth step forming depth

[mm] [mm] [mm] [mm] [mm] [mm]

1 Copper 0.1 H 50 0.2 10 0.04 10
2 Copper 0.1 H 50 0.2 20 0.08 16.8
3 Copper 0.1 H 50 0.2 20 0.04 20
4 Copper 0.1 H 100 0.2 40 0.08 32
5 Brass 0.1 H 100 0.2 40 0.08 40
6 Copper 0.1 P 100 0.2 30 0.17 30
7 Brass 0.1 P 100 0.2 30 0.17 30
8 Copper 0.1 T 100 0.2 30 0.139 30
9 Copper 0.2 P 100 0.2 30 0.17 14.7
10 Copper 0.1 4T 50 0.2 10 0.09 10
11 Brass 0.1 4T 50 0.2 10 0.09 10

As presented in Table 2, most of the planned forming depth have been successfully achieved.
However, some limitations of the developed system were identified:

• Test no. 2 failed to achieve the intended depth due to the clamping of the forming tool
caused by improper sheet fixation in the holder.

• Test no. 4 result in sheet plate failure. The formability limit was reached for copper sheet
with a thickness of 0.1mm. Excessive thinning of the sheet walls led to material failure
due to occurring stresses.

• Test no. 9 reached the formability limit of the Dobot M1 Pro robot. The process was
stopped due to insufficient force to further deform the sheet.

Consequently, the SPIF process limit for the investigated robotic system was established.
Examples of final SPIF-formed components are presented in the Figure 6.
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a) b) c) d)

Figure 6: Examples of the effects of SPIF-formed components: a) hyperbolic cone, b) three side triangle
pyramid, c) pyramid and d) four side triangle pyramid.

5. Summary and future research plan

The work presented an implementation of the robot control algorithms and the proper selection
of the process parameters, which allow for the precise SPIF forming of thin copper and brass
sheets. It was found that with an increase in the Z-axis step and an increase in the thickness
of the sheet, formability decreases, which manifests in not reached planning forming depth
and sheet failure. This phenomenon is particularly visible at larger thickness and Z-axis steps,
confirming previous studies and literature [4, 5].

Future research will focus on adapting industrial robot to the incremental sheet forming process
and expanding the range of investigated materials. The Kawasaki robotic arm (Figure 7a)
available at the AGH University of Krakow will be adapted to enable forming using SPIF.

Figure 7b presents initial results of CAD assembly model of the proposed station for the robot
that will be installed within its working area. The research will be conducted as part of the
ROBOSPIF project funded under the AGH-IDUB activity.

a) b)

Figure 7: a) Kawasaki robotic arm located at the AGH University of Krakow b) CAD assembly model of SPIF
station for robotic arm.
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The ageing of steel sheet grade DC01 from a European manufacturer was investigated by tensile testing of
specimens taken in three directions. The mechanical material test was repeated after 3 days, 9 days, 2 weeks, 1
month and 6 weeks. No trend change indicative of ageing was detected after the determination of the standard
metrics. On the basis of the literature data, it could be concluded that the steel does not show the ageing
phenomenon. However, Erichsen cupping test and Nakajima test indicated a clear change in formability within
the time interval studied. It is therefore concluded that the conventional mechanical tests are not sufficient to
detect the ageing tendency of sheets made with modern steelmaking technology.

1. Introduction

Low carbon, unalloyed, cold-rolled, uncoated (LC) steel is the most widely used steel for cold
forming in the manufacturing industry. This is commonly referred to in industry narrative as
mild steel. The European standard grade for LC steels is the DC01 to 06 series. The basic grade
DC01 is the grade where strain-aging occurs most rapidly, so its nature can also be most clearly
observed in this grade. The strain-aging of steels has long been a well-known phenomenon
and is, therefore, very well documented [1–4]. In this article, we will investigate the nature of
strain-aging of DC01 sheets produced with current state-of-the-art technology and compare the
results with those reported in the literature, and draw conclusions.

1.1. The causes and manifestations of strain-aging

Static strain-aging

Formational strain-aging is the result of a process of dislocation by movement and diffusion.
During this process, the interstitional atoms (carbon and nitrogen) migrate to the end of the
dislocation, where they cause less lattice strain. As time passes, the amounts of atoms reaching
the dislocations increases, which makes the dislocations increasingly difficult to move. When
the forming of sheets starts, the dislocations will come off from these atoms, which requires a
higher stress value. Once the dislocations have left the atoms, even a small amount of stress is
sufficient to move them further, reducing the measured force. This causes the appearance of the
upper and lower yield strengths [5–7].
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Dynamic strain-aging

The Portevin-Le Chatelier (PLC) effect (jerky flow) is caused by the dynamic interaction of
moving dislocations and rapidly diffusing alloy atoms. In this case, the dislocation motion is not
continuous but mostly intermittent. The process is characterized by the fluctuation of stress in
the stress-strain curve [8, 9]. As a result of dynamic strain aging, the yield strength and tensile
strength are increased, but the elongation is reduced and Lüders bands appear on the surface.

1.2. Developments in last decades in the production process of LC grades

The main factors influencing the aging of mild LC steels are their nitrogen content and dislocation
density. The number of inclusions, the ferrite grain size and the second or third phase (cementite)
in the microstructure can also have an indirect effect. Low nitrogen steel scrap and further
input materials were successfully used to reduce the total nitrogen content in the melt. Due
to ensure better formability and less aging tendency, the free nitrogen needs to be converted
into the nitride. Aluminium cannot bind the total free nitrogen, so adding other nitride former
elements like titanium, niobium or boron into the melt is necessary. The precise feeding is
essential because the form and localization of the creating nitride determine the new grain size
after annealing. Such measures are not fully enough to reduce the tendency of strain aging.

Further achievements were needed to improve the manufacturing technology as well. In the
last decades, manufacturing technologies of LC steels have undergone significant development,
resulting in an extraordinary improvement in the quality [10–12]. Since the 1950s, the most
significant changes in the LC grade production have been as follows:

• Switch from Siemens-Martin to Linz Donawitz steel making technology

• General usage of ‘full-killing’ during steel production

• Optimization of batch dezoxidation (using Aluminium instead of Silicon)

• Improvement in the secondary metallurgy tools (desulphurization, argon stirring, vacuum
treatment)

• Switch from block casting to continuous casting

• Optimization of slab reheating-, hot rolling- and coiling temperature during hot rolling

• Optimization of pass schedule at hot- and cold rolling

• Introduction and development of computer-supported speed control during hot-, cold and
temper rolling

• Introduction and development of computer-supported temperature and time control during
annealing
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• Introduction of continuous annealing besides batch annealing

• General usage of temper rolling

• Continuous improvement in the product and process measurement methodes and tools

• Development in the data collection and data evaluation in the steel production technologies
[13–17]

1.3. Historical data from the technical literature regarding strain aging

The basic metallographic relationships of strain aging were established as early as in the 1930s
and 1950s. Cold rolled sheet for deep drawing was a popular product of the post-World War
II re-industrialization, so a great deal of scientific research on strain-aging was carried out in
the 1960s and 1970s. The currently available literature predominantly concerns the results of
products made with now obsolete technology. Many researchers have described findings as a
result of their experiments. Remarkable are the results of Sylwestrowicz from the 50’s, the US
Steel experts from the 80’s and Bhagat’s research from 2008, who investigated materials what
can be classified as DC01 grade today. Sylwestrowicz [18] defined a yield strength increase of
about 70MPa, US Steel experts measured 50MPa increase in yield strength [19], while Bhagat
[20] found a yield strength increase of about 18MPa and a 0.6% decrease in elongation in mild
steel (Table 1) sheet after a fracture. All data were noted after a storage time of about 6 weeks
at room temperature.

Table 1: Chemical composition of investigated sheets by Bhagat [20].

C% Mn% Si% S % Al% N%

0.002 0.58 0.007 0.007 0.039 0.0015

2. Experimental

Based on the literature, it has been found that with strain-aging, the following changes in the
properties of mild steels occur:

• Increasing yield strength and tensile strength

• Reduced elongation after fracture

• The upper and lower yield strength (static strain-aging) appears

Our research has, therefore, focused on identifying these four strain-aging effects.
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2.1. Material

The effects of strain-aging were analyzed on standard cold rolled, annealed and temper-rolled
samples of DC01 grade from an European manufacturer, using the results of tensile tests made
3 days, 9 days, 2 weeks, 1 month and 6 weeks after production. The production route and the
chemical concentrations are shown in Figure 1 and Table 2, respectively.

Figure 1: Production route of investigated steel sheets.

Table 2: Chemical composition of investigated sheets.

C% Mn % Si% S% Al% N %

0.07 0.39 0.007 0.001 0.038 0.004

The time intervals of tests were determined according to the relevant product standards. The
tensile test specimens were cut from 1/4 of the width of the sheets from the third turn of the coil,
closely spaced to each other, to keep the material’s inhomogeneity as low as possible (Figure 2).
Three specimens were tested per series (0, 45 and 90 degrees to the rolling direction). The
tensile tests were performed on specimens of standard size (ISO 6892-1, Type B (20x80mm)),
prepared for testing by punching and grinding.
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Figure 2: Sampling from the sheets.

2.2. Testing machine and method

The tensile tests were performed on a dual column floor model universal material tester type
Instron 68FM-300. Measurement results were processed using the evaluation software type
Bluehill 3. During the test, the elongation of the specimens was measured using an Aver Edge
32 video extensometer with a signal spacing of 80mm longitudinally and 20mm transversely.
Additional parameters of the test; Load cell: 300 kN; Test temperature: room temperature
(23 ◦C). The variation of the mechanical values (Rp0,2, ReH, ReL, Rm, A80) was determined per
series using the ISO 6892-1 Method B (stress rate control) on three test specimens per direction.
The crosshead separation rate was uniformly 10MPa/s up to the appearance of the yield point
and 0.006 71 s−1 after that. Additionally, static strain-aging was tested using the ISO 6892-1
Method A1 (strain-rate control) with a tension rate of 1-1 test per direction in three tests
(0.002 s−1; 0.0002 s−1; 0.000 02 s−1). All main influencing factors were kept constant during the
experiments. The bias of the measurement system was checked by testing certified standard
specimens before each series of measurements.

