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ABSTRACT

The paper focuses on the possibility of HPDC molds restoration for aluminium casting by laser and MAG weld cladding with a welding wire of the same grade like the
base material. A chemical analysis of the weld deposits showed a decrease in the content of some elements in the MAG deposit due to the higher thermal input to the
weld bath. The lower heat input of laser welding has resulted in a higher incidence of fusion defects lack between the weld deposit and the base material. Thermal
conditions during welding affected hardness of weld deposits and their abrasive resistance as well. The resistance of materials against dissolution when immersed in

AlSi8Cu3 alloy was similar for both deposits and the base metal.
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INTRODUCTION

The production of molds for HPDC (a high pressure die casting) is the largest
investment in a mass production of castings. Its return is closely related to its
lifetime. Wear of hot working steels used for mold and dies production has
stimulated many research activities. Jhavar [1] analyzed in detail the causes of
dies and molds failure, while Anderson [2] conducted a similar study for
extrusion tools and moreover Ebara [3] and Chander [4] for forging dies.
Subsequently Markezi¢ [5] focused on the HPDC process and considered the
main mechanisms of mold failure: soldering (or die sticking), corrosion, erosion,
thermal fatigue and cracking. Soldering is the bonding of the cast material to the
mold surface and is the result of simultaneous metallurgical and mechanical
bonding. Corrosion is associated with the loss of mold material due to
metallurgical processes - especially metallurgical sticking and dissolution of the
mold material by processed melt. Erosion is also characterized by the loss of
material from the mold, but it is caused only mechanically - by flow of the melt
in the mold [6]. The intensity of erosion increases with the mold temperature.
The combination of high temperatures and pressures in the mold leads to thermal
cracking of the mold material where the maximum mold temperature as well as
the heating/cooling rate of the individual casting cycles play an important role
[7]. Such a thermal load regime of the mold insert can also lead to oxidation of
the surface layers and change of the microstructure [8] and hence the
microhardness of the mold insert surface. According to Markezi¢ [5], an adequate
hardness of the mold functional surface is an essential characteristic that helps
prevent the initiation and spread of wear and damage mechanisms. Subsequently,
suitable technologies for the mold renovation were sought - local refilling of the
material, which is missing after part deep removal of the material with cracks. In
addition to the cold spraying technology tested by Lee [9] and showing promising
results - the restored layer had a higher wear resistance than the original material,
Chen [10] considers weld cladding to be undoubtedly the dominant restoration
technology. For this purpose, for example Brezinova [11-13] tested with good
results, CMT welding technology, or classic arc technologies [14-17], which are
characterized by a high heat input produced in the weld bead and relatively a
large volume of deposited metal. In order to minimize preheating and post-
welding heat treatment, a multi-layer deposition is recommended for arc
technologies, with the next layer providing heat treatment to the previous layer
[15]. The relatively wide HAZ caused a great affection of the base material, and
since according to Borrego [18] in the case of tensile residual stresses present in
the deposit, the deposit could be just weaker point of the restored mold, the

attention was next redirected to hybrid technologies [17] and technologies with a
lower thermal input, in particular laser welding [18-25]. Laser welding allows,
according to Borrego [18] and Cong [21,22], to achieve a smaller change in a
chemical composition around the deposit, narrow HAZ, very precise deposition
of a small volume of the filler material at a specified location without distortion.
However, laser welding also has drawbacks. Borrego [18] notes that laser deposit
can be at risk of tensile residual stresses, especially if it is single-layered [19] and
planar defects, which can become cracks initiation sites. Vundru [19] in addition
notes multilayer weld deposits have a high probability of compressive overall
residual stresses which will improve their fatigue resistance.

Other ways of increasing the fatigue life of laser cladding are also being sought.
Cong [21] tested positively the effect of biomimetic laser remelting on the fatigue
life of laser cladding, and in [22] also tested the surface remelting with a certain
pattern laser. Positive results are attributed to grain refinement and martensite
formation at the melting point, which increases the hardness and resistance of the
weld deposit to cracks propagation. Weld deposits, after machining, also requires
to be coated by thin coatings which according to Knotek [26] can increase the life
of the mold up to three times. Ch. Chen [10] emphasizes the need to predict the
service life of restored mold parts which could help in making decision whether it
is effective to proceed with a mold restoration.

The aim of this work is to determine the quality of the renovation layers created
by laser and MAG welding using the same base and additive material (Uddeholm
Dievar) in terms of chemical composition, continuity between the base material
and weld clad, hardness, corrosion properties and change of the Young's modulus
near the surface after corrosion exposition.

MATERIAL AND METHODS

Base material (BM)

Base material — Uddeholm Dievar is a high performance Cr-Mo-V alloyed hot
work tool steel, which offers a very good resistance to a high temperature
tempering, gross cracking, hot wear and plastic deformation. The chemical
composition given by steel producer: 0.35 % C, 0.2 % Si, 0.5 % Mn, 5 % Cr, 2.3
% Mo, 0.6 % V.

Weld deposition

DOI: 10.36547/ams.26.2.557



Guzanova et al. in Acta Metallurgica Slovaca

Three-layer weld depositions by laser and MAG welding with a wire electrode of
1 mm in diameter made of the same steel Dievar were performed under following
welding conditions:

Laser welding (TruDisk 4002)

laser power 1.8 kW

welding speed 10 mm/s

focusing +6 mm above base
material

wire feed speed 0.7 m/min
protective gas Ar 4.6 (30 I/min)
optic cable diameter 0.4 mm

MAG welding (Kemppi)

 current 180 A

« voltage 25 V

+ welding speed 5.7 m/min

« protective gas: 18% CO, + 82%Ar
(M21 STN EN ISO 14175)

« gas flow rate: 14 I/min

Chemical analysis of materials

The test specimens with weld deposit were subjected to a chemical analysis by a
spark optical emission spectrometer Belec Compact Port. The chemical analysis
was performed three times on the base material, welding wire and also on the
weld deposit.

Metallographic analysis of materials

A test samples were cut from the deposits and used for identification of the
microstructure,  corrosion  resistance and hardness. Samples were
metallographically processed and etched by 2% Nital and Cor etching agent (120
ml CH3COOH, 20 ml HCI, 3 g picric acid, 144 ml CH;0OH).

Measurement of hardness

The microhardness of the base material and weld deposits were measured on
Shimadzu HMV-2 along by three parallel lines in constant spacing across the
sample thickness including weld deposit, HAZ, and base material. Load force
applied was 980.7 mN (HV0.1), time 15 s.

Linear polarisation method

The corrosion properties of the base material and the weld deposit were
determined using a linear polarization method with a three-electrode connection —
weld deposit/base material, saturated calomel electrode and platinum electrode in
3.5% NaCl solution. The material OCP was measured in the unloaded circuit
within 30 minutes, followed by polarization to the cathodic and anodic region
+ 250 mV. Tafel curves have been further analysed with aim to determine reor.

Hot-dip corrosion test by immersion in molten metal

The dissolution of the base material and the deposits in processed melt was tested
by immersion test. The ground and polished specimens of the base material and
weld deposits were exposed in an AlSi8Cu3 alloy melt at a temperature of 680 +
20°C for 300 minutes. The dissolution rate was identified by measuring the
thickness of the compact layer of dissolution products.

Abrasive wear test

An abrasive wear was determined by the relative movement of the material
relative to the abrasive cloth with grit size of P80 and P120 under load of 19.62 N
(2 kg) and wear track was 40 m. The test was performed three times for each -
base material, MAG and a laser weld deposition. A fresh abrasive cloth was used
for each test.

RESULTS AND DISCUSSION

Chemical analysis of materials

Table 1 shows the chemical analysis of the base material, welding wire and the
deposits as the average of the three measurements.

Table 1 The chemical analysis of the base material, wire and weld deposits, wt.
%, Fe — balance, P<0.002, S=0.004

C Si Mn | Cu Al Cr Mo Ni \Y

BM 0.457 | 0.18 | 0.40 | 0.07 0.02 4.98 | 2.04 | 0.09 | 0.72

wire | 0.362 | 0.16 | 0.37 | 0.05 0.02 4.14 | 3.73 | 0.35 | 0.09

laser | 0445 | 0.20 | 0.28 | 0.40 | 0.01 | 458 | 219 | 0.08 | 0.76

MAG | 0.338 | 0.13 | 0.26 | 0.53 | <0.002 | 4.36 | 2.04 | 0.07 | 0.52

The change in the content of the individual elements in the weld over the base
and filler material is due to the mixing of the base and filler material and the
oxidation-reduction processes during the transfer of the molten metal in the arc.
A greater loss of additive elements is observed with MAG technology due to the
higher heat input to the weld area.

Metallography of weld deposits

Fig. 1 shows the macrostructure of the laser weld deposit, the microstructure of
the base material, the heat affected zone and the weld deposit.

microstructure

macrostructure

% ¥ 100 um / :
microstructure of BM laser weld deposit
Fig. 1 Macro- and microstructure of laser weld deposit and BM, Nital, LM

Crack defects were not observed by the light microscopy technique in the Dievar
base material under 1 mm thick weld deposit. In the middle of deposit thickness,
isolated microcavity defects were present. On the boundary between the weld
deposit and the base material there were defects in the connection (the lack of
fusion defects) of 0.50 mm average length which occasionally corresponded to
the crack defects. Between the weld metal and the base material, as well as
between the adjacent deposit layers, there were present the lack of fusion
lenticular defects. Capello [27] also notes that the first layer in the multilayer
laser cladding is critical because it provides attachment to the substrate. In the
area of fusion defects lack between the base material and the weld deposit, lines
of oxygen and elements present in the weld deposit were detected by a semi-
quantitative EDX microanalysis. In the vicinity of the crack roots which
corresponded to lack of fusion defects between the deposit and base material,
only the alloying elements in the deposit were present. Defects are not of
metallurgical origin as examined. The defects at the base material — a weld
deposit interface and the defects between the weld deposit layers are due to the
low heat input during laser welding, which was not sufficient to ensure
completely remelting the previous material layer. Borrego in [18] also observed
the same defects at certain welding parameters. He confirmed that these defects
became initiation sites in a fatigue test, especially when the tensile residual stress
acts in the deposit. It is therefore necessary to pay attention to the optimization of
the welding process and to keep in balance the positives of low heat input and the
risk of fusion defects lack.

Fig. 2 shows the macrostructure of the MAG weld deposit, the microstructure of
the base material, the heat affected zone and the weld deposit.




Guzanova et al. in Acta Metallurgica Slovaca

microstructure
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microstructure of BM MAG weld deposit
Fig. 2 Macro- and microstructure of MAG weld deposit and BM, Nital, LM

Crack defects were not observed by the light microscopy technique in the Dievar
base material under a 2.2-3.2 mm thick weld deposit. Isolated defects —
microcavities were present as a result of entrapped gas bubbles. There were
observed no defects in the connection between the base material and the weld
deposit, nor between the adjacent layers in deposit. No cracks were observed by
light microscopy technique. This is related to the higher thermal input of MAG
technology compared to laser welding technology. The microstructure of the
experimental material, soft annealed, consists of carbides heterogeneously
distributed in the ferritic matrix. Transition between BM and MAG deposit shows
characteristic undulating pattern, observed also by Nevskii in [28] in plasma
deposits. Pattern formation is ascribed to flow of an incompressible viscous fluid
at deposit/BM interface and to combination of Rayleigh-Taylor and Kelvin—
Helmholtz instabilities, which dominates at specific transversal velocity.

The micro- and macro-structure of the weld deposit shows the heat affection lines
of the first bead by next deposited layer. Based on the work of Suarez [14], it is
possible to assume a slight tempering of the first layer by next one, which could
temper sudden changes in hardness across the deposit. The hardness profile of the
weld deposit is given in the next chapter.

Macrodefects either in the form of lack of fusion defects or air bubbles, but also
microstructural formations such as heterogeneously distributed carbides can be
considered as stress concentrators, from which, at the moment when the driving
forces for crack propagation exceed the stress intensity factor, cracks can
propagate in the weld or in the base material. The speed of short-crack
propagation depends, among other things, on the grain composition (size,
orientation etc.), but also on the residual stresses present in the weld. Although
the presence of compressive residual stresses is generally considered to be
positive, Gliha [29] states that at the stress levels much lower than the fatigue
limit, a short crack begins to propagate through the field of compressive residual
stresses. Due to the decreasing compressive residual stress during the crack
propagation, the crack closure decreases and effective stress intensity factor
increases. The result is the quickly increasing short-crack propagation. Despite
the decelerated initial crack propagation due to the compressive residual-stress
field, the crack, sooner or later, propagates to the domain of the tensile residual
stress. Then the crack propagates faster.

Microhardness of weld deposits

Fig. 3 shows course of microhardness from weld deposit made by both
technologies through HAZ to base material.
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Fig. 3 Graphic course of hardness from MAG weld deposit, through HAZ to base
material

The average hardness of the base material was 195 HV0.1. The hardness of the
laser deposit was highest in the top layer (680 HV 0.1), dropping sharply through
the heat affected zone to the hardness of the base material. Due to the lower heat
input, the HAZ area was narrower compared to the MAG technology. The course
of hardness through laser cladding is similar to that found Kattire in [24] on the
same material. By phase analysis he proved connection between hardness and
microstructure in deposit areas. The highest hardness in top layer of deposit is
caused by harder carbides distributed in the martensitic matrix. Far from the
surface, their precipitation decreases to the area with less hard-type carbides
located in the tempered martensite matrix.

The highest hardness was detected in the surface layer of the MAG weld deposit
(670 HV 0.1). Another hardness peak was recorded again in the weld deposit
however at a depth of 5-7 mm below the surface (663 HV 0.1). At a greater
distance, the hardness dropped very quickly through HAZ to the hardness of the
base material (197 HV0.1). Suarez in [14] attributes the peaks in the hardness of
multi-weld deposits to their too short overlapping, with alternating tempered and
non-tempered areas. Hu [15] notes that the first layer which is welded without
preheating and hence its cooling rate is high, has a fine-grain structure and
contains hardening phases, and even after the next layer deposition, tempered
grain size remains still fine. The temperature of the first layer serves as the
preheating for the next layer deposition, and the temperature of the entire
workpiece increased continuously with the deposition of the subsequent layers.
Therefore, the cooling speed decreased as well as the fraction of the hardening
phases, which resulted in lower hardness. Both deposits are characterized by high
surface hardness, which, according to Markezi¢ [5], may lead to decreases in the
density and depth of thermal fatigue cracks.

Corrosion resistance of materials — Tafel analysis
Table 2 shows the corrosion characteristics measured and calculated by Tafel
analysis valid for the base metal - Dievar and weld deposits made by particular

technologies.

Table 2 Results of Tafel analysis for Dievar

Ecorr [MV] | lcorr [nA] | bc [MV] | ba [MV] | Feorr[Mmpy] | Rp [Ohm]

-579 7.84 834 75 0.29 3311

BM
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Laser -482 8.53 367 114 0.31 3088

MAG -499 12.70 789 109 0.46 2739

Table 2 shows higher corrosion rate of both weld deposits compared to BM. This
is a consequence of a change in the chemical composition of the weld due to
melting, as the content of all important elements has been reduced, which can be
seen in Table 1. The lower decarburization of the laser deposit resulted in a
minimal increase in ren, While in the MAG deposit the slightly higher
decarburization resulted in a more pronounced increase in the corrosion rate.

Hot-dip corrosion by immersion in Al alloy
Fig. 4 shows the results of area cross-sectional microanalysis (mapping) through

the interface between the base material and melt or between welds and AlSi8Cu3
melt after 300 minutes of immersion.

laser-
deposi
Dlevar
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Fig. 4 EDX mapping of the base material/weld deposits interface after immersion

test

For both a ground and polished test specimens after 300 minutes of exposure in
the melt of an aluminum alloy, a compact layer of the dissolving products of the
base material or weld deposits remained on the both surfaces of the test
specimens. Its thickness was determined using cross-sections and verified by
mapping, mainly by Fe and Al maps. Thickness of compact layer on base
material, laser deposit and MAG deposit was 200 um, 25 um and 180 pm,
respectively. Fe map indicates a respective dissolution of the base material/weld
deposit in processed melt, whereas Al map indicates the dissolution of melt in the
base material/weld deposit. It can be concluded, that resistance of the
experimental weld deposits was not worse compared to hardened Dievar

reference (base) material, moreover, resistance of laser deposit was noticeably
higher.

Zhu [30] observed, when tested the solubility of the same steel in Al alloy's melt,
the intermetallic layer that formed by consuming the base metal. Fe-Al binary
diagram describes the occurrence of several intermetallic phases. The
intermetallic layer is always more brittle than the original metal. Its formation
also affects the mold surface properties and the relatively hard mold surface
becomes more vulnerable. The dissolution products are washed away from the
mold surface by a melt stream and the dissolution can continue in the next casting
cycle. This phenomenon cannot be completely avoided. It is important to ensure
that the resistance of weld deposits against dissolution is at least at the same level
as resistance of new mold. The results confirmed such resistance.

Abrasive wear test

Fig. 5 shows the cumulative mass loss of the base material and weld deposits at
two abrasive cloth grit sizes.
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laser MAG BM
Fig. 5 Mass loss of base material and weld deposits after wear test

Fig. 5 shows a slightly higher abrasive wear resistance of weld deposits against
the base material. This is in direct proportion to the higher hardness of the weld
deposits compared to the base material. The abrasive cloth with a grit size P80
caused higher material removal than P120. The results of the test indicate that
when restore the molds by welding with both technologies, we will obtain a layer
with higher wear resistance than the original base material.

However, the wear resistance of weld deposits is related not only to their
hardness, but also to the residual stresses in the weld deposits. Although
monitoring of residual stresses has not been included in experimental work,
current publications show that the volume expansion caused by phase changes
(especially martensitic transformation) in the weld deposit during the cooling
process acts against shrinkage forces in the weld deposit. Thereby tensile residual
stresses in the deposit are reduced and need of deposit post treatment is partially
replaced. As a result, the hardness and abrasion resistance of the deposit are
improved [31].

CONCLUSIONS

The paper brought the research results of weld deposits made by laser and MAG
welding technology. The results subsequently showed the importance of welding
process optimization which affects the occurrence of internal defects in relevant
deposits. Their presence can be manifested in fatigue characteristics. Due to
lower heat input, laser deposits showed numerous lack of fusion defects between
BM and deposit, and also between individual layers of deposit. Structure of MAG
deposit included sporadic gas entrapped bubbles only. The temperature
conditions in both technologies have a direct impact on the microhardness profile
of weld deposits. Hardness of top layer in both deposits are about the same (670-
680 HV 0.1), hardness of base material is 195 HV 0.1. Due to lower heat input
and narrow HAZ, hardness in laser deposit dropped very soon under the surface,
whereas in MAG deposit high hardness maintained several mm under the surface.
Despite of identical base material and welding wire used, corrosion resistance of
deposits is slightly lower compared to base material due to change in chemical
composition in deposits by burning off some elements, namely Cr. Change of
chemical composition and corrosion rate is more pronounced in MAG deposit
(Feormac=0.46 mmpy, reoraser=0.31 mmpy, reorem=0.29 mmpy). Judging by the
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thickness of interface compact layer of dissolution products formed by immersion
in melt processed in HPDC process, the resistance of MAG weld deposit against
dissolution in melt is at the level of resistance of original mold material (compact
layer thickness about 0.2 mm), whereas resistance of laser weld deposit is
significantly higher (compact layer thickness about 0.025 mm). Wear resistance
copied hardness results, high hardness of deposits resulted in higher abrasive
wear resistance compared to bas material, higher resistance showed MAG deposit
compared to laser technology. In all tests, laser cladding showed slightly better
results however contains more internal defects.