3. Results and Discussion

The first tensile test was carried out on the 3rd day after production, where we confirmed the
values on the manufacturer’s test certificate of material supplied with the consignment. Figure 3,
4 and 5 show the variations in mechanical properties over time. The results show no clear trend
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for yield strength, tensile strength or elongation after fracture over the tested interval could be
detected. The changes were minor, corresponding to measurement uncertainty and material
inhomogeneity. The most surprising result of the series of tests was that no lower or upper yield
strengths could be determined for any of the 108 tests. Hence, no static strain-aging could be
detected.

Figure 3: Variation of yield strength with time in different directions.

Figure 4: Tensile stress changes with time in different directions.

Figure 5: Change in elongation after fracture with time in different directions.
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4. Conclusion

In this paper, the effects of strain-aging were tested as described in the literature on mild
steel specimens produced with today’s modern steelmaking technology. Based on the data of
Sylwestrovicz, US Steel experts, and Bhagat, our research brings more moderate results. There
has been a clear decreasing trend in history. In the 50’s it was defined 70MPa in the 80’s;
50MPa, in 2008 and 18MPa increase in the yield strength due to the aging process, while,
we cannot define any clear decreasing or increasing trend today. Based on the tensile tests
of our experiments, we could not detect static strain-aging, i.e. the formation of upper and
lower yield strengths, in the time interval investigated. Increases in yield strength and tensile
strength values and decreases in elongation after fracture values were not observed in the tested
specimens either. As it was seen, the degree of strain-aging described earlier in the literature is
no longer present in mild steel products produced with today’s technology.

It is worth analyzing the ageing phenomena because of the results of the technological tests. We
performed the Erichsen cupping test and Nakajima test, which showed an evident degradation
in the formability of tested sheets after a certain time. Developing a complex indicator(s) for
determining strain-aging that can also be used conveniently by industry will be the next stage
in our research.
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Hydrogen-based direct reduction process offers a promising avenue for significantly mitigating emissions. With
the current focus on hydrogen reduction, it becomes imperative to some parameters such as temperature, chemical
composition, and porosity. This study specifically investigates the influence of chemical composition and porosity
at temperatures between 700 ◦C and 800 ◦C on the reduction of iron ore pellets using hydrogen. Porosity was
evaluated using a mercury intrusion porosimeter, while the microstructure of the reduced pellets was analyzed via
scanning electron microscopy. Remarkably, an increase in the temperatures resulted in increased pore size and
overall porosity. Even lower gangue content may decrease the reduction rate. Investigating these characteristics
can present their importance in reaching the optimal conditions of the direct reduction process and advancing
technologies conducive to eco-friendly steel production.

Keywords: hydrogen; iron ore pellets; porosity; temperature; direct reduction.

Introduction

Conventional iron and steel production methods typically involve the use of a blast furnace
(BF) in conjunction with a basic oxygen furnace (BOF). The operation of blast furnaces results
in significant emissions of CO2. Consequently, the total CO2 emissions from steel manufacturing
accounted for around 7 – 9% of global anthropogenic CO2 emissions in 2020 [1].

To mitigate CO2 emissions, German steel producers as ArcelorMittal Europe, Thyssenkrupp
Steel Europe, among others, are strategizing to manufacture ‘green steel’ using hydrogen [2–7].
Substituting hydrogen for coke as a reducing agent holds the potential to significantly diminish
carbon dioxide levels. The direct reduced iron (DRI) process involves the primary conversion
to metallic iron in the solid state without reaching the melting point. Existing steelmaking
practices already incorporate direct reduction processes for iron ore pellets using natural gas or
an H2 /CO mixture, such as Midrex technology [8, 9], HyL /Energiron [10], Circored [11], and
others [12–15].

Due to the slow reaction rate, natural gas is not used directly and the decomposition of natural
gas occurs at high temperature with formation carbon and hydrogen. Hence, it has to be
reformed into CO and H2 and this mixture can be used directly for reduction process. However,
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the CO2 emissions are also produced. Their amount is lower compared with primary reaction of
ironmaking using BF process [16, 17].

Thus, the primary reaction of ironmaking using reducing agent CO (reaction 1) can be replaced
with pure H2 for the achievement of CO2-zero emissions using DRI technology. Additionally, the
reduction of hematite does not immediately occur to metallic iron but is reduced stepwise to a
lower iron oxide depending on a temperature as hematite → magnetite → wüstite → metallic
iron (reactions 2 – 4) [16, 18–20]:

Fe2O3 + 3CO 2Fe + 3CO2 (1)

3Fe2O3 + H2 2Fe3O4 + H2O (2)

Fe3O4 + H2 3FeO + H2O (3)

FeO + H2 Fe + H2O (4)

Concerning the kinetics of hydrogen reduction, the first two reactions (reaction 2 and 3) proceed
at a quicker rate compared to the third (reaction 4). Consequently, the kinetics are primarily
governed by the FeO-Fe reaction. Alongside kinetics, the reduction rate of iron ore pellets can
be controlled by temperature, composition of the reducing gas, material porosity, grain size
of iron oxide, form material (pellets, briquettes, etc.) and gangue content. These factors can
affect the pellet reduction rate and have been studied by numerous researchers. El-Geassy et
al. [21] studied the influence of porosity and grain size variations in hematite compacts at
varying temperatures on the hydrogen reduction rate. Their findings suggested that as porosity
increased or grain size decreased, and with higher temperatures, the reduction rate intensified.
Similarly, Bahgat and Khedr [22] observed an escalation in the reduction rate when the reaction
temperature was raised from 900 ◦C to 1100 ◦C.

Recent studies have delved into examining the gas composition’s impact on the reduction of
iron ore pellets, focusing on the reducing agents like carbon monoxide, hydrogen, or their
mixtures. In 2005, Bonalde et al. [23] illustrated the reduction rate of hematite at 850 ◦C using
hydrogen-carbon monoxide blends, revealing a significantly higher reduction rate with hydrogen
alone. Specifically, the reduction rate under a hydrogen atmosphere reached 100%, while it was
only 50% in a CO atmosphere.

Additionally, Turkdogan and Vinters [24] investigated the reducibility of iron ore pellets and the
effects of lime and silica additions. They noted that reduction in a hydrogen atmosphere resulted
in shorter reduction times compared to a carbon monoxide atmosphere, consequently leading to
a higher reduction rate in the hydrogen environment. Investigations by Wang and Sohn [25],
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revealed that a low SiO2 content coupled with a high CaO content in the iron oxide compact
resulted in an enhanced reduction rate. Another study [26] demonstrated an enhancement in
reducibility with the addition of CaCO3 to hematite iron ore briquettes. However, at elevated
reduction temperatures, the reducibility decreased with increasing lime content compared to
the original briquettes containing 1% CaCO3. The influence of calcium oxide on reducibility
was further expounded by its interaction with temperature, porosity, and the formation of
compounds with other elements present in iron ore pellets or briquettes [24, 26–29]. Substituting
CaO with MgO in dolomite form resulted in a marginal reduction in reducibility. When MgO was
introduced to the iron ore concentrate, it stabilized magnetite, decreasing the Fe2O3 content and,
consequently, the reduction index [30, 31]. The study by Kapelyushin et al. [32, 33] demonstrated
Al2O3 diffusion from FeO into the hercynite-rich Fe3O4-FeAl2O4 solution during the reduction
process, negatively impacted the reduction rate and thereby reduced the reducibility of Fe3O4 to
FeO. Zeng et al. [34] similarly observed the adverse influence of Al2O3 on iron ore reduction.

The motivation for this study lies in investigating the parameters influencing on the H2-based
reduction of iron ore pellets used in blast furnaces. Specifically, the influence of temperature,
gangue content and porosity on the direct reduction degree of blast furnace pellets, and also
scrutinize the microstructural changes are considered. Therefore, the findings of this investigation
contribute to the existing knowledge regarding the parameters controlling direct reduction in a
hydrogen atmosphere, potentially influencing the economic viability of the process.

Experimental procedures

Materials

Two types of fired industrial hematite pellets intended for ironmaking production due to blast
furnaces were used for the experimental part of this research. The chemical composition is
presented in Table 1 [35]. The pellet size was approx. 12 – 16mm in diameter.

Table 1: The chemical composition of fired iron ore pellets (wt. %) [35].

Femet FeO CaO SiO2 MgO Al2O3 MnO Na2O P2O5 Porosity, %

P1 65.0 0.5 1.3 3.6 0.6 0.5 0.06 0.04 0.04 22.15
P2 66.6 0.1 0.8 2.1 0.4 0.4 0.32 0.02 0.03 27.19

P2 had a higher iron oxide content and lower gangue content than those of P1. Additionally,
the porosity for P2 was higher by approximately 5% compared to P1. The different results of
the reduction rate were expected according to Table 1.
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Experimental equipment

Experiments on the reduction of pellets by hydrogen were carried out in a heat-resistant steel
retort using a resistance furnace for heating. The retort is shown schematically in Figure 1. The
experimental conditions and methodology were the same as in the recent study of results of
hydrogen reduction of iron ore pellets at different temperatures by Kovtun et al. [36].

Figure 1: The scheme of the retort: 1 – weight measuring system; 2 – B-type thermocouple for sample temper-
ature; 3 – gas inlet (Ar, H2); 4 – resistance furnace; 5 –N-type thermocouple for resistance furnace;
6 – closed bottom cover; 7 – base with holes on stand; 8 – pellets; 9 – gas outlet (Ar, H2O); 10 – water-
cooled copper stand; 11 – personal computer; 12 – generator with the temperature controller; 13 – gas
flow rate meter; 14 – container with water

Considering the mass change during the experiment, the reduction degree (RD), was calculated
according to the standard of ISO 4695:2015(E) using the following equation:

RD =
0.111 ∗ w1

0.430 ∗ w2

+
∆mt

m0 ∗ 0.430 ∗ w2

∗ 100 (5)

where m0 is the mass of test portion, in grams [g]; ∆mt is the mass loss of test portion after
reduction time t, in grams [g]; w1 is the iron(II) oxide content of the test sample prior to the
test, in percentage by mass [wt.%]; w2 is the total iron content (Femet) of the test portion to
the test, percentage by mass [wt. %].

The cooled reduced pellets underwent embedding in epoxy, subsequent drying, halving, polishing,
and subsequent analysis utilizing a Scanning Electron Microscope (SEM) Ultra55. This instru-
ment was outfitted with Energy-Dispersive X-ray Spectroscopy (EDX), Wavelength-Dispersive
X-ray Spectroscopy (WDX), Electron Backscatter Diffraction (EBSD), and Scanning Transmis-
sion Electron Microscopy (STEM) (Zeiss NTS GmbH).