Authors recommend MAG welding when depositing larger areas and needing
more deposited thickness. The weld deposit should be multilayered and the
individual layers should be deposited immediately after each other. Less invasive
laser welding is also recommended for multi-layer deposition, for smaller areas
and less thicknesses.
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restoration of functional surfaces of products” and APVV-16-0359 “The
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ABSTRACT

The aim of the research presented in this article is to investigate the frictional resistance of steel sheets with different drawing quality. Friction tests have been carried
out using the bending under tension (BUT) test which simulates the contact conditions at the rounded edge of the punch in sheet metal forming operations. The effect of
sheet deformation and temper state on the value of the coefficient of friction has been studied. It was found that increasing the value of elongation of the sheet is
associated with an increase in the value of the COF for both friction conditions analysed. The intensity of work hardening, by changing the mechanical properties of the
sheet, is a factor that changes contact conditions. The lubricant which is typically used in plastic working provided a reduction of frictional resistance by approximately

3.6-14%, depending on the degree of sheet deformation.

Keywords: coefficient of friction; friction; mechanical engineering; sheet metal forming; steel sheets; work hardening

INTRODUCTION

The frictional resistances between the surfaces of both the deformed material and
the tools in the sheet metal forming (SMF) process are one of the most important
factors affecting the distribution of deformation in different zones of the
workpiece. Many factors affect processes that arise in the contact zone, i.e. the
normal pressures, surface topography of sheet plate and tools, physicochemical
phenomena, mechanical properties of the sheet material, and type of lubricant [1-
4]. Physicochemical phenomena occurring in the contact interface depend on the
kinds of materials and chemical affinity of the friction pair. Friction connections
between two bodies in contact are destroyed during reciprocal transition of
contact pairs. The amount of frictional resistance arising is mainly determined by
the shear strength of the friction connections [5, 6].

Friction and elastic deformation of the sheet metal have a great effect on the
implementation of metal forming processes [7, 8]. Friction causes tangential
stresses on the contact surface that change the stress state and cause non-
uniformity in deformation and an increase in forming forces. Moreover, friction
acts as a brake on the flow of material in the surface layers, which can lead to
crack initiation. In addition, friction significantly increases tool wear [9, 10].
Lubrication of tools and the workpiece is used to reduce friction. It is important
that the lubricant should have sufficient viscosity at the forming temperature and
that it forms a thin, continuous film in an interface which is resistant to high
pressures [11-14].

In SMF, there is initially a small actual area of contact between the tools and the
workpiece. After applying pressure the elastic-plastic deformation of surface
asperities occurs, which increases the actual area of contact [15, 16]. This leads to
an increase in tangential stresses when the contacting surfaces move together.
The shape of the contact surface affects the size of the nominal area of the
contact surface. Furthermore, the stretching of the sheet metal and the work
hardening phenomenon lead to a perpetual change in the surface topography of
the sheet metal [17, 18]. Due to the occurrence of different contact conditions in
particular areas of the drawpiece with regard to the state of stress and strain, and
the speed of sliding, a number of tests have been developed to model friction
conditions, i.e. the strip drawing test, bending under tension test, drawbead test,
or a special test which simulates the material flow in specific areas of the
stamping tools [19-21].

In this paper, the bending under tension (BUT) test has been used to investigate
the effect of plastic strain (specimen elongation) and drawing quality on the
amount of frictional resistance. The test sheets have been fabricated in three
states: drawing quality (DD), deep drawing quality (DDQ) and extra deep
drawing quality (EDDQ). The BUT test has been carried out using a special
tribological simulator.

EXPERIMENTAL
Material

Steel sheets in three states of fabrication: DQ, DDQ and EDDQ, were used as test
material. The mechanical properties of the sheets were determined in a uniaxial
tensile test on a Schenck type UTS 100 testing machine according to the ISO
6892-1 standard. The samples were cut along (0°) and transverse (90°) to the
sheet rolling direction. The strain hardening properties have been determined by
approximation of the true stress-true strain relation using the Hollomon equation
o = K-&", where o is the true stress, ¢ is the true strain, K is the strength coefficient
and n is the strain hardening exponent. Three samples were tested for each
direction and then the average values of specific parameters were determined
(Table 1).

In order to compare the effect of temper state on the frictional resistance of the
sheets, the surface roughness of the sheets should be as similar as possible. The
sheets for friction tests were selected so that the roughness average Sa was in the
smallest possible range. Sa is a commonly used parameter to characterise surface
roughness in industry. The Sa of the test sheets was in the range 0.302-0.362 um.
Surface roughness was measured using a Taylor-Hobson Surtronic 3+ device.

Test method

The bending under tension test permits the determination of the frictional
resistance at the rounded edge of the punch (Fig. 1) in SMF. Friction tests have
been conducted using a special friction simulator (Fig. 2) mounted on a universal
tensile testing machine. A strip sheet was held at both ends in tension members.
The specimen is wrapped around a cylindrical fixed roll with a diameter of 20
mm and loaded in a universal tensile testing machine. A roll made of cold-
working tool steel was used with surface parameters Ra measured parallel to the
roll axis: 0.32 um. The coefficient of friction (COF) has been determined based
on the back tension force F2 [N] and front tension force F1 [N] according to the
relationship:

_Eln ﬂ
S =5 1)

where: F1 [N] - front tension force,
F2 [N] - back tension force.
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Table 1 Basic mechanical properties of steel sheets

. . . . Strength Strain
State Nominal sheet | Yield stress gp, | Ultimate tensile Elongation, % coefficient K, hardening
thickness t, mm MPa stress R, MPa
MPa exponent n
DQ 1.0 193 352 35 558 0.17
DDQ 1.0 162 311 41 452 0.21
EDDQ 1.0 152 281 43 484 0.22
also invisible in the case of lubricated conditions (Fig. 4). The work hardening of
l the sheet increases its hardness and stabilises the topography of the sheet surface.
blankholder ‘ 0.24
workpiece—{z ‘ 0.22 M 1
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Fig. 1 Region of the rounded edge of punch ol
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Fig. 2 Schematic view of the testing device

Tensile forces were measured using extensometers. The deduction of equation 1
may be found in [5]. Both tensile forces were measured simultaneously during
the test so that it was possible to determine the COF for the specific strain of the
strip sheet. The constant stretching speed was set as 0.3 mm-s™. Strip specimens
were cut along the sheet rolling direction and were carefully prepared to assure a
constant width of 10 mm. The initial length of the specimen measured between
the load cells was Lo, = 135 mm. The friction tests were carried out in dry and
lubricated conditions. Machine oil LAN-46 (Orlen Oil) with a kinematic
viscosity of 43.9 mm?-s? (at 40°C), viscosity index 94, ignition temperature
232°C, and flow temperature -10°C was used as lubricant. To produce both
conditions, rolls and specimens were degreased using acetone.
The lubricant was distributed uniformly on the surface of the samples at 2 g-m?
using a shaft [22]. The specimen elongation was measured according to the
relationship:

A= A—L -100%

LO (2)

AL [mm] — the displacement of the gripper of a tensile machine,
LO [mm] - the initial length of the specimen measured between the
load cells.

where:

RESULTS AND DISCUSSION

In general, increasing the value of elongation of the sheet is associated with an
increase in the value of COF for both friction conditions analysed (Figs. 3, 4).
Under dry friction conditions, stabilisation of the frictional resistance is visible
after exceeding a deformation of approximately A = 0.2 (Fig. 3). This effect is

Specimen elongation A. %
Fig. 3 Effect of specimen elongation on the COF for dry friction conditions

0.24
0.22
= 0.2 A
£0.18 ///
£0.16 ' +DQ
3 ¥ _
$0.14 ) =DDQ
B i EDDQ
0.1
0 0.1 0.2 0.3 0.4

Specimen elongation A, %
Fig. 4 Effect of specimen elongation on the COF for lubricated conditions

Pressure is then transmitted through the material core, while the actual area of
contact does not change further. The greater the elongation of the specimen, the
greater the contact pressure acts on the surface of the countersample which is
associated with work hardening [23]. The greater is the pressure, the lower is the
lubrication efficiency. The lubricant in the oil pockets is subjected to increased
pressure, which is not able to balance the increasing resistance of the contacting
surfaces as a result of ploughing and flattening of the workpiece surface. It can be
concluded that the dominant mechanism under high pressure was the mechanical
interaction of the surface asperities. The highest frictional resistance was
observed for the DQ sheet, which is characterised by the largest susceptibility to
material strengthening (Fig. 5).

To study the degree of friction reduction induced by the lubricant, the following
coefficient has been introduced:

Y= - .100%
2l ®3)

ud - the COF determined in dry conditions,
ul - the COFs determined in lubricated conditions.

where:
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Fig. 5 Strain hardening curves

Lubrication efficiency described by the coefficient y decreases most with the
degree of deformation of the DQ sheet (Fig. 6). With a sheet deformation of A =
0.15 mm, very similar efficiency was observed for all sheets tested. The sheet
that exhibits the largest work hardening at larger deformations shows a
significant reduction in lubrication efficiency. The most favourable properties of
the lubricant were demonstrated during the testing of the DDQ sheet.

In the case of this sheet, the most uniform lubricant interaction was observed over
the entire range of sheet deformation. The ability of the lubricant to reduce
frictional resistance under high pressure is particularly important in the
automotive industry where the components are fabricated with surface finish. The
roughness valleys (Fig. 7) that entrap lubricant between the tool surface and the
workpiece surface act as lubricant reservoirs.