ISDM Conference Proceedings 2024 108



Influencing parameters on reduction rate during hydrogen-based reduction of iron ore pellets

The distribution of pore sizes was assessed employing mercury intrusion porosimetry with an
AutoPore V 9600 porosimeter and the MicroActive software (Micromeritics®). This involved
incrementally increasing the applied pressure from 0.0007 to 420.5802MPa. At a contact
angle of 140◦, the diameters of pore openings, through which mercury penetrated, varied from
approximately 290µm to 3.5 nm.

Results and discussion

Effect of temperature on reduction degree during H2 reduction

The completion of the reduction of the iron ore pellets is indicated by the plateau, while the
degree of reduction should be maximum. The time to reach the plateau was different at 700 ◦C

and 800 ◦C. The results of the reduction degree with time as a function of temperature during
the reduction process are shown in Figure 2.

Figure 2: The effect of different temperatures on reduction degree for P1 and P2

As seen from Figure 2, the reduction rate increased with increasing temperature. Additionally,
P2 reached the plateau more rapidly than P1. Thus, the reduction process at 700 ◦C was
completed in 300 and 270 minutes for P1 and P2, respectively. P1 reached the plateau in
approximately 230min of reduction at 800 ◦C, since P2 in 210min. A significant effect of
temperature on the reduction rate in the H2 atmosphere was also reported by many researchers
[16, 18–21, 36–38].
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Porosimeter results

In Figure 3, the size distribution of open pores has changed during hydrogen reduction at
different temperatures is presented compared with the porosity of the initial P1 and P2.

Figure 3: Pore size distribution of initial P1 (I,a) and P2 (II,a) and reduced at 700 ◦C (b) and 800 ◦C (c)

The result of mercury intrusion porosimetry of the initial pellets indicated the presence of a
porose structure. The apparent porosity was 22.15% for P1 and 27.2% for P2, respectively.
The mercury intrusion porosimetry results of reduced pellets at different temperatures indicated
the progress of porosity by increasing reduction temperatures. The cumulative curve (as shown
in green in Figure 3) at 700 ◦C and 800 ◦C showed the development of three distinct pore-size
populations. A large population was in small and medium-sized pores and a smaller population
in pores larger than 10µm at 700 ◦C. A shift in the cumulative volume curve towards the
formation of large pores was detected at 800 ◦C.

Thus, the cumulative volume of pores larger than 10 µm increased. The apparent porosity of
reduced P1 at 700 ◦C and 800 ◦C was 48.13% and 51.45%, and it was 50.19% and 55.43% for
P2, respectively. Moreover, the tendency of open pore formation during the reduction process
of P1 at 700 ◦C was identical to P2. However, an increase in temperature led to a shift in the
formation of pores of more than 10 µm in samples P2 compared with P1. These results are in
accordance with the reduction degree results and with apparent porosity.

Recent studies also showed that porosity increased with temperature increasing [39–41]. This can
be attributed to the faster reduction process with increasing the temperature. The formation
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of small and medium-sized pores is in accordance with the results of El-Geassy and Nasr [21].
Based on a study [35], the pore formation behavior can also be characterized by the so-called
reduction swelling index (RSI), which represents the volumetric expansion of the pellet during
the reduction time and has a critical value when it is more than 20%.

Effect of gangue on reduction degree during H2 reduction

The temperature exerted an influence on the reduction degree and rate. The reduction degree
in 120 minutes was 0.77 at 700 ◦C and 0.84 at 800 ◦C for P1. The RD for P2 was 0.79 at 700 ◦C

and 0.85 at 800 ◦C. Despite the temperature effect, gangue can influence the RD [27, 29, 42, 43].
The effect of gangue on the RD in this work was also observed in P1. Thus, the values of RD
during reduction time were different, but this difference was insignificant (Figure 2). However,
gangue contenting in P1 and P2 was also insignificantly different (Table 1).

The cross-sections for P1 and P2 at different temperatures were investigated due to SEM / EDX
analysis to detect the gangue effect. The results are presented in Figure 4.

Figure 4: SEM / EDX analysis of initial P1 (I,a) and P2 (II,a) and reduced at 700 ◦C (b) and 800 ◦C (c), where
1 – iron oxide, 2 – gangue, 3 – pores and 4 –metallic iron
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The results obtained from SEM/EDX fully confirmed the previous findings in the present
study. Thus, despite the complete reduction occurring at 700 ◦C, iron oxide was observed in the
reduced pellets. Specifically, pellets P1 exhibited a significantly higher amount of unreduced
iron compared to P2. Iron oxide particles began to be reduced at the edges, while the center
remained completely unreduced. It was not observed at 800 ◦C. Furthermore, the visible porosity
observed in the SEM results correlated with the porosity measurements obtained from the
porosimeter; notably, samples P2 exhibited higher porosity in both the initial and reduced
states compared to P1. This underscores the significant influence of gangue content, as the
voids were predominantly concentrated at the edges of the iron oxide and in the open pores
places, hindering or slowing down the reduction process. Additionally, the gangue prevented the
occurrence of pore formation and swelling. These results are consistent with those obtained
from the porosimeter. The gangue is primarily expressed in CaO and SiO2, as comparable in
Table 1.

Conclusion

The reduction of two types of iron ore pellets was analyzed through experiments on retort at
temperatures of 700 ◦C and 800 ◦C in the H2 atmosphere. The following conclusion can be
drawn:

• Increasing the temperature from 700 ◦C to 800 ◦C resulted in a faster reduction rate and
higher reduction degree. Additionally, unreduced iron oxide was observed at 700 ◦C.

• The reduced samples exhibited an apparent porosity measured by mercury intrusion
porosimetry ranging from approximately 48% to 55%. This increase was approximately
2.3 times for P1 and 2 times for P2 compared with an initial porosity.

• Gangue content affects both the reduction rate, initial porosity and pore formations.
Despite the higher ratio of increased porosity between reduced sample P1 compared to the
initial (2.3 times) and reduced sample P2 compared to the initial (2 times), the reduction
rate is lower by the reduction of sample P1. So, gangue influences the initial porosity,
which further impacts the reducibility.

• The effect of gangue and porosity at higher temperatures can be and has to be investigated
in detail by further additional studies.
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The objective of the project was to enhance the mechanical properties of steel reinforcing bars, commonly known
as rebars. The main focus among the mechanical properties was on the A5% elongation at fracture. The A5%
stands for the percent elongation for proportional samples with length L0 equal to five times the diameter. The
reason for this project was to make it suitable for higher grades of steel. For this purpose, data was collected,
the chemical compositon of the billets, the various temperatures, and the cooling parameters, a.k.a. the rolling
properties, and lastly, the mechanical properties of the samples taken. Three samples were taken from each
batch. Among these samples, microscopic examination was implemented. There were multiple changes during
the monitored time frame, in the smelting phase, and in the rolling phase as well, with the intention of achieving
this goal. Along with the implemention of each change, trial productions were concluded before the finalization
of the changes. I complied the collected data into various sheets, and analyzed them using acadmecic knowledge,
and hands-on experience to find correlations between the rolling properties, chemical composition, and the
resulting mechanical properties. All in the hope of coming up with further changes, and solutions for more
improvement.

Definitions

Manganese (Mn) A deoxidizer and degasifier and reacts with sulfur to improve forgeability. It
increases tensile strength, hardness, hardenability and resistance to wear. It decreases tendency
toward scaling and distortion. It increases the rate of carbon-penetration in carburizing.

Carbon (C) The most important constituent of steel. It raises tensile strength, hardness, and
resistance to wear and abrasion. It lowers ductility, toughness and machinability.

Sulfur (S) Improves machinability in free-cutting steels, but without sufficient manganese it
produces brittleness at red heat. It decreases weldability, impact toughness and ductility.

Phosphorus (P) Increases strength and hardness and improves machinability. However, it
adds marked brittleness or cold-shortness to steel.

Silicon (Si) A deoxidizer and degasifier. It increases tensile and yield strength, hardness,
forgeability and magnetic permeability.
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Copper (Cu) In significant amounts is detrimental to hot-working steels. Copper negatively
affects forge welding, but does not seriously affect arc or oxyacetylene welding. Copper can be
detrimental to surface quality. Copper is beneficial to atmospheric corrosion resistance when
present in amounts exceeding 0.20%. Weathering steels are sold having greater than 0.20%

Copper.

These are the main elements that make up the rebars, that are made at ÓAM Kft. and the
table below contains the main mechanical properties that are measured during the rolling.

Table 1: Mechanical parameters

Magnitude Symbol Measurement unit Description

Tensile
strength

Rm MPa (N/mm2) It is the ratio between the maximum applied
force and the original cross-sectional area of
the specimen

Upper yield
strength

Rs MPa (N/mm2) It is detectable only when the material has
the yield phenomenon (it doesn’t exist for the
cold drawn and the stainless steels)

Yield point Rp MPa (N/mm2) It is detectable on cold drawn and stainless
steel, in place of R5

Rp0.2 MPa (N/mm2) Load corresponding to a no proportional
charge equal to a 0.2% of length L

Rp1.0 MPa (N/mm2) Load corresponding to a no proportional
charge equal to a 1% of length L

Flow stress ReH MPa (N/mm2) Is the defined as the instantaneous value of
stress required to continue plastically deform-
ing a material - to keep it flowing

Elongation Agt % Permanent elongation of length L0, expressed
in per cent of length L0

A5 % Permanent elongation for proportional speci-
mens with length L0 equal to 5 times diameter

A4 % Permanent elongation for proportional speci-
mens with length L0 equal to 4 times diameter

A0 % Permanent elongation for proportional speci-
mens with length L0 equal to 100mm (used
for diameter lower than 4mm)

Production

First, in the EAF (Electric Ar Furnace) the scrap metals are melted, and alloyed primarily.
After 60 minutes of melting, the molten steel is tapped into another cauldron, and then moved
to the fine alloying, and dezoxidying station. From there, it is moved to the FAM (Continuos
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Steel Casting), where it is casted into 130x130mm 10 to 12 meter long billets. One process
prdocues roughly 55 tons of steel, and one billet is around 1,2 tons.

Then the billeds are loaded into the pushing furnace, and the rolling phase begins. The rolling
mill consists of 18 rolls, numbered from 0 to 17, and is capable of producing rebar diamateres
between 8mm and 40mm. In this study my main focus is on the larger diameters, namely the
20, 25, 28, 32, and 40 millimeter ones.