DO
= DDQ
» EDDQ

10

Effectiveness of lubrication . %

0.05 0.1 0.5 02 025 03 04
Specimen elongation A. %
Fig. 6 Effect of specimen elongation on the effectiveness of lubrication

P

20.00 kV n 14.7 mm ETD 2

Fig. 7 Scanning Electron Microscopy (SEM) micrograph of sheet surface (A =
0.2, DDQ sheet metal, dry friction).

Custom  Univer SZOW

CONCLUSION

The difference in the COF values between DDQ and EDDQ sheets over the
entire range of deformations is very similar. The intensity of work hardening is a

factor that changes contact conditions since it changes the mechanical properties
of the sheet. The COF value for the DQ sheet was about 0.02-0.03 higher
compared to the other sheets. The typical lubricant used in plastic working
provided a reduction of frictional resistance of approximately 3.6-14%,
depending on the value of the sheet deformation (Fig. 6). Lubrication efficiency
decreased with increasing normal pressure as a result of the increasing of both
front and back tensile forces. This leads to intensification of the mechanical
interactions of the surface asperities. Under such conditions the lubricant could
not balance these resistances.

Acknowledgments: The authors of this paper would like to kindly thank Dr.
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ABSTRACT

This study was aimed to produce ferromanganese by using waste battery as manganese source, mill scale as iron source and waste coffee ground as reduction agent and
carbon source. Waste batteries were collected from waste battery collection bins. Mill scale was collected from hot rolling workshop. Waste coffee grounds were
household used coffee. All starting materials were characterized. Weighted raw materials blended with addition of bentonite as a binder. Pelletizing equipment was used
to produce composite pellets. Produced pellets were dried then used for reduction experiments. Reduction experiments were conducted in Argon purged tube furnace
for 1250 °C, 1300 °C and 1400 °C according to thermodynamic background. Produced ferromanganese samples were characterized for chemical compositions and
metallization rate.

Keywords: waste battery, pelletizing, mill scale, waste coffee, recycling, zero waste.

INTRODUCTION

Waste management is gaining importance because of depleting natural resources.
Increasing consumption of materials with increasing population gained popularity
to recycling and material recovery technologies. Energy efficiency is another
important issue in recycling operations. Recycling of a material decreases the
energy consumption by cutting off raw material preparing steps in production.
Waste battery is considered as a hazardous waste because of acidic or basic
electrolyte in the battery system [1]. Primary batteries or in other words single
use batteries are designed for one time using with irreversible chemical reactions
to produce electrical current [2]. There are different types of batteries with
different ingredients, the most known and used primary battery composition is
ZnO — MnO, with option of alkaline and Zn — C varieties [3]. The difference
between Zn — C and alkaline batteries is used electrolyte. Zn — C batteries uses
ZnCl, as electrolyte while alkaline battery uses KOH [4]. Cathode and anode
structures are similar in both battery types [2]. Recycling of single use batteries
studied from different researchers with different methods. General approach for
recycling single use batteries is pyrometallurgical method because of fast and
efficient process [3]. Primary waste battery recycling consists of reduction —
evaporation of Zn at first step followed by total or partial reduction of manganese
oxides to produce various manganese based chemicals or alloys [5, 6]. High
vapour pressure of Zn at relatively low temperatures to Mn available the
vaporization - condensation route for Zn recovery in battery recycling [6].
Vacuum applied processes can be applied to decrease Zn evaporation temperature
[6, 7]. After Zn recovery batteries can be used as Mn raw material and generally
considered for ferromanganese production [3, 6].

Waste coffee grounds are evaluated in various recycling applications due to large
amount of waste [8]. Coffee is the second most used trading good after petroleum
worldwide [9]. Waste coffee grounds are used with and without treatment in
various applications. Waste coffee grounds are valorized to produce carbon based
materials generally [8, 10, 11]. Active carbon [12], pharmaceutical compounds
[11], biodiesel [10], anode material [13] are produced via valorization of waste
coffee grounds. Chemical treatment is applied to waste coffee grounds to refine
unwanted compounds in order to obtain desired products without using
valorization in different applications [14, 15]. Large consumption amounts and
accessible waste stream worldwide, offers different recycling or reusing
opportunity to waste coffee grounds.

Hot rolling process is applied to steel slabs in order to produce thinner steel sheet.
Mill scale is the lost material from steel slab due to oxidation at annealing step of
hot rolling [16]. Mill scale is consists of oxides of elements in steel which is Fe in
large portions. Recycling of mill scale is generally reuse of material in
steelmaking process as an iron source [17]. Mill scale can be used in production
of iron based materials as well[18]. Mill scale contains high iron amount thus can

be evaluated as raw material for steel producing instead of blending in other
resources[19], [20]. Recycling of mill scale and other steelmaking dusts requires
pre-treatment of sample in order to use in conventional steelmaking process.
Agglomeration is applied to iron containing dusts due to small particle size that
restricts use in blast furnace operation [16,17-21-23]. Pelletizing can be used as
an agglomeration process in the recycling of mill scale.

This study is aimed to produce ferromanganese with using waste coffee grounds
as a reductive carbon source, waste battery paste as manganese source and mill
scale for iron source. Pelletizing process is applied to produce composite pellets
for reduction. Reduction of pellets is conducted in controlled atmosphere tube
furnace. Characterization of starting materials and end product is done.

MATERIAL AND METHODS
Raw Materials

Waste coffee grounds are collected from household wastes. Collected waste
coffee grounds are washed with distilled water and dried at 105 °C for 24 hours.
DTA-TG analysis of waste coffee grounds is applied to sample of 1 mg. Waste
battery is obtained from municipal battery collection points. Waste batteries are
shredded; steel casing and battery paste is separated. Chemical analysis of battery
paste is done with standard procedure of Atomic Absorption Spectroscopy. The
battery paste is washed with distilled water to wash out the battery electrolyte.
Mill scale is chemically analyzed with AAS and XRD technique is used to
determine phases of oxides. Further explanation of characterization results of raw
materials are discussed in Results. Blend composition is given in Table 1.
Bentonite that used in pelletizing process as binder is Na-based bentonite
obtained from Tokat-Turkey. Chemical composition of Na-bentonite is analyzed
with AAS and phases are determined by X-ray analysis.

Table 1. Blend composition of pelletizing raw materials.

Element %
Zn 14.4
Mn 20.3
Fe 20.19
C 4.3
Bentonite 2.0
Oxides 38.81
Pelletizing

Pelletizing of raw materials is done to produce composite ferromanganese pellets.
Total 1500 g of blend is used. Materials are calculated to have 150% excess
carbon with Fe/Mn ratio of 1:1. Raw materials are blended with Na-bentonite of
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%2 wt. as binder. Laboratory scale pelletizing disc of 50 cm diameter is used
with 40 rpm rotational speed. Agglomeration of blended dust is obtained by
manual water spraying. Produced pellets are tested for free fall test for elasticity
determination. Water spraying of pellets continued until free fall number of 3 is
obtained. Produced pellets are dried at 105 °C for 24 hours before firing/reducing
in Argon purged tube furnace.

Thermodynamic Calculations
Reduction of metallic oxides by carbon is the general practice for many
manufacturing process. Production of ferromanganese needs extensive CO partial
pressure for reduction of MnO [24]. CO is produced in reduction systems via
Boudouard reaction. Boudouard reaction is the basis of carbothermic reduction
system. Boudouard reaction is given as;

2CO « C +CO; @)
CO is produced or consumed in the reduction system according to equilibrium of
Boudouard reaction. CO is more stable at elevated temperatures than CO,. Due to
this thermodynamic background reduction reactions are expected to start with
solid C then proceed to CO gas-solid reactions.
Free energy calculations for reduction of Zn, Fe and Mn oxides are done with
HSC 6.1 thermodynamic database. Gibbs free energy of oxides along with CO
and CO; are given in Figure 1. Ellingham diagram shows reduction of FeO
occurs below 800 °C while ZnO carbothermal reduction is about 950 °C. MnO
reduction with CO occurs at the temperature of 1400 °C. MnO can be reduced by
Mn or Fe carbides formed in system. High solubility of Fe and Mn in each other
at high temperatures can decrease the activation energy need in MnO reduction.

kcal/mol Delta G (Ellingham)
2.00 ZnO
//
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///
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2.00 CO(g) >
,//
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Fig 1. Ellingham diagram of Zn, Fe, Mn oxides with CO and CO2.

Ellingham diagram shows reduction conditions for metal oxides in the system.
Reduction reactions of ZnO and MnO are expected to take place in CO
atmosphere. On the other hand, FeO carbothermic reduction is at the equilibrium
temperature of the Boudouard reaction. That means FeO can be reduced via both
C and CO or in other words direct and indirect reaction take place in FeO
reduction simultaneously. Reduction reactions of metal oxides are given as;

MnO + CO =Mn + CO, )
ZnO + CO=2Zn + CO, 3
FeO + CO = Fe+ CO, 4)
FeO + C=Fe+CO (5)

Reduction Process

Reduction roasting process is proposed based on thermodynamic calculations and
literature knowledge. Proposed flow diagram of process is given in Figure 2. Raw
materials of waste coffee grounds, mill scale and waste battery paste are blended
with bentonite powder. Blend is pelletized with water addition in laboratory scale
pelletizing disc with diameter of 50 cm. Pellets are dried then direct reduced in
Argon purged (1 It/min) tube furnace at 1250, 1300 and 1400 °C. Chemical
analysis of pellets is conducted with Atomic Absorption Spectroscopy.
Condensed ZnO is found in furnace exit. ZnO could not be collected in
experiments due to lack of facilities for condensation chamber.