Sampling

The sampling process of this project spanned over a year, and consisted of taking 3 samples from
one rolling batch, that consisted of aound 45 billets. The samples were taken at the beginning of
the batch, the middle, and the end. The production parameters were recorded at each sample.
The cooling parameters included:

• Furnace temperature

• Billet temperature before cooling

• Product temperature after cooling

• Water amount

• Water pressure

• Water temperature

• Rolling speed

• Opened nozzles

At the melting phase the chemical composition was alsou measured, and the main elements
recorded were:

• C– carbon

• Mn–manganese

• Cu– copper

• P–Phosporus

• S – Sulfur

• Si – Silicone

• The CE (equivalent carbon content)
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Trials

During the intial trials, approximately two months, which contained two production campaigns.
From these data we have concluded, that the most influental factors regarding the mechanical
properties of our steel rebars are the following:

• CE, which raises the tensile strength, but negatively affects the elongation, the higher it is.

• The temperature after cooling, which raises the elgonation, but negatively affects the
tensile stregth, the higher it is.

• The water amount used for cooling, which also raised the tensile stregth, and yield strength,
but lowered the elongation.

Figure 1: A5 – CE.

After these conclusions, the the second trial followed, with changes made to the following
parameters: Lowered the CE, fixated the water amount, to ensure a more constant cooled
temperature in hopes of stabilizing the fluctuation of the mechanical parameters.

We also perceived relations regarding the diameters, because at the 32mm diameter, the average
elongation was 18.13%, and the smaller the diameter got, the higher the average went, up to
19.01%. This showed to be a relation with the cooling pad, because the higher diameters are
harder to cool evenly throughout the whole piece of rebar.

The following trials in correspondence of the changes shown improvements, the dispersion mostly
remained the same, but the average improved both in elongation, and tensile strength.

We also perceived relation between ReH and A5 elongation, which requires further investigation.
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Figure 2: A5 –ReH.

Microscopic analysis

The microscopic analysis has shown, that the rim and the core of the samples are easily
distinguished, separated from each other, with the core showing a fine ferrite-perlite structure,
and the rim showing martensite.

a) b)

Figure 3: Microstructure a) core, b) rim.

During the microscopic analyises, we also conducted hardness test. The method was the Vickers
hardness test, and it shown us, that the most optimal mechanical parameters were achieved,
when the hardnes of the rim was greater with approximately 110HV than the core.

Table 2: Mechanical properties

Sample Diameter FeH Fm ReH Rm Agt Flux weight Rm /ReH A5

[mm] [kN] [kN] [MPa] [MPa] [%] difference [%] [%]

P19 28 346.0 420.0 562.0 682.0 10.0 0.8 1.2 20.7
P20 28 336.0 412.0 546.0 669.0 12.4 -0.3 1.2 22.4
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Table 3: Hardness results

Sample Point of measurement Diameter (mm) Hardness (HV30) Difference (HV)

Rim 0.473 294,0
P19 in-between 0.500 222.5 110.1

Core 0.550 183.9

Rim 0.440 287,0
P19 in-between 0.490 231.7 115.8

Core 0.570 171.2

Conclusion and further trials

The conclusion of the project for now is, that the most crucial factors regarding our rebars is
the chemical composition, we will keep recording, and adjusting. In the rolling mill, another
cooling pad will be installed around the middle of the process for a two-step cooling effect, in
hopes of further improving the quality. We also have to find the optimal point for the flow
stress, because it has the highest impact on the elongation, bot we also need to keep in mind
the tensile strength, and the ductility.
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The rolled low-carbon steel DC01 sheets were manufactured by cross-rolling with five, ten, and thirteen passes
in this study. The improvement of multi-cross-rolling on the microstructure of DC01 steel was investigated by
optical microscopy (OM). The results indicate that the samples after rolling show how cross-rolling significantly
affects both the arrangement of grains and mechanical properties. This influence leads to improve uniformity in
the material’s texture, reducing the reliance on specific directions for its mechanical properties.

Keywords: multi-pass Cross rolling, DC01 carbon steel, Microstructure.

1. Introduction

The properties of a material, both chemical and physical, are determined by its crystal structure
[1]. Usually, the characteristics of the structure of single-phase materials [2], determine, in
particular, the geometrical features of the component phases, such as grain shape and size,
which significantly affect the properties of the material [3]. However, most of the studies have
focused on high or medium-carbon steels. Low-carbon steels are also a type of widely used steels
in industry. Therefore, from an application point of view, it is of great interest to synchronously
obtain fine microstructures and excellent mechanical properties for low-carbon steels. Moreover,
cross-rolling (CR) is one of the processes which are not very practical in current production
environments [2].

Rolling is a method of reducing the thickness of a metal workpiece by passing it over two
revolving rollers with a spacing smaller than the present workpiece thickness [1, 3]. Cross-cold
rolling is used for steels to enhance hardness and strength, making it suitable for applications
requiring high mechanical performance [2, 4]. The benefits of this process include reduced
material waste, refined grain structure, and high-quality surface textures, making it an effective
way to create metal sheets and strips with various desirable qualities [5]. Considering the
above information, different starting microstructures have been subjected to cross-cold-rolling,
instead of ferrite–pearlite structures to develop ferrite grain. The microstructure of such sheets
depends strongly on the manufacturing conditions. Thus, it is necessary to establish a method
of microstructural control by optimizing the manufacturing process [6]. Xin-jun Shen et al. [7]
investigate how the initial microstructure affects the transformation and mechanical properties
of critically rolled low-carbon steel plates. It investigates the relationship between the initial
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microstructural condition and the resultant characteristics, providing information on the elements
that influence the material’s behavior throughout the rolling process. Shen et al. [8] investigate
that the cross-rolling (CR) process can significantly improve the anisotropy of the rolled sheet,
and the anisotropy improvement is better with an increasing number of passes and multi-pass
rolling can effectively refine the grain size. Hamad et al. [9] showed that the number of grains
with ultrafine sizes increased with increasing the amount of deformation introduced during
rolling processing.

This work investigated the microstructural evolution of low-carbon steel DC01 during multi-pass
cross-rolling. The samples underwent a 90◦ rotation around the normal direction (ND) between
each rolling pass. This rotation causes the previous rolling pass’ transverse direction (TD) to
become the new rolling direction (RD) for the current pass.

2. Materials and Method

The low carbon rolled Steel DC01 thick sheets were used in this study. To obtain proper
experimental materials, the rolled sheets were cut into the dimensions of 50mm (RD1) × 50mm

(RD2) × 6mm (ND) and then rolled on a Von-Roll symmetric rolling machine. The roll diameter
was 220mm, and the rolling speed was 14m/min. The chemical composition examined by X-ray
fluorescence (X-MET 8000 Expert) is detailed in Table 1.

Table 1: The chemical composition of DC01(wt. %).

Alloy C Mn Al Si S Pb P

DC01 0.12 0.49 0.25 0.19 0.10 0.05 0.03

To obtain an optimal surface quality for microstructure characterization and enhance the
indexation, specimens for Optical Microscopy (AXIO IMAGER M1M) observation were ground,
polished, and finally chemically etched. The schematic diagram shown in Figure 1 illustrates
the process of multi-cross-rolling.

The cross-rolling process is as follows: For each pass, the plate is rotated 90◦ around the normal
direction, and then is reversely rotated 90◦ in the next pass. The two plates have been rolled
for 13 passes, with a total reduction of 75.50% as shown in Table 2.
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Figure 1: The schematic diagram of multi cross-rolling.

Table 2: Detailed process parameters in cross-rolling.

Passes Thickness reduction Total thickness reduction
Entry (mm) Exit (mm) (%)

1 6.00 5.80 3.33
2 5.80 5.46 9.00
3 5.46 5.06 15.66
4 5.06 4.64 22.66
5 4.64 4.16 30.66
6 4.16 3.74 37.66
7 3.74 3.29 45.16
8 3.29 2.87 52.16
9 2.87 2.50 58.33
10 2.50 1.96 67.33
11 1.96 1.77 70.50
12 1.77 1.60 73.33
13 1.60 1.47 75.50

3. Results

3.1 Initial microstructure

Previous studies examined the effects of the height reduction per pass on the microstructure
homogeneity of steel samples [10]. Figure 2 shows the initial microstructure of the low-carbon
steel. The mean grain size was found using optical microscopy and was found to be 200µm.
The results of the OM photo indicate that except largely ferritic-pearlitic, which is a frequent
property in low-carbon steels. Ferrite, with its soft and ductile qualities, serves as the structure’s
foundation, while pearlite, a lamellar arrangement of alternating ferrite and cementite layers,
increases the steel’s strength and hardness.
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Figure 2: Initial microstructure of low carbon Steel.

3.2 Microstructure of cross rolling

Figure 3, 4 present optical microscope (OM) images taken from the RD1–RD2 plane of the CR
rolled samples after a total height reduction of 75.5% regarding the deformation level. After
CR processing at a deformation level of 30% (Figure 3a, Figure 4a), the deformed gains were
elongated along the rolling direction and a set of parallel bands (deformation band) formed
along the rolling direction of the steel processed by CR. With the increase of the deformation
level imposed on the steel samples during CR process, the deformation bands became thinner,
indicating that large plastic deformation occurred homogeneously during CR processing. The
microstructure changes further a deformation level of 65% (Figure 3b, Figure 4b), and exhibits
grain alignment along the rolling direction with higher quantities of pearlite. Pearlite’s layered
structure, which consists of alternating ferrite and cementite phases, adds to its high strength
and hardness. After 75.5% thickness reduction, the microstructure continues to grow (Figure 3c,
Figure 4c). These modifications alter the mechanical characteristics of the steel.

(a) (b) (c)

Figure 3: Effect of rolling reduction on the final microstructure of cross rolled steel RD1 according to Table 1
(a) 5pass, (b) 10pass, (c) 13pass.
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(a) (b) (c)

Figure 4: Effect of rolling reduction on the final microstructure of cross rolled steel RD2 according to Table 1
(a) 5pass, (b) 10pass, (c) 13pass.

4. Conclusion

In this work, the low carbon steel DC01 sheets were prepared by cross-rolling (CR). The effects
of these methods on the microstructure and mechanical properties of the steel were investigated
in detail. The result is concluded as follows: CR deformation level has a significant effect on the
grain refinement evolution of steel. After a total height reduction level of 75.5%, significant
microstructural changes occur after and lead to grain alignment in different directions which
could contribute to better isotropic mechanical properties.
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This study investigates the effects of anodizing on die-cast aluminum-silicon alloy AlSi12Cu1(Fe). The primary
focus is on revealing surface modifications influenced by the as-cast microstructure and assessing how different
surface conditions (as-cast, removal of 0.1mm, 0.5mm, and 1mm) impact the thickness of the anodic layer.
Furthermore, the study delves into the influence of varying power modes, such as steady-state voltage and
steady-state current on both the anodic layer thickness and microstructure. The milled surface is associated with
increasing the anodic layer thickness, and this increase was higher under the steady-state current mode. The
microstructure and the anodic layer composition were closely similar in the two modes, where the composition
plays a vital role in determining the anodic layer thickness and structure.