Battery Paste Mill Scale
:|—» Blending o—[
Coffee Waste Bentonite

Water ———>| Pelletizing

Drying

Direct
Reduction

l

FerroManganese
Pellets

—  Zinc Oxide

Fig 2. Flow sheet of process.

Characterization Methods

Raw materials are analyzed with Atomic Absorption Spectroscopy techniques via
Perkin Elmer Analyst 800. All of raw materials are leached with aqua regia
solution at 110 °C on hot plate for 30 minutes. Solution is analyzed via AAS with
standard protocol. XRD analysis’ of materials are conducted with PANalytical
PW 3040/60 using Cu Ko radiation (A=0.154 nm). DTA-TG analysis is
conducted with Perkin Elmer Diamond under Ar flow at temperature increase
rate of 5 °C/min. Pellet free fall number is determined by free fall of pellets from
50 cm of height until crack occurs. Moisture content of pellets is determined by
placing in incubator at 105 °C for 24 hours then measuring the weight difference.
Pelletizing efficiency is calculated with formulae;

Acceptable Pellets (9—16 mm
pral ¢ V%100
Initial Mass of Blend

Efficiency% = (6).
Pellets are sieved manually after pelletizing and pellets in the range of 9-16 mm
are accepted as green pellets. Efficiency of Zn removal, Fe metallization and Mn
metallization are calculated with formulae;

Efficiency% = ~eaucedMass 1100 @.

Initial Mass

RESULTS AND DISCUSSION

Raw materials are characterized with techniques mentioned in Experimental
Materials and Methods section. DTA-TG analysis of coffee grounds is given in
Figure 3. Coffee ground is analyzed and pyrolysis occurred under Argon
atmosphere. Stable carbon is found to be in left over mass after gasification in
DTA-TG analysis. Stable carbon amount is 18.5% in used spent ground coffee
waste. Pyrolysis process of spent ground coffee starts in 300 °C and finishes
about 500 °C. Mass loss of spent ground coffee waste continues with higher
temperature exposure but to a limited extend. 18.5 % of spent ground coffee
waste is taken into account in calculations for reductive carbon source.

Pyrolysis of waste coffee grounds produces reduction agent of carbon in the
pellets. Carbothermal reduction of zinc, iron and manganese oxides requires high
energy and CO partial pressure [6, 24]. Pyrolysis and reduction process takes
place simultaneously in the reduction vessel. Thermodynamic calculations along
with DTA/TG analysis can be concluded into that pyrolysis is followed by
reduction reaction.
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Fig 3. DTA-TG analysis of spent ground coffee waste.

Chemical composition of washed, dried waste battery is given in Table 2. Waste
battery paste is rich in manganese and zinc oxides. Alkaline based electrolyte in
alkaline batteries is the cause of K in battery paste. Manganese is evaluated is
main manganese source for ferromanganese production. Zinc is planned to be
evaporated and condensed as zinc oxide in furnace.

Table 2. Chemical analysis of spent battery paste.

Element %

Zn 29.1
Mn 40.37
K 2.32
Fe 1.35
Pb 0.0018

Loss of Ignition 26.96

Mill scale chemical analysis and XRD analysis is given in Table 3 and Figure 4
consecutively. Main compound in mill scale is iron and iron oxides. Mill scale is
collected from hot rolling workshop. Chemical composition of mill scale
represents original chemical composition of steel slab in oxide form. Table 3
shows large amount of iron without excessive alloying elements.

1500
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= W,
z M
5§ 500
HJ vt
T T 1
50 100

20

Fig 4. XRD pattern of mill scale.

Table 3. Chemical analysis of mill scale.

Compound %
Iron Oxides(total) 98.33
MnO 0.58
SiO, 0.21
Cu,0 0.24
Cr,03 0.29
Others 0.35

Na-bentonite chemical analysis is given in Table 4. Bentonite consists of
aluminum calcium silicates with addition of Na,O. Relatively higher Na,O level
of bentonite is the cause of Na-bentonite naming.

Table 4. Chemical analysis of bentonite.

Compound %
SiO, 52.70
Al,O3 20.40
Fe 03 5.17
CaO 4.86
MgO 1.83
KO 1.10
Na,O 2.75
LOI* 11.19

LOI: Loss Of Ignition

Pelletizing experiment results are collected in three subjects;

pelletizing

efficiency, free fall test and moisture content. All results are given in Table 5.
Free fall numbers and moisture content of green pellets meet the green pellet
requirements for pelletizing. Efficiency of pelletizing process is adequate to

consider the process feasible.

Table 5. Green pellet properties.

Property Result
Free Fall Mean Number 3
Moisture Content 10.44 %
Pelletizing Efficiency 91.18%

Metallization rate of iron and manganese is calculated after reduction
experiments. Produced ferromanganese alloy is characterized with AAS
technique. Zinc is evaporated from reaction chamber and zinc evaporation rate is
calculated with leftover zinc in ferromanganese. Results of ferromanganese
chemical analysis are given in Table 6. Metallization rate is visualized in Figure
5. The produced ferromanganese alloy is low in manganese than calculated value.
This result shows that the alloy cannot be considered as ferromanganese but a
master alloy in ferromanganese production.

Use of waste coffee grounds as reducing agent in composite pellets is efficient in
reduction of manganese, iron and zinc oxides. Pyrolysis of waste coffee grounds
produces amorphous carbon skeleton of coffee grain with high surface area [13].
High surface area, direct contact of reagents eases the reduction process. Reagent
contact and short diffusion pathway for reducing gases helps the reduction
process. Reduction temperature of the pellets is lower than thermodynamic
calculated reduction point nevertheless metallization of 70% in manganese was
achieved in this study. XRD analysis of pellets that reduced at 1400 °C conducted
to understand what is produced. XRD results explains low metallization rate of
manganese. MnO peaks are exhibited along with manganese peaks while the rest
is cementite (Fe;C). Thermodynamic background supports this result that MnO
needs high CO pressure and high temperature to be reduced [24]. Further
reduction of MnO needs higher CO partial pressure hence approximately 29%
Mn left in MnO form. Increasing the reduction rate of MnO can be achieved by
increasing the temperature or CO partial pressure. XRD result of reduced pellets
is given in Figure 6.

Table 6. Chemical analysis of Ferromanganese.

Element %, 1250 °C %, 1300 °C %, 1400 °C
Fe 44.8 46.6 49.1

Mn 34.7 35.6 35.7

Zn 0.032 0.015 0.014
Others Balance Balance Balance
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Conclusion

Pelletizing of waste coffee grounds, waste battery paste and mill scale is a
promising solution for recycling of these wastes. The produced pellets have
sufficient properties for producing ferromanganese. Pelletizing process efficiency
is calculated 91.18% which can be evaluated as successful. This process can
utilize three different waste into two useful products; ferromanganese and zinc
oxide. Waste batteries are classified as hazardous waste and by this process it can
be turned into a useful product. Pelletizing process and solid state reaction ease
the operation of waste utilization. Zinc oxide on the other hand can be evaluated
in producing zinc metal or various compounds. The wastes are totally converted
into useful products and economical value is obtained.
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ABSTRACT

The quality of the sheared surface when blanking, also known as die-cutting, is the result of several factors. Based on current knowledge about blanking, the following
technological parameters — shear gap size, blunting of the shearing tool, lubrication in the shearing process, and deformation rate — can be considered as decisive
parameters on the quality of the sheared surface. The main material characteristics include yield strength, tensile strength, ductility, and ferrite grain size. The paper is
focused on the influence of the shear gap on the quality of the shear surface of electrical sheets with different chemical composition and different mechanical properties.
The quality of the cutting surface was characterized by the size of the plastic cutting area. The relationships between the size of the shear gap, which ranged from 1 to
7% of the thickness of the cut material and the size of the plastic shear area, were evaluated and measured macroscopically.

Keywords: electrical steel; shear gap; sheared surface

INTRODUCTION

The constant pressure to reduce energy consumption brings along the need to
increase energy efficiency and reduce the energy intensity of industrial
machinery and equipment. Increasing energy efficiency is mostly focused on
improving the technical parameters of energy equipment. One way of reducing
energy intensity is to increase the efficiency of electric drives for machines and
equipment. This is possible by using materials that have lower energy losses.
Energy losses in electrical machines are greatly affected by the type of electrical
steel used.

Electrical steel is one of the basic materials, used in the production of electrical
rotating machines and transformers. Two major characteristics of electrical
machines — performance and efficiency — depend on the quality of electrical
steels. The quality of steel directly affects the efficiency of the use of electricity.
The efficient use of electricity is one of the main factors determining the range of
electric vehicles. Therefore, in recent years considerable attention has been paid
to the issue of further improving the quality of isotropic steel sheets for electrical
engineering and optimizing their production and processing. The resulting
magnetic properties of electrical steel depend on numerous factors, including the
chemical composition of the material, metallurgical purity, structural and
metallographic  characteristics, equilibrium or non-equilibrium changes,
precipitate  morphology and distribution, segregation enrichment of grain
boundary surfaces, processing and heat treatment, deformation, and residual
stress.

At present, electrical steel sheets are produced in metallurgical plants and
delivered to the customers in the semi-processed and fully processed state. In
Europe, the use of electrical steel for the production of electric motor cores in the
semi-processed state is preferred. Asia and America typically use electrical steel
in a fully processed state. This difference is caused by using different electrical
steel processing technologies and varying technological know-how across
countries. The increase in the use of electrical steel in the fully-processed state is
caused by the possibility of its direct use without final processing, in less
demanding applications, and in the availability of higher quality grades, that are
not available in the semi-processed state.