Keywords: diecast Al-Si-Cu alloy, Anodizing, Anodic layer, Microstructure.

1. Introduction

Die casting is a flexible method used to create complex metal components. Since the primary
component that dissolves during anode corrosion is aluminium, all aluminum alloys will undergo
anodization. Nevertheless, practical knowledge suggests that the anodization process of the
substrate is affected by the presence of alloying elements, and the level of difficulty rises as the
alloy becomes more intricate. Taking this into account, it is intriguing to observe that cast
alloys are considerably more intricate than wrought alloy [1, 2]. Nevertheless, the cast type Al-Si
alloys due to their favorable characteristics such as excellent castability, low shrinkage, and high
specific strength [3, 4], are still widely utilized in the production of mechanical components
occasionally having anodized surface finish as well. In recent times, certain eutectic or near-
eutectic Al-Si alloys like AlSi12 and AlSi10Mg have emerged as highly promising materials for
additive manufacturing of Al alloy products [5, 6]. However, the relatively low hardness and
inadequate corrosion and abrasion resistance properties impose significant limitations on the
durability of such Al-Si alloy products [7, 8]. Consequently, various surface technologies including
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anodizing [9], laser remelting [10], plasma electrolytic oxidation (PEO) [11], and cathode plasma
electrolytic deposition [12] have been employed to address these concerns.

2. Materials and methods

2.1. Materials

Samples of AlSi12Cu1(Fe) die-cast alloy were tested. The tested samples were cut from the
original cast product as small specimens with a total surface area of 20 cm2. The samples
underwent polishing to remove varying amounts of material (0.1, 0.5, and 1mm). Subsequently,
the samples were affixed to a holder and positioned between two cathodes, situated at a distance
of 7mm. Both the sample holder and the cathodes were constructed from titanium. The sample
numbers employed in the experiments are detailed in Table 1.

Table 1: Description the anodizing process parameters for tested samples.

Sample Surface condition / Anodizing Anodizing Theoretical Apparent
flat surface state duration current densitymax charge

(min) (A ∗ dm−2) (A ∗ s)

V1 As-cast SSV (35V) 60 1.6 48
V2 Milled (−0.1mm) SSV (35V) 60 2.3 56
V3 Milled (−0.5mm) SSV (35V) 60 2.4 58
V4 Milled (−1mm) SSV (35V) 60 2.8 74
C1 As-cast SSC 60 1.6 90
C2 Milled (−0.1mm) SSC 60 1.6 90
C3 Milled (−0.5mm) SSC 60 1.6 90
C4 Milled (−1mm) SSC 60 1.6 90

2.2. Anodizing process

The first stage in the pre-treatment step is the degreasing process. Degreasing is a vital
pre-processing step aimed at achieving optimal wetting characteristics, thereby promoting
uniformity in subsequent processing steps on the substrate surface [13]. The degreasing solution
used contained phosphates, borates, potassium hydroxide, moderately alkaline, and free of silicon
compounds. The samples were immersed in this degreasing solution using an ultrasonic cleaning
device for 10min at 65 ◦C. After degreasing, the samples were rinsed in distilled water. The last
stage in the pre-treatment was pickling, when the samples were immersed in the pickling solution
containing 181.4 gl−1 sulfuric acid, 8.1 gl−1 Al, and 7 gl−1 hydrogen peroxide for 15 seconds.
Anodic layers were fabricated in the electrolyte contained 181.4 gl−1 sulfuric acid, 10.6 gl−1 Al,
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and 7.1 gl−1 oxalic acid as well. A DC power supply unit (QPX600 Dual 600Watt) was used.
The electrolyte was in continuous agitation and maintained at a temperature of 18 ◦C.

3. Results and discussion

3.1. The anodic layer thicknesses

The scanning electron microscopy (SEM) technique is utilized for the measurement of the anodic
layer thickness. Many measurements of the anodic layer thickness were conducted at various
points. This was done due to the heterogeneous microstructure of the alloy and the potential
defects present in the casting alloy. By applying a steady-state voltage (SSV) of 35V, it is
associated with a maximum current density of 1.6A ∗ dm−2. The anodizing power mode plays
a crucial role in determining the anodizing thickness as demonstrated in Figure 1. The mode
transition to steady-state current (SSC), while maintaining the same current density observed
in the SSV experiment results in a higher anodic layer thickness compared to the anodic layer
thickness produced under SSV for the as-cast surface, as depicted in Figure 1. Due to the fact
that the anodizing process depends on the current density and the anodizing duration, we can
expect a higher anodic layer thickness when the SSC mode is applied.

Figure 1: Variation of oxide layer thickness in the different experimental configurations.

In the case of the Al-Si cast alloy, the cooling rate significantly influences the microstructure of
the surface region, particularly where there is a higher cooling rate than the bulk material. To
investigate the impact of the skin layer on the behavior and growth of the anodic layer, some
samples underwent milling to remove varying material depths (0.1, 0.5, and 1mm). Subsequently,
a SSV was applied in the anodizing process and some samples underwent SSC. Figure 6 illustrates

ISDM Conference Proceedings 2024 132



Anodizing Challenges in High-Silicon Aluminum Alloy AlSi12Cu1(Fe): Microstructural Impact and Thickness
Variation under Different Surface Conditions and Power Modes

the anodic layer thickness across all scenarios. The anodic layer thickness increased with greater
material removal through milling as shown in Figure 8. The data in Table 1 clearly show a link
between the total applied charge to the samples and the thickness of the anodic layer. Under
the SSV condition, a consistent rise in charge was observed when material was incrementally
removed from the surface. This divergence stems from disparities in surface roughness and the
composition of the alloy. These differences in surface characteristics contribute significantly to
the observed variations in charge accumulation during the process, underscoring the impact of
surface conditions on the overall electrochemical behavior. Different surface states could need
different amounts of activation energy or starting charge to start the anodizing process; this is
especially noticeable when comparing polished and as-cast surfaces.

3.2. The anodic layer composition

This alloy demonstrated in Figure 2 has a heterogeneous microstructure consisting of, eutectic,
aluminium and intermetallic compounds. These microstructural differences cause the anodic
layer growth rate to change. Furthermore, Figure 5 illustrates the variations in structural phase
sizes in comparison to the bulk material. Thus, the removal of the surface region that has a finer
structure is responsible for the observed rise in the anodic thickness. This phenomenon arises
from rapid solidification compared to the bulk alloy.

Figure 2: SEM-EDS map micrographs of the cross-section of the as-cast anodized sample under SSV mode
using 20V, the anodic layer thickness is 3 µm.

Figure 3 displays the EDS analysis of sample V3, highlighting key elements. Upon performing
line analysis passing by darker region, a distinct silicon peak becomes evident compared to
uniformly colored areas. At the interface, there’s a decrease in oxygen and sulphur, while
aluminium content increases. This observed behavior aligns with the typical formation of an
oxide layer. Carbon can also be found in the anodic layer due to the use of an electrolyte
that contains oxalic acid and from the preparation process prior to the SEM-EDS test. The
distribution of carbon is shown in Figure 4. It is primarily found in the black areas of the
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anodic layer that correspond to the cavities. Although minor amounts of carbon are detected
throughout the cross-section.

Figure 3: Element profile plot of the alloying elements for sample V3.

Figure 4: Carbon distribution in the cross section of sample V3.

3.3. The anodic layer composition

The anodization process of cast aluminum alloys leads to the formation of oxidized surfaces
characterized by lower quality, primarily due to elevated levels of silicon (Si) and other elements
like iron (Fe) and copper (Cu) [14]. The presence of surface defects, intermetallic, eutectic
segregation, and surface liquid segregation (SLS), which are typical in die castings, induces
alterations in the growth, composition, and microstructure of the porous anodic film [15]. In the
case of SSV mode using 35V, the as-cast surface, owing to its finer structure reveals smaller
converted aluminium regions, whereas the removal of 0.5mm of material exposes larger converted
Al phase regions accompanied by cavity formation as shown in Figure 5. These cavities linked
to the presence of eutectic silicon particles, manifest as larger in Figure 5b compared to 5a
because they relate to the eutectic silicon particles, which are much finer in the as-cast surface.
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Concurrently, cracks emerge in the converted Al phase. The structure of anodized samples
in SSC mode exhibits the same characteristics. The anodic layer structure resulting from the
as-cast surface and after removing 0.5mm and 1mm of material, respectively, is shown in
Figure 6. Along with homogeneous sections—the converted aluminium—the structure also has
inhomogeneous regions and black regions with varying lengths and widths.

Figure 5: The anodized layer structure obtained under a steady-state voltage of 35V. a) the as-diecast surface,
sample V1. b) the milled surface, removing 0.5mm of material, sample V3.

Figure 6: The anodized layer structure obtained under a steady-state current of 1.6A/dm2 for a) the as-cast
surface, sample C1. b) the milled surface, removing 0.5mm of material, sample C3. c) the milled
surface, removing 1mm of material, sample C4.
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4. Conclusions

1. For the studied die-cast Al-Si alloy the anodic layer thickness increased following material
removal by milling before anodizing. The amount of material removed up to one millimeter
is directly correlated with the anodic layer thickness increase.

2. For die-cast Al-Si alloy, anodizing under steady-state current mode (1.6A ∗ dm−2) resulted
in a thicker anodic layer formation than anodizing under steady-state voltage mode (35V,
1.6A ∗ dm−2 max) in all initial surface states (as-cast, milled) studied. These findings
were substantiated by recording the total charge in both scenarios showcasing a direct
proportionality between the anodic layer thickness and the total charge.

3. The alterations observed in the anodic layer thickness after surface milling can be attributed
to shifts in the alloy composition.

4. Surface milling operations before the anodizing process result in larger cavity sizes and
lengths. This phenomenon is directly linked to variations in the microstructure composition
and the size of the forming phases.
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I investigated the effect of calcium treatment on the inclusion morphology of secondary metallurgy. Furthermore,
I included a batch produced according to a common steelmaking technology in my research, which made it
possible to compare the inclusion contents of the two batches
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1. Introduction

In our present day, the demand for steel is on the rise again. Both the European Union
and Hungary’s steel usage is increasing, however, the European Union’s increasingly strict
environmental directives require manufacturers to reduce their specific emission values to a
lower level. One possible way to reduce specific CO2 is to reduce our own waste (scrap ratio)
generated during production, and shift production not towards quantity, but towards quality
products. Since the formation of inclusions is inevitable during steel production, it is important
at what phase and at what point in production these inclusions are identified, that is, the
sooner an inclusion (and thus a possible downgrade) can be identified, the further processing
(e.g., re-rolling) and the amount of energy required for it (indirectly CO2 emissions) becomes
unnecessary.

The hard inclusions, such as certain oxides and nitrides, significantly degrade resistance to fatigue.
While most sulfide inclusions are ductile, which can be advantageous for fatigue resistance.
However, the malleable sulfides elongate longitudinally during rolling, resulting in an anisotropic
property. This means that different directions in space exhibit different physical parameters,
such as hardness and conductivity. The effect of inclusions depends not only on their type but
also on their size, spatial distribution, and quantity.

During my research, I examined the effect of calcium treatment used during secondary metallurgy
on the morphology of inclusions. Furthermore, I also included a batch produced according to a
common steel production technology in my research, which allowed me to compare the inclusion
content of the two batches.

Structural steel grades S235JR + N according to EN 10025 – 2:2019 standard, produced by both
calcium treatment and conventional steelmaking technology, were compared. Consequently, I
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plan to perform mechanical and inclusion tests on samples taken from various production phases
of ISD Dunaferr Zrt., from which I intend to determine the effect of calcium treatment on the
steel’s inclusion content and the mechanical properties of the finished product.

The examined batch treated with calcium received coil number E31766, while the batch produced
according to the conventional technology received coil number E31769. Subsequently, I intend
to identify each batch by indicating the coil number.

2. Comparison of the inclusion content of steels produced according to

conventional technology and treated with calcium

In the case of both coils, samples were extracted from the beginning, middle, and end for testing.
For inclusion analysis, one sample was cut from each test specimen.

For easier comparison of the inclusion content of the examined coils, I have depicted on a
common diagram (Figure 1) the inclusion content, types, and degree numbers of the two coils.

Figure 1: Comparison of the inclusion content of the two coils.

It can be observed in Figure 1 that the coil manufactured according to the conventional
technology (E31769) typically contains spherical oxide inclusions (OG8-OG9) of degree 1, as
well as linearly arranged sulfide inclusions (SS) of degrees 2, 3, and 4. In addition, the samples
mainly contained aluminium oxide (OA2) inclusions of degrees 2, 4, and 5, which were arranged
in rows due to the hot forming process. In contrast, no aluminium oxide inclusions were found
in the inclusion samples of the coil treated with calcium (E31766), and we typically detected
spherical oxide inclusions of degrees 3 and 4. According to the literature, the modification of
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inclusions with calcium can be considered successful if there are no separate aluminium oxide
inclusions in the steel, and if the degree of the inclusions does not exceed 3. Since we did not
find any separate aluminium oxide inclusions in the coil treated with calcium, the treatment
can be considered successful from this aspect. However, the spherical oxide inclusions of degree
4 detected in the steel treated with calcium exceed the recommendation of the literature, so a
clear success - regarding the calcium treatment - cannot be concluded. According to the relevant
literature, the success of the calcium treatment can also be judged by the mechanical tests of
the sheets, namely, the values of the longitudinal and transverse impact work should be almost
identical, so I also performed additional mechanical tests to decide on the success of the calcium
treatment.

3. Evaluation of mechanical results

In both coils, the test plates were cut out from the beginning, the middle, and the end. From
each test plate (beginning, middle, end), 2 longitudinal and transverse tensile samples were cut
out from the operator side, the middle of the plate, and also from the drive side, along with 1
longitudinal and transverse sample necessary for impact testing.

The EN 10025 – 2:2019 standard states that for the S235JR+N structural steel specification,
the values of the upper yield point, tensile strength, and elongation at break are qualifying for
the transverse samples, while for the impact test, the values of the longitudinal samples are
qualifying.

Figure 2: Comparison of upper yield strength – transverse direction.
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In Figure 2, the upper yield strength values of the calcium-treated E31766 and the conventionally
produced E31769 coils are compared along the width and length of the strip. The standard
lower tolerance limit (235MPa) is indicated on the diagram.

Figure 3: Comparison of tensile strength – transverse direction.

In Figure 3, the values of tensile strength are displayed along the width and length of the
strip, indicating the minimum (Min) and maximum (Max) values prescribed by the standard
(360 – 510MPa).

Figure 4: Elongation at break comparison – transverse direction.
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The comparison of the elongation at break values of the coils produced according to the
conventional technology and treated with calcium is shown in Figure 4, along with the lower
tolerance limit (26%) prescribed by the standard.

Figure 5: Comparison of impact test values – longitudinal direction

In Figure 5, the comparison of impact test values can be observed, with the minimum value
(27 J) according to the standard indicated.

Figure 6: Comparison of the cross and longitudinal impact test values of coil number E31766
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It is clearly evident that the strength properties of the calcium-treated samples are significantly
higher than the results obtained from samples taken from coils produced using conventional
technology. The calcium-treated samples exhibit approximately 30 – 50MPa higher upper yield
strength (Figure 2) and 20 – 40MPa higher tensile strength values (Figure 3). Meanwhile, a
clear decrease in toughness properties (elongation at break) is observed (4 – 8%) in parallel
with the increase in strength characteristics. The reason for this is not the calcium treatment
but the different thicknesses of the two coils, as well as the temperature gradient due to the
different thickness group classifications (I and II thickness groups) of the two coils in the
continuous annealing furnace. The only difference in the temperature gradient between the I
and II thickness groups is in the coiling temperature, where there is a marginal difference of
70 ◦C. The calcium-treated coil with a thickness of 6.00mm was coiled at 573 ◦C, while the
conventionally produced coil with a thickness of 7.00mm was coiled at 647 ◦C.

There was no significant difference observed in terms of impact toughness between the two coils
(Figure 5). According to the literature, I compared the longitudinal and transverse impact test
values in Figure 6, as the literature formulated the success of calcium treatment by stating
that the values of longitudinal and transverse impact toughness should be close. However, in
Figure 6, a considerable difference was evident between the longitudinal and transverse impact
test values, differing by approximately 20 – 30 J. Based on these research findings, I could not
support the literature’s thesis in this regard.

4. Summary and Conclusion

My research topic involves investigating the impact of calcium treatment on the inclusion
morphology during secondary metallurgy. In my thesis, I compared structural steel grades
S235JR + N, treated with calcium, and those produced according to the conventional steelmaking
technology specified in the EN 10025 – 2:2019 standard.

In the case of the calcium-treated batch, an additional cost was incurred during secondary
metallurgy treatment. A total of 314 kg of CaFe wire was used for the calcium-treated batch, with
an average cost of 909,000 HUF/ton for the CaFe wire over the 1-8 month period. Consequently,
the production of the calcium-treated batch resulted in an additional cost of 285,426HUF
compared to the production of the normal S235JR+ N batch.

Based on my research, during secondary metallurgy treatment, when the appropriate ratio of
Ca-Al oxides is achieved, calcium effectively modifies Al2O3 inclusions. This is supported by
the fact that in the coil produced from the calcium-treated batch, we did not detect Al2O3

inclusions; however, a higher grade of spherical oxide inclusions was observed compared to the
coil produced using conventional technology. Additionally, in the calcium-treated coil, we found
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a lower grade of sulfide inclusions than in the coil produced with normal technology. Since Ca
modified Al2O3 inclusions into spherical oxide inclusions, which exhibit favorable properties
during hot forming compared to Al2O3 inclusions, despite limited available data, it can be
concluded that calcium treatment is considered successful.

In the coil produced by conventional technology, inclusions of Al2O3 with grades ranging from 2 to
5 were observed. However, despite this, no differences or deviations were found in the measured
production technological parameters between the coils rolled and cut from the two batches. Both
literature and practical experience indicate that among the non-metallic inclusions remaining in
the steel, brittle Al2O3 inclusions break up and align during hot rolling, while ductile manganese
sulfide inclusions form into flakes or threads. Both types of inclusions are extremely hazardous
to the final product, causing mechanical anisotropy and surface cracking during bending of the
steel sheet. Therefore, considering these facts, introducing calcium-charged CaFe wire during
secondary metallurgy treatment is advantageous. However, due to the additional cost, it should
be applied by the company only in cases where the customer subjects the manufactured product
to complex forming operations.

It would have been advisable to further investigate the formability of the finished products
produced by conventional technology and those treated with calcium in terms of the developed
inclusion morphology. Through additional research, it could be systematically and purposefully
established in the respective Vertical Manufacturing Instructions which VGYU’s require calcium
treatment. An example of such direction could be in the case of steel grades intended for
automotive applications or those intended for complex forming purposes, where the application
of calcium treatment might be justified.
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No technical process is totally certain, but subjected to uncertainties. They may originate in the process itself
or in the input materials and determine the precision of the product. Two questions are here especially of
interest: 1) How do variations in the input workpiece evolve within the process? 2) Which process steps are
crucial to influence this behavior? Answers to these questions can be obtained by analyzing production data
or by numerical methods. The usage of Monte-Carlo-methods for estimation of variations and tolerances is a
well proven approach in some fields, but was first applied by the authors to rolling processes. The inputs are
all varied at once by drawing random samples from given distributions, so cross-dependencies are included in
the analysis. The method has the favor of general applicability, i.e. the simulation procedure can be regarded
as black box. So, the method is generally agnostic to the used simulation core, but needs a large number of
simulation evaluations, so fast simulation models are favorable.

Keywords: Rolling, Simulation, Monte Carlo, Precision, Tolerance, PyRolL.

Introduction

The term Monte Carlo Method (MCM) generally refers to a class of methods, which are
characterized by the use of random numbers. These methods are rather diverse and serve
different purposes. Here, the term shall be used for the concept of drawing random numbers
as input for a function and analyzing the results of several evaluations of this function, with
different random inputs, with statistical methods. A detailed overview on this type of Monte
Carlo methods is given by [1]. The nature of the function can be complex, even of a black-box
type, where nothing about the internals of the function is known but the input and output
interfaces. In this case, Monte Carlo methods can provide valuable information about the
behavior of the function while altering inputs.