Electrical steels are one of the most important magnetic materials produced
today. Despite the increasing use of permanent magnets, their use for the
production of stator and transformer cores is dominant. There are two basic types
of electrical steels: grain-oriented steel and non-grain-oriented steel, both fully
and semi-processed. The non-grain-oriented electrical steels are produced in the
form of cold-rolled sheets with a thickness of 0.25, 0.35, 0.5 and 0.65 mm and
are classified according to the maximum specific losses in W / kg.

Isotropic electrical steels belong to the group of soft magnetic materials and are
used in various electrical applications and equipment. They are characterized by
low losses caused by magnetization alternating electric field. High-silicon steels
(often referred to as silicon steels) were developed at the beginning of the 20th
century and very quickly became the preferred material used to build the cores of
large transformers, motors, and generators. In 2018, the share of electrical steel
increased to 3% of the total steel production [1], [2]. With the growth of electric
vehicle production, the consumption of steel for the production of electric motor
cores is also expected to increase.

The requirements for these steels are high permeability and induction, low
magnetic losses and low magnetostriction. In certain specific cases, exceptional
mechanical properties are also required. High permeability and induction reduce
the size and weight of the cores. Low magnetic losses reduce heat generation and
energy consumption. Mechanical properties affect shearability, resistance to
fatigue fracture resulting from sudden changes in mechanical stress and
resistance to material deformation at high rotor or stator speeds [3-5].

The chemical composition of these steels is similar — especially as far as the basic
alloying elements are concerned, and the manufacturing processes have not
changed significantly for years. However, steel losses with a given Si and Al
contents are much lower today than in previous decades. According to the
electrical steel manufacturers, they made very little change in the basic chemistry
used in standard, commercial types. International, national (EN- STN 10126) and
(EN- STN 10165), EN-STN 10126 and company standards H-204 (Internal
standard Embraco TSTOOH-204) determine only maximum specific losses (and
often minimum polarization/throughput), but in principle they do not reduce the
loss limit.

Conventional electromagnetic properties of electrical steels are defined by
wattage losses, magnetic induction, and magnetic polarization. The mentioned
properties are determined by microstructural and substructural parameters such as
grain size and morphology, the density of crystallographic disorders, preferred
crystallographic orientation, the chemical composition of the solid solution and
the presence of secondary particles. Individual parameters used in the thermo-
mechanical process of production of electrical steel directly influence the final
magnetic quality of materials.

Most electrical equipment manufacturers, with the exception of the transformer
and specialty applications manufacturers, require low core losses and high
magnetic induction from the electrical steel. These magnetic properties are
mainly influenced by grain size and crystallographic texture.

The effect of grain size on magnetic properties was first described in 1912 by W.
E. Ruder, who discovered that hysteresis losses decrease as grain size increases.
Since then, the effect of grain growth has been the subject of numerous scientific
papers and literature. Hence, as the grain size increases, hysteresis losses
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decrease, while eddy current losses increase. The result is an optimum grain size
that minimizes the sum of hysteresis and eddy current losses. The optimum grain
size varies depending on the chemical composition and texture. J. T. Park and J.
K. Kim [6] specified optimum grain size of 100-150 pum for steels containing
1.85% and 3.2% Si. On the other hand, the texture also greatly affects hysteresis
losses. The authors further claimed in their study that the material with a
favorable texture exhibits lower core losses than the one with an unfavorable
texture — despite having the same grain size. This indicates that losses can be
further reduced by an appropriate texture. In view of the above, a key factor in
the production and finishing of isotropic steels is the growth of grains to the
optimum size with a favorable texture.

THE EFFECT OF SHEARING ON THE DEGRADATION OF
MAGNETIC PROPERTIES

When the sheet is sheared and the lamella shape is formed, the metal is separated,
and the crystal lattice is disrupted. The properties of the material near the sheared
edge are significantly altered. In 1971, Carlberg [7] first suggested that the area
of degradation of properties near the sheared edge of an electrical steel strip can
be considered as wide as 1 mm. Schmidt [8] identified a shear-affected area at a
width of 0.35 mm with an increase in losses of 30-40% and a corresponding
induction decrease of 70% at the same magnetic field strength. In 1992, T.
Nakata [9] stated that the degradation of the magnetic properties of the strip of
non-oriented silicon steel sheet due to shearing is in the region of 10 mm from
the sheared edge and the deterioration is particularly significant 5 mm from the
edge. Several other authors including F. Ossart, E. Hug, O. Hubert, C. Buvat, R.
Billardon [10], and A. Kedous-Lebouc [11] paid attention to local degradation in
the active part of the stator lamella sheared from an electrical steel sheet.
Subsequently, V. Manescu et al. [12] and N. Takahashi [13], [14] compared the
impact in terms of different shearing technologies.

In spite of different initial views, the average shear-affected area is generally
considered to be equal to the thickness of the sheared material. The size of the
affected area depends on parameters such as steel hardness, ductility, tensile
strength, yield strength, surface insulation, grain size, shear clearance, and
shearing tool geometry. Many authors researched microstructural changes during
the recovery of distorted grains, e.g. Talbot [15] examining pure iron and Hu [16]
silicon steel. Most of the works are devoted to restoring the magnetic properties
after annealing in the area of deformation after shearing and rolling, see Landgraf
[17].

Fig. 1 shows the principle of blanking process and Fig. 2 shows zones of a
sheared surface.

Burr
Fracture

Shear
Roll over

/

5
Fig. 2 Zones of a sheared surface (1 — rollover, 2 — plastic shear, 3a —
fracture, 3b — abrasion, 3c — fracture, 4 — hardened area, 5 — tool mark, 6 —
burr)

MATERIAL AND METHODS
Materials used in the experimental study

Thin electrical steel sheets with the following designations were used for
experimental research: material B — steel ISOVAC M450 — 50K Voest Alpine,
material C — steel M450 — 50K Arcelor Mittal and material E — steel M450 —
50PP Thyssen Krupp Bochum.

The chemical composition of the used steel sheets is given in Tables 1, 2 and 3.
The materials differed mainly in the different silicon contents. For sheet B —
ISOVAC M450 — 50K (Voest Alpine), the Si content was 0.574%, for sheet C —
M450 — 50K (Arcelor Mittal) the Si content was 0.148% and for E — steel M450
—50PP (Thyssen Krupp Bochum) the Si content was 1.630%.

Table 1 Chemical composition of material — B [wt.%]
C Mn Si P S Al Cu
0.0059 0.506 0.574 0.034 0.0036 0.418 0.011
Ni Cr As Nb Mo Co Sn
0.010 0.019 <0.001 <0.002 0.003 <0.002 | <0.002
Sb W B Ca Zr N
<0.002 | <0.003 | <0.0002 <0.0002 | <0.001 | 0.0017

Table 2 Chemical composition of material — C [wt.%]

C Mn Si P S Al Cu
0.0026 0.609 | 0.148 0.089 0.0075 | 0.117 0.017
Ni Cr As Nb Mo Co Sn
0.021 0.028 <0.001 | <0.002 <0.002 | 0.002 <0.002
Sh W B Ca Zr N2
<0.002 | <0.003 | 0.0002 | <0.0002 | <0.001 | 0.0024

Table 3 Chemical composition of material — E [wt.%)]

C Mn Si P S Al Cu
0.0027 0.209 | 1.630 0.046 0.0010 | 0.138 0.013
Ni Cr As Nb Mo Co Sn
0.018 0.030 <0.001 <0.002 | <0.002 | <0.002 | <0.002
Sb w B Ca Zr N,
<0.002 | <0.003 | <0.0002 | 0.0002 | <0.001 | 0.0056

The mechanical properties were determined on standard specimens by a uniaxial
tensile static test according to standard STN EN ISO 6982-1. From each type of
tested sheet, five samples were taken for the uniaxial tensile test. The measured
mechanical properties of the tested sheets are shown in Table 4.

Table 4 Mechanical properties of the experimental electrical steels

Direction Material Rpo2 [MPa] Rm [MPa] Asgo [%0]
0° B 413 477 16.9
0° C 359 395 24.1
0° E 317 440 34.8

Direction Material Rpo2 [MPa] Rn[MPa] Asgo [%0]
90° B 403 480 175
90° C 358 398 25.9
90° E 315 442 344

Material B achieved an average ductility value A80 in the range of 16.9-17.5%.
The ductility of material C ranged from 24.1 to 25.9% and the ductility of
material E was 34.4-34.8%. For all materials examined, the ductility values
measured in the direction perpendicular to the rolling direction and the ductility
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values measured in the rolling direction were approximately the same. The
materials showed no anisotropy of mechanical properties [18].

Sheets with different grain sizes were used for comparison. The microstructure of
the sheets used in the experiment is shown in Fig. 3-5. The steel sheets B had a
fine-grained structure (Fig. 3), while the sheets E had a structure with
significantly larger grains (Fig. 5).

Fig. 3 Microstructure of material B

Fig. 4 Microstructure of material C

| 100 pm I
Fig. 5 Microstructure of material E

Experimental setup, equipment, results and analysis

Four shear gap values were chosen to investigate the dependence of the sheared
surface quality on the shear gap. The chosen shear gap sizes were based on our
previous research as 1%, 3%, 5% and 7% of the thickness of the sheared
materials. The nominal thickness of all experimental materials was 0.5 mm.

The experiments were conducted by blanking in a progressive shearing tool with
a spring-loaded guide plate and a guide stand (Fig. 6a). The tool was used in a
hydraulic press with a nominal force of 400 kN.

a)
Fig.6 a) Blanking tool, b) Specimen

Table 5 shows the real values of the punch diameters when 1, 3, 5 and 7% shear
gap was used. The dimensions of the punches were measured using a digital

micrometer and Zeiss Calypso coordinate measuring machine (CMM). The
diameters of the dies were constant: ¢ 25.013 mm and ¢ 15.049 mm.