Here, the function equals the simulation procedure, so it is generally known, but complex. For
example, it is generally not possible, to compute derivatives of the outputs in dependence on the
inputs in an analytical way. Even numerical derivation is hard, due to the multi-dimensional
nature of most natural or technical systems.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal
citation and DOI. Published under license by Materials Research Forum LLC.
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The use of Monte Carlo methods for the analysis of variations in technical processes was reported
before in the field of assembly of complex structures, like in mechanical engineering and building
construction (f.e. [2–7]). The authors have previously used a similar approach to model powder
morphology influences in sintering processes [8, 9]. In [10] the authors showed the difference
between variations originating in the input workpiece and within the process. Were the first
tend to vanish along the process, the latter tend to accumulate. Here, the efficiency of input
variation elimination shall be regarded more detailed to help identifying crucial points to act on
in the process regarding variational behavior.

Rolling simulation is currently dominated by the use of finite element (FE) based models. These
are offering high accuracy and high-resolution results at the expense of high computational
resource usage. So, these methods are inconvenient for the current need, as a Monte Carlo
based analysis of a rolling process needs hundreds to thousands of simulation runs, depending
on the count and variance of inputs, as well as the sensitivity of the process. Therefore, one-
dimensional approaches shall be used here. These offer less accuracy and limited resolution, but
are computable within fractions of seconds on typical personal computer systems. The current
work uses the open-source rolling simulation framework PyRolL [11] as simulation core, which
is developed by the authors. PyRolL is a fast, open and flexible software package mainly aimed
at groove rolling in reduction passes. The models used for the different parts of the problem
can be exchanged and extended with low effort to the users’ needs.

Methods

The Institute of Metal Forming operates a semi-continuous pilot rolling plant, which is the
object of the current investigation. It consists of a two-high reversing roughing stand and four
continuous finishing stands. The pass schedule of the current work consists of 10 oval-round
reversing passes followed by 4 oval-round continuous finishing passes. A 50mm round workpiece
made of a mild structural steel is rolled down to 8mm diameter. The detailed properties of
the schedule are of minor importance for the statements of this work and are therefore left out
here.

Monte Carlo Approach. The basic idea of the approach shown here is to simulate the rolling
process several times with different input values, which are drawn by a random number generator
according to predefined statistical distributions. Afterwards, the distribution of the results can
be analyzed by classic methods of descriptive statistics to obtain information about the process’
variational behavior. The principle is shown in Figure 1. This approach provides information
about the overall variational behavior of the process. If a single source of variation is introduced
in the input, the reaction of the process on this variable can be analyzed. If needed, several
input variables can be varied at once to regard their combined influence. The tracing back
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Figure 1: Chart of the Concept of Variation Estimation Using Monte Carlo Techniques.

of result variations to the input can be done using classic correlation methods of descriptive
statistics, however, with the same typical caveats. The main benefit of the approach is, that no
information about the internals of the simulation procedure is needed for variational analysis,
especially there is no need for derivatives of result values in dependence on the input. The
simulation procedure can generally be treated as black box with defined input and output
interfaces.

Core Simulation Procedure. In the current work, the open-source rolling simulation framework
PyRolL [11] was used to simulate the rolling process. PyRolL provides a large library of model
approaches to the partial problems of a rolling process. Here, models combining empirical
approaches with simplified analytical solutions were used, because of their low computational
effort. The simulation was done with the basic configuration of PyRolL, which includes the
empirical roll force and torque model of Hensel and Spittel [12], an integral thermal model
approach according to Hensel and Poluchin [13], contact area estimation according to Zouhar
[14] and roll flattening according to Hitchcock [15]. Spreading was simulated using the equivalent
flat pass method according to Lendl [16–18] in conjunction with the spreading equation of
Wusatowski [[19]. These models are well known and proven approximate approaches to the
simulation of elongation passes. Details of software construction and model equations are
provided in the documentation of PyRolL [20].

ISDM Conference Proceedings 2024 148



Rolling Process Variation Estimation Using a Monte-Carlo Method

Results and Discussion

Depending on the regarded varied input values, proving the validity of absolute variances
calculated by this method in comparison with experimental results is quite hard, since one has
to include all major variation sources and describe them by appropriate probability distribution
functions. One attempt to this was made in [10] by modelling uncertain inter-pass durations due
to manual handling. Here, the inter-pass durations are taken as certain and the sole variations
applied are in the input workpiece to trace their evolution through the process line.

A commonly found statement from practical experience is, that the variation in the input
workpiece is equalized after 3 to 4 passes. To prove this statement, several amounts of input
workpiece variation in diameter and temperature were used to simulate the variational behavior
with the Monte Carlo approach. The distributions of input diameter and temperature were
assumed as normal with standard deviations chosen to be 1%, 2%, 5%, and 10% of the mean
input value.

Figure 2: Evolution of Filling Ratio Deviation with Different Initial Standard Deviations of Diameter.

The variation of input diameter was investigated by regard on the filling ratio (the ratio of
current profile width to usable/nominal width of the groove) in each pass as shown in Figure 2.
The figure shows the standard deviation of filling ratio at the output of each pass. One will
notice that the standard deviation of the filling ratio decreases rapidly in the first passes and is
almost equalized after the third pass, no matter which initial deviation was used. So, for the
matters of shape the initial hypothesis can be confirmed. Regarding the workpiece temperature
the case is different. Figure 3 shows the standard deviations of workpiece temperatures before
and after each pass. The deviation of workpiece temperature also decreases with each pass,
but less rapidly. Different initial deviations are not equalized within the process, high input
variations remain remarkable till the end of the process. Note, that deviations in workpiece
temperature highly influence the evolution of the microstructure and therefore the product
material properties. It can be stated, that shape deviations in input are of minor importance,
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because they are efficiently equalized in the rolling process. However, deviations in temperature
tend to be still remarkable in the output workpiece.

Figure 3: Evolution of Workpiece Temperature Deviation with Different Initial Standard Deviations of Temper-
ature.

Figure 4: Correlation Between Temperature Change and Variation Elimination.

Also, it can be observed in Figure 3, that the distinct roll passes and inter-pass ranges differ in
their influence on the elimination of temperature deviation. It was supposed that the depression
of variance could be correlated with the temperature change in the respective pass or inter-pass
range. Figure 4 shows the dependence of the relative change in temperature standard deviation,
which is the absolute change in standard variation normed on the current standard deviation, in
dependence on the absolute change in temperature within a pass or transport (inter-pass range).
Approximately, linear correlations can be observed if roll passes and transport are regarded
separately. The linear regression of the transports goes approximately through the origin, which
seems natural, since no change in temperature will effect no change in temperature deviation as
well. The case is different for the roll passes, where a zero temperature change does nevertheless
effect a decrease of deviation. This is explained by counteracting temperature influences in roll
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passes. A zero temperature change in transports means that no heat flows occur, since usually
there is no significant heat generation present (aside possible phase transformations, which were
neglected here). However, in roll passes, zero temperature change means that heat generation
by deformation is in equilibrium with heat loss by roll contact. This could also explain the
higher scatter of the roll pass observations around the linear regression.

Summary and Conclusion

A Monte Carlo method was applied to investigate the variational behavior of a rolling process
regarding shape and temperature evolution. Variations were found to tend to vanish along the
process line. Shape deviations were found to vanish rapidly within a few roll passes. Temperature
deviations were found to decrease, but remain remarkable until the last pass. A linear correlation
between the decrease in standard deviation and the temperature change within a roll pass or
inter-pass range was identified. From previous investigations [10] it is known, that variations
arising in the process tend to accumulate in contrast to the input variations investigated here.

These observations lead to the following conclusions regarding the variational behavior of rolling
processes:

• Shape deviations of the input workpiece are of minor importance.

• Uniform heating preliminary to the rolling process is of high importance for uniformity of
output workpiece properties.

• Large changes applied in processing steps on a certain property help to achieve low
deviations in this property.

• Introduction of additional variations in the process has to be avoided.

These conclusions are in accordance to practical knowledge.
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The potentiodynamic experiments were performed to understand the Zn electrodeposition characteristics with
the Fe impurity co-existence. The effect of Fe on the electrodeposition of Zn from simulated spent pickling
liquor was conducted by keeping Zn concentration at 90 g dm−3. In contrast, the Fe3+ concentrations varied in
stationary and stirred electrolytes. Iron in the zinc chloride solution changes the electrolyte nature and conditions
for metal deposition. Iron promotes the reduction of hydrogen ions and causes an escalation of the local pH at
the cathode. Besides decreasing the efficiency of Zn deposition, iron severely impacts the purity and morphology
of the cathode deposit. It was found that the effect of iron concentration on the polarization curves is complex.
Initially, it enhances the formation of hydrogen bubbles. Further, increased iron concentrations may make the
composition of the Zn-Fe deposit dominantly in favour of iron, resulting in a hydrogen-dominated cathodic
mechanism. The loss of the dendritic structure also characterises it – attributed mostly to zinc deposition when
hydrogen bubbles are not blocking the cathode. With stirring, it was found that the polarization curves tend
to be considerably steeper, indicating the importance of the transport of metal ions especially. As a related
effect, however, stirring also helps metal deposition by removing the more giant hydrogen bubbles that partially
block the active electrode surface. As the evolution of hydrogen is appreciably stronger in the iron-containing
solutions, the physical stability of the deposited crystals is decreased, and iron powder may especially get mixed
in the electrolyte during the electrodeposition process.

Keywords: SPL, Zn Electrodeposition, Fe co-deposition, Zn recovery.

1. Introduction

The economically significant part of recovering metal from spent pickling liquor (SPL) is pure
metal production. In the stripping plan, the primary goal is the production of pure zinc, which
is possible by cathodic deposition. However, the purity of the metal produced would significantly
depend on the concentration of the significant accompanying species in the solution, namely
iron. Spent pickling liquor, primer liquid waste from the hot dip galvanizing (HDG) industry,
comprises various metal compositions obtained from pickling applied before the galvanization
process. If produced along the lines of recycling Zn-coated objects, the exhausted solution
would be especially rich in zinc, often reaching an 80 – 200 g/dm3 level, while Fe is present
at about 10 – 20 g/dm3 concentrations, along with the rest of HCl about 10 – 30 g/dm3 [1–3].
This – so-called Zn-stripping SPL is also characterized by a trace amount of other metals, such
as Mn, Al, Cr, Ni, Cu, Co, and Cd, in the total range of less than 1 g/dm3 [4, 5]. Although
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electrochemical separation of various metals in the solution can be done according to the relative
potential differences, the co-deposition conditions may curb the efficiency.