Table 5 Shear gap values and punch dimensions of the shearing tool

Shear gap Diameter of outer punch Diameter of inner punch
[%] [mm] [mm]
1% 25.003 15.039
3% 24.983 15.019
5% 24.963 14.989
7% 24,943 14.969

The shape of the sheared surface on the outer perimeter of the blanks was
investigated in the cutouts of an annular shape (Fig. 6b). An analysis of the outer
surface of the blanks was performed with a Keyence microscope. The ratio of the
plastic shear area to the gross area of the section zone was evaluated. The
samples were observed around the sheared edge perimeter and evaluated in the
rolling direction. Based on the observations, it can be stated that the shear area
around the sheared edge perimeter was approximately the same for all blanks of a
particular shear gap. The smallest deviations in the ratio of the plastic shear area
to the gross section area were measured at a 1% shear gap. Significantly larger
variations in the quality of the sheared surface around the perimeter of the blank
were observed at a shear gap of 5% and 7%. Fig. 7-9 show the sheared surfaces
of the investigated materials at different shear gaps [19], [20].

values

It can be concluded from the analysis of the impact the shear gap on the quality
of the shear area of the examined material B that when a 1% and a 3% shear gap
is used, then the entire shear area is formed by plastic shearing (plastic
deformation). At these shear gaps, the material was not exposed to shear stress
and there were no visible signs of shear stress around the perimeter of the cut
material. At a 5% shear gap, the smallest area of the plastic shear was measured,
which was about 50% of the gross area of the section. Paradoxically, with a shear
gap of 7%, the plastic shear area of this material increased to about 65%. This
was probably due to a deviation in the punch cylindricality at the measured
location.
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Fig. 8 Examined sheared surfaces of material C at different shear gap
values

From the analysis of the impact of the shear gap on the quality of the shear area
of the examined material C, it can be concluded that at a 1% shear gap, the entire
shear area is formed by plastic shearing (plastic deformation). There was no
fracture zone at this shear gap at all. At a 3% shear gap, the plastic shear value
was measured to be 100-80% of the gross area of the section. At this shear gap,
uneven values of the size of the plastic shear occurred around the perimeter of the
blank. At a 5% shear gap, the plastic shear area was more uniform over the entire
perimeter and represented 65-70% of the gross area of the section.

At the 7% shear gap, the plastic shear area of the material was less uniform
around the perimeter and represented 60-65% of the gross area of the section.

Fig. 9 Examined sheared surfaces of material E at different shear gap
values

It can be concluded from the analysis of the impact of the shear gap on the
quality of the sheared surface of the investigated material E that at a 1% shear
gap, the entire shear area is formed by plastic shearing (plastic deformation).
There was no shear stress at this shear gap at all. At a 3% shear gap, the plastic
shear area was measured to be about 90-50% of the gross area of the section. At
this shear gap, an uneven plastic shear area occurred around the perimeter of the
blank. During die-cutting, large grains were torn off the perimeter of the material.

The same phenomenon was also observed at 5 and 7%. The plastic shear area
was uneven around the perimeter of the blank and ranged from 100 to 50%. Fig.
10 and 11 enable us to compare the shear area of the investigated materials at 1%
and 5% shear gap. As stated above, at a 1% shear gap, all experimental materials
were exposed to plastic shear around the perimeter of the blank. At this shear
gap, the quality of the sheared surface is not influenced by the chemical
composition of the sheet nor by the mechanical and plastic properties of the
investigated electrical steel sheets.

Fig. 10 Sheared surfaces of investigated materila at 1% shear gap

After analyzing the sheared surfaces of the specimens at the 5% shear gap, it can
be stated that the plastic shear area was in the range of 100-50% of the gross area
of the section. The lowest plastic shear value was measured for material B, whose
ductility values were the lowest. The shear area of this material was uniform
around the perimeter. For material C, the plastic shear value at a 5% shear gap
ranged from 70 to 65% and it was less uniform. Material E had the highest
ductility of all the examined materials, the plastic shear area at this shear gap
ranged from 100 to 50%. Such a large dispersion of the plastic shear values is
caused by tearing off large grains of material during die cutting [21], [22].

Fig. 11 Sheared surfaces of investigated materials at 5% shear gap

DISCUSSION

In the experimental research into the impact of the shear gap on the quality of the
sheared surface, materials with different chemical composition, mainly differing
in silicon content were selected. The examined materials had different
mechanical and plastic properties. The ductility of the examined materials ranged
from 16 to 35%. The materials also differed in the manufacturing method and
grain size. All investigated materials exhibited minimal anisotropy of the plastic
properties (they were almost isotropic), which is a very important factor in terms
of punching circular blanks. From the obtained results it can be concluded that at
a 1% shear gap, the chemical composition, plastic properties or material structure
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do not affect the quality of the sheared surface as indicated by the size of the
plastic shear area. The plastic shear area of all materials examined was 100% of
the gross area of the section.

At the shear gap of 3%, the impact of the material structure began to be obvious.
The plastic shear areas reached 100% only for material B, for the other examined
materials, they ranged from 80 to 50% of the gross area of the section. Material
E, having the highest ductility, exhibited the lowest and least uniform values of
the plastic shear area. These plastic shear areas were somewhat distorted in this
material because large grains of material were torn off during die cutting.

At 5 and 7% shear gap, all materials showed a decrease in the plastic shear area
to 70-50% of the gross area of the section. With these shear gaps, the
inhomogeneity of the plastic shear area around the perimeter of the blank was
lower for all examined materials. Even at these shear gaps, the greatest
inhomogeneity of the plastic shear areas was observed in the material with the
highest ductility (material E).

CONCLUSION

Based on the experimental results of the impact of the shear gap on the quality of
the sheared surface when die-cutting electrical sheets of different grades, the
following conclusions can be drawn:
- when shearing electrical steel sheets in a tool with a shear gap of 1% of
the material thickness, neither the chemical composition nor the
mechanical and plastic properties affect the quality of the sheared
surface, which is characterized by the size of the plastic shear area,
- blanking materials in a tool with a shear gap of 3% of the material
thickness results in a decrease in the size of the plastic shear area,
especially for materials with a higher ductility value,
- when die-cutting sheets in a tool with a shear gap of 5 and 7% of the
material thickness, the plastic shear areas decreased for all materials
examined. The greatest inhomogeneity of the plastic shear area was
measured for the sheets with the highest ductility. In these sheets, the
inhomogeneity was mainly caused by the large grains of material being
torn off during die cutting.
Based on the performed experiments, it is recommended to use shear gaps in the
range of 1-2% of the material thickness in the blanking tools for trouble-free
cutting of circular cut-outs made of electrical steel sheets (rotors and stators of
electric rotating machines).
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ABSTRACT

The wear resistance and microstructural features of aluminium AA6063 based composites reinforced with seven different mass fractions of palm kernel shell (PKS)
particles (0, 2.5, 5, 7.5, 10, 12.5 & 15wt%) fabricated by stir-casting, were characterized using pin-on-disk tribometer, optical microscope and image analysis. Image
analysis revealed both the particle size and shape descriptors for the composites microstructural features. The average grain sizes of all the composites were higher than
that of the unreinforced AA6063 matrix. Wear test conducted under dry sliding condition show that the volume reduction and specific wear rate increased to a maximum
at 5wt% PKS addition and then decreased to the lowest level at 10wt% PKS. Subsequent addition of PKS above 10wt% yielded a further increase in the composites
volume loss and specific wear rate. Composite sample reinforced with 10wt% PKS exhibited wear resistance response better than that of the unreinforced alloy. Image

analysis afforded a comprehensive understanding of the microstructural features of the composites which influenced their behaviours.

Keywords: ImageJ; Image analysis; dry sliding wear; AA6063; Palm Kernel Shell; Aluminium matrix composites.

INTRODUCTION

The aim of developing metal matrix composite is to combine the desirable
properties of the metal such as lightweight, high ductility, electrical and thermal
conductivities with the properties of the reinforcement such as low coefficient of
thermal expansion, high stiffness, and strength with abrasion resistance to produce
material with a combination of desired physical and mechanical properties [1].
Aluminium metal matrix composites (AMMCs) are engineered materials made by
incorporating single or hybrid non-metallic reinforcement(s) into aluminium or its
alloy to tailor the properties such as strength, hardness, stiffness, electrical and
thermal conductivity and various other properties. AMMCs found applications in
aerospace, automotive, defence, marine, thermal management, electrical and
electronic as well as sports goods. Aluminium alloys 2000, 5000, 6000 and 7000
series are the most frequently utilised matrix in the fabrication of AMMCs [2, 3].
AMMCs offer high strength to weight ratio, improved thermal conductivity,
abrasion/wear resistance, creep resistance, dimensional stability and exceptionally
good stiffness-to-weight ratio. Also, they have better high temperature
performance [4-8]. Aluminium AA6063 is a class of aluminium alloy 6000 series
having silicon and magnesium as the major alloying elements. Their major areas
of application are in the automobile and aeronautic industries.

Wear phenomenon could be described as a progressive loss of materials by solid
surfaces in dynamic contact [9-12]. The wear of composite materials have been
classified into abrasive wear, adhesive wear, fatigue wear, erosive wear, fretting
wear, oxidative wear and corrosive wear, depending on the mechanism of materials
removed from the surface of bodies in contact or relative motion [9, 10, 13, 14]. In
a sliding wear process, materials are removed by the dynamic interaction of two
surfaces in relative contact, resulting in dimensional loss and material’s volume
reduction [9].

Materials’ physical and mechanical properties are derived from their
microstructural characteristics [15]. The development and use of automatic image
analyzing tools and techniques for determining microstructural characteristics of
materials have greatly reduced the rigour and tediousness associated with manual
techniques [16]. Image analysis is concerned with accurately quantifying the
microstructural features. Quantitative analysis of materials’ microstructural

features can be achieved using image analysis software. Either optical or scanning
electron microscope micrographs can be used during image analysis [17, 18]. More
commercial software programs, such as Amira, Comsol multiphysics, imageJ, etc.,
are available for the analysis of microstructural features of engineering materials
[19, 20]. Image analysis is generally concerned with the acquisition of quantitative
information and description of various parameters of the microstructure of a
material such as determination of percentage fraction of phases or phase quantities,
grain size estimation, grain shape, circularity and spatial distribution of
microstructural elements observed using microscopic techniques [19, 21].
Microstructures with similar descriptors have similar materials properties [22].
Circularity or roundedness, for instance, is calculated as a shape parameter index
in the ImageJ software. This image analysis software program supports standard
image processing functions such as logical and arithmetical operations between
images, contrast manipulation, convolution, Fourier analysis, sharpening,
smoothening, edge detection, and median filtering. It does geometric
transformations such as scaling, rotation, and flips. The general steps for materials
structural analysis involves; surface preparation (cutting, grinding, polishing and
etching), microscopic examination and image acquisition, image processing,
quantitative image analysis (size, shapes and distribution of grains) and
interpretation of results [19]. Image analysis had been utilized by researchers to
quantify and measure the concentration of surface discolouration in laser-nitrided
titanium alloy surface using the colour threshold function [23], analysed and
compare the structure of two construction steels [19], quantify and estimate the
microstructural parameter of ferritic-martensite dual phase steel [21]. Leica Qwin
image analysis system was used to measure pore structures and pore distribution
in aluminium powder metallurgy alloy [24]. The experimental demonstration has
found image analysis procedure to be very effective in the measurement of
materials grain size, pore structures and distribution and recommended for
application in the ceramic and metallic industries, especially in powder metallurgy
sintering operations [12, 24-27].

There is a research-established correlation of materials’ microstructure with wear
loss and hardness. It was shown that microstructural characteristics affect wear
behaviour of sintered steel [27]. Lower wear loss is found to correlate with higher
hardness and superior microstructure (one having higher dendrite density).

DOI: 10.36547/ams.26.2.537



Edoziuno et al. in Acta Metallurgica Slovaca

Conversely, higher wear loss correlates with lower hardness and poor
microstructure [23]. This paper describes an investigation of the dry sliding wear
behaviour of aluminium AAB6063 reinforced with particles of palm kernel shell and
microstructural analysis of the optical micrograph using image analysis software
package.

MATERIALS AND METHODS
Collection and Preparation of Reinforcement Material

Palm kernel shell was obtained from an oil mill in Agbor, Delta State, South-South
of Nigeria. The collected palm kernel shell (PKS) were washed with warm water,
dried in direct sunlight for two weeks and grinded to a fine powder using the
normal grain (wheat, corn, beans, etc.) grinding machine at the Ogwashi-Uku
market. Particle size analysis of the palm kernel shell particle was carried out in
Metallurgical Engineering laboratory, Delta State Polytechnic, Ogwashi-Uku.
100g of the PKS was placed unto a set of sieves arranged in descending order of
fineness and shaken for 15mins to achieve complete classification. The PKS
particles retained beneath the 212um sieve was utilized in the research. The
powder PKS was used in the unashed and untreated condition, as some other
researchers had investigated it as a reinforcement in the processed and treated
conditions [28-30].

Production of Composite by Stir Casting

The metal matrix composite was fabricated in the metallurgical Engineering
laboratory of Delta State Polytechnic, Ogwashi-Uku, using the stir casting method.
The sample was produced by varying the weight per cent of the reinforcing
material (PKS) particles in the range of 0 to 15 wt.% at 2.5 wt.% interval, while
the balance is aluminium alloy AA6063 matrix. The aluminium alloy was charged
into a preheated stainless steel melting pot placed in an electric resistance furnace.
The furnace was heated to £700 °C for 3 h. The PKS particles were preheated to
50°C in an oven for 3 h before they were added to the molten aluminium to improve
the wettability and harmonize the temperature. The furnace temperature was first
raised to 750 °C to melt the alloy completely and then cooled to 600 °C to keep the
melt in a semi-solid state. At this stage, the preheated palm kernel shell particles
were added and mixed manually using a steel stirring rod according to [29, 31].
After manual mixing and homogenisation, the composite slurry was placed back
in the furnace and reheated to a temperature of 750 °C and then poured into a
preheated cylindrical mild steel mould with the dimension of length 200 mm x 16
mm diameter. The unreinforced aluminium AA6063 was also cast and used as the
control sample for comparison.

Dry Sliding Wear Test

The wear test was carried out at room temperature on a Pin-on-Disc tribometer
under dry sliding condition. A 10N constant load (N) was applied on all the
specimens with dimension 40mm x 10mm x 6mm while sliding distance varied
during the test. The procedure during the wear test involved; determination of the
initial weight of the specimen, inserting and fixing the specimen on the specimen
holder, applying the constant load on the supporting rod so that the stylus pin made
firm contact with the specimen, turning the electric motor on to rotate the disc for
just 2000 revolution cycles at a rotation speed of 200rpm. The specimen is finally
weighed and the sliding distance covered measured. During sliding wear test using
pin-on-disc equipment, the sliding speed of the wear process is dependent on the
revolution of the disc and the contact point between the pin and the centre of the
disc [32]. Wear evaluation was carried out by expressing the friction effects in
terms of material volume loss (mm?®) as a function of the sliding distance and the
applied load. The specific wear rate, (Ws) was computed from the test
results/parameters using equation (1) [33]. The magnitude of wear resistance (Wr)
given in equation (3) is determined by taking the inverse of wear rate [30, 34],
equation (2).

Volume Loss

Applied LoadXxSliding Distance
3 Volume loss (mm3
Wear rate (mm /N ) = Yolume loss (mm7) 1000 )
m Sliding Distance (m)

Sliding Dist S
W, = Slding bistance () o 4 )9 ®)
Volume Loss(Vioss)

Morphological Examination Using Optical Microscope

The samples for optical metallographic examination were prepared and optical
microscopy (OM) was carried out following the procedure described in [19, 35].
The metallographic characterization was carried out at 640x magnification. It
should be noted, that a major condition for accurate image analysis is correct
surface preparation of metallographic samples so that individual microstructural
features would be sufficiently contrastive during image analysis [16, 36].
Inadequate specimen’s preparation and wrong choice of etching technique were
identified as major problem in using image analysis to reveal microstructural
features [26].

Image Analysis of the Microstructure

ImageJ software package was used for image processing and image analyses. This
automatic image analysing software is capable of defining and counting object in
the picture, analysing their surface, length, boundaries, moments, quantifying of
grains and measurement of grain sizes, the volume fraction of phase and depositing
the results of analyses to spreadsheet data files [18]. The following procedures with
detailed description given in [22, 23, 37, 38] were applied in conducting the ImageJ
analysis: firstly, the surface morphology of the composites and the unreinforced
aluminium alloy samples was captured by an optical microscope and exported as
a high-resolution micrograph. Then the high-resolution micrograph was imported
in the ImageJ software for image analysis. Finally, various functions and tools in
imageJ software program were employed for specific measurement and analysis.
Flowchart of the detailed procedures for the Image analysis is given as a block
diagram in figure 1.

Sample preparation
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| RGB Image Lna\ tone I]llunmf“\tlon
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|
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measureme_nt —— Statistical Analysis
-Pore fraction
measurement

Fig. 1 Block diagram depicting the imageJ analysis procedure adapted from [25].

RESULTS AND DISCUSSION

Wear Behaviour of PKS/AA6063 Matrix Composites
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The effects of reinforcement concentration applied normal load and sliding speed
on the dry sliding wear properties (weight loss, volume loss, specific wear rate and

wear resistance) are discussed in this investigation. Table 1 gives the result of the
wear test and the sliding wear parameters. Graphical analysis of the influence of

the reinforcement concentration (% weight fraction) on the specific wear rate,
volume loss and wear resistance of the PKS reinforced aluminium alloy AA6063
matrix composites are given in Figures 2 — 7.

Table 1 Wear parameters and results of dry sliding wear test

Sample Weight loss (g) ~ Sliding Distance  Volume Specific Wear Wear Resistance
(mm) Loss (mm®)  Rate (mm%Nm)  (mm/mm?®)
Control 0.0015 34 0.79 0.27 4303.80
2.5% pks  0.0057 25 2.64 0.66 946.97
5% pks 0.0091 2.6 4.60 1.20 565.22
7.5%pks 0.0076 24 211 0.51 1137.44
10% pks 0.0009 24 0.53 0.13 4528.30
12.5% pks 0.0033 2.7 2.09 0.56 1291.87
15%pks 0.0031 2.8 2.33 0.65 1201.72
It could be readily observed from Table 1 that the weight loss of the composites
increased as the reinforcement content increases to a maximum at 5% PKS and
then decreased to a minimum at 10% PKS content. Despite that, the applied normal
load was constant at 10N during the tribological test. Generally, the composites
with higher per cent weight fraction of the reinforcement (10, 12.5 & 15%), L4
recorded lower weight loss during the sliding wear experiment. While, those with €
lower content of the particulate reinforcement (2.5, 5 & 7.5%) have a higher loss «,E 12
in weight during wear test. € 3
Considering the influence of the reinforcement concentration on the specific wear 1S
rate, and volume loss of the AA6063 matrix composites shown in Figures 2 & 3, i’ 0.8
it could be noticed that the volume reduction and specific wear rate increased to a w
maximum at 5wt% PKS content and then decreased to the lowest level at 10wt% < 06
PKS. Subsequent addition of PKS above 10wt% resulted in a further increase in ®
the composites volume loss and specific wear rate. The composite sample = 