Theoretically, iron has a more positive reduction potential than zinc. Thus, the zinc electrode-
position from a Zn-Fe mixed chloride solution may have interfered with the primary cathodic
process caused by the side reactions with the iron species. On the other hand, some researchers
argue that the co-existence of all iron group metals, including Ni and Co, which also exist
in the SPL at concentrations not more than 20mg/dm3, may undergo anomalous deposition
[6–9], in which case less noble metals may become preferentially deposited. This apparent
inhibiting effect is generally strongest if the occurring limiting current diminishes the kinetically
controlled reaction rate of the noble metal. Iron deposition was reported to be highly inhibited
in a chloride medium by increasing Zn(II) [7]. Concerning the ambiguity of the Fe effect on
the electrodeposition of Zn as a significant contaminant, the impact of Fe concentration on the
processed solution is a central question.

2. Experimental set-up

The electrolyte solutions were prepared from analytical grade ZnCl2 and FeCl3· 6H2O chemicals
dissolved in distilled water. The potentiodynamic experiments were performed with 85 cm3

volume of the solutions. In this series of experiments, the Zn2+ concentration was usually kept
constant at 90 g dm−3, while the Fe3+ concentrations were set as 5, 15, and 30 dm−3, in the
range relevant to the SPL liquors. No hydrochloric acid was added to modify the pH, whose
initial value ranged usually from 1.0 to 1.3.

An electrolysis cell of rectangular cross-section with the dimensions of 50 x 50 x 50mm made of
glass was used. The capillary tip of the saturated calomel reference electrode was placed close to
the surface of the cathode (work electrode) through a bridge tube ending in a Luggin-capillary
tip (of 1mm diameter) and filled with the electrolyte solution. The anode (counter electrode)
was made of pure zinc to compensate for the loss of Zn2+ concentration caused by the repeated
cycles of cathodic deposition. The electrolyte solution was partly refreshed after each setting of
the parameters but not so between the parallel potentiodynamic runs. However, the evaluation
was based on the average values of the overpotential-current plots taken as the averages of the
minimum three parallel (repeated) results.

The initial cathode was made of copper plate with an active surface of 2 cm2, and the anode
was made of pure zinc rods of 5mm diameter connected to form a larger surface. The active
cathode surface was polished with 800 grit SiC paper, washed with distilled water and acetone,
and dried before setting into the cell. All the runs were carried out at room temperature with a
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40mV/s continuous polarization speed and a 10 s−1 sampling rate, giving the broadest range of
clear results.

3. Experimental results

Comparing the Zn-only polarization graph to those resulting from similar solutions but containing
some iron additions can be seen in Figure 1a, b, c and d. The stirring in Zn-only electrolytes
depressed the irregular growth of the deposits. It can be inferred from the change in the slope,
which shows that the higher the stirring speed, the gentler the slope will be. In the case of
a solution containing iron, stirring also seems to help metal deposition as it detaches the H2

bubbles from the cathode surface, promoting the initial deposition. It was observed that more
metal was deposited with a higher stirring speed. As shown in Figure 1, the deposition rate
increases with increased stirring speed. However, with 5 g/dm3 iron addition, the deposition
rate changed when the stirring speed was 800 r.p.m.

Figure 1: Effect of stirring speed on the deposition of zinc solution and zinc with iron addition (a) 0 g/dm3, (b)
5 g/dm3.

In general, the curves are steeper, as stirring of the electrolyte enhances the supply of electroactive
ions to the cathode’s surface, enhancing the current’s development. Still, the acceleration in the
current is not only caused by the faster deposition of metal alone but also by hydrogen reduction.
When iron was added to the solution, forming the primarily dendritic Zn deposit could also
enhance iron deposition. Also, the higher stirring speeds would improve the supply of iron to
the cathode surface. Thus, more iron might be deposited as the available iron concentration
near the surface increases.

Introducing the iron concentration to the stationary solution caused a decrease in the obtained
current. Hydrogen bubbles resulting from the reduction of H+ periodically blocked the cathode
surface and hindered the metal deposition. It can be seen from the graphs of Fig. 1 that with
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approximately 2.5V cathode potential, with the stationary and iron-free solution, 2.7A current
can be attained, while with the same setting, all the other graphs only reached about 1A. It is
observed that the generated current tends to be decreased by increasing iron concentration in
the 0 – 30 g/dm3 range, Figure 1 and 2.

Figure 2: Effect of stirring speed on the deposition of zinc solution and zinc with iron addition (a) 15 g/dm3,
(b) 30 g/dm3.

Another remarkable difference is found in the changing of the slopes during polarization. In the
case of the pure zinc solution – and if the added iron concentration was very low – the curve
slope increased as the cathodic polarization increased. This reflects a more vigorous formation
of dendrites, i.e. a faster growth of the actual surface. However, the slope remains constant
if iron is added to the solution at higher proportions. This contradicts the suggestion of the
Buttler-Volmer-Erdey relationship [18]. This discrepancy can be explained by the blocking effect
of the evolved hydrogen bubbles adhering to the cathode surface for a while. Thus, the more
constant the slope of the polarization curve is, the more dominant the hydrogen reduction can
be. It can be seen in the case of the highest iron concentrations in the electrolyte.

The observed voltage ranges may express a further difference in the shapes of the polarization
curves and the potential backdrop that finally occurs, forming a virtual hook. As the potentiostat
is capable of supplying a total voltage of only 10V, the conditions may also be limited at the
end of the polarization runs by the voltage drop required to drive the current through the main
cell from the counter electrode (anode) to the working electrode (cathode). If the polarization
curve can span only a short potential range, the resistivity of the complete electric circuit may
be high. With the applied constant anode-cathode distance, it is also a good indication of the
resistivity of the solution. In the case of iron addition, the hydrolytic conditions expressed by
the following reaction

FeCl3 + 3/2 H2O Fe(OH)3 + 3HCl (1)
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resulted in a more acidic solution (pH 1 – 1.3), which allowed the relative potential of the cathode
to develop further. In the case of the pure zinc solution, on the other hand, the actual surface
of the cathode was quickly changed for a larger area by the effectively developed dendrites
requiring less polarization potential. Still, the whole electric circuit reached the maximum
voltage supplied by the instrument as the solution was closer to the neutral state (pH4 – 5).
This is an apparent reason why iron addition to the ZnCl2 electrolyte solution was found to
enhance hydrogen evolution during cathodic polarization.

In earlier experiments, the polarization curves were significantly steeper with stirring, showing
the importance of ion transport. Stirring, on the other hand, may also enhance metal deposition
by eliminating bigger hydrogen bubbles that partially cover the active electrode surface. If iron
is present at higher concentrations, the catalytic hydrogen evolution can become much stronger,
and the adhesion of deposited crystals is reduced. This way, iron powder may be mixed in the
electrolyte during electrodeposition. A high iron concentration in the solution is unsuitable
for getting the desired cathode zinc purity. Furthermore, some actual spent pickling liquors
may also contain other electropositive metals such as Ni, Pb, Co, Cr, and Cu [10]. The more
noble practical impurities (especially Cu and Ni), which are more likely to be deposited, could
threaten the product purity. Also, the promotion of hydrogen evolution may have a disturbing
effect. Impurities may impair current efficiency and increase energy consumption, in addition to
their negative impacts on purity [11]. Therefore, the purification of the zinc-bearing solution
(prepared to model the SPL) had to be further developed in this research phase. Also, the
effects of the remaining – minor – iron concentrations in the purified electrolyte needed further
experimental study.

The processes have been tracked by the potentiodynamic technique applied to freshly prepared
cathode surfaces and solutions of different concentrations agitated at various strengths. It has
been observed that the high iron concentrations in solutions corresponding to the raw SPL may
dramatically change the composition of the cathodic deposit, as illustrated in Figure 3. It is
evident that the stirring intensity strongly affects the rate of zinc deposition.

Increasing contamination of Fe will increase hydrogen evolution. The H2 bubbles initially block,
then give an extra stirring, enhancing the transport of the zinc ions. Fe deposit increases
quickly as Fe concentration is increased beyond 30 g/dm3. The anomalous Zn electrodeposition
appeared strongest in the concentration range of Fe around 45 – 60 g/dm3. This interesting – and
beneficial – phenomenon needs further confirmation by the galvanostatic experimental technique
to be applied in the coming research phase. Furthermore, just at this concentration range, the
deposition rate of iron also started to increase, thus indicating that the anomalous behaviour
gets weaker if the iron concentration increases. That must be considered a real challenge for the
purity of the Zn deposit obtained by longer electrowinning runs, indicating the importance of
the solution purification step before the electrodeposition.
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Figure 3: Deposit composition of 90 g/dm3 Zn with various concentration of Fe (pH 1.8, 75 s, 40mV/s cathodic
polarization).

4. Conclusions

Iron in the zinc chloride solution changes the electrolyte nature and conditions for metal
deposition. The dark orange indicates that the added iron existed in Fe(III) species. As
FeCl3 was added, the pH of the pure or Zn-based solutions dropped to the range of 1 – 1.3.
This condition enhanced the cathodic evolution of hydrogen. The iron concentration affects
the appearance of the final deposit, which tends to be darker as more iron is added. With
stirring, it was found that the polarization curves tend to be considerably steeper, indicating the
importance of the transport of metal ions especially. As a related effect, however, stirring also
helps metal deposition by removing the more giant hydrogen bubbles that partially block the
active electrode surface. As hydrogen evolution is appreciably stronger in the iron-containing
solutions, the deposited crystals’ physical stability is decreased, especially since iron powder may
get mixed in the electrolyte during the electrodeposition process. Increasing iron concentration
indicated more hydrogen reduction on the cathode surface. It was found that the effect of iron
concentration on the polarization curves is complex. Initially, it hurts the generated cathodic
current because of the enhancement of hydrogen bubble formation. At a higher concentration
range, however, iron deposits at a relatively higher rate, also indicated by the darker colour
of the obtained layer. Further, increased iron concentrations may make the composition of
the Zn-Fe deposit dominantly in favour of iron, resulting in a hydrogen-dominated cathodic
mechanism. The loss of the dendritic structure also characterises it, mainly attributed to zinc
deposition when hydrogen bubbles do not block the cathode. As the gas evolution becomes
more characteristic, the deposit becomes more powdery. Under such conditions, the cathode
becomes smoother, and the active surface is reduced. The powder was easily detached from the
cathode surface by increasing the stirring speed.
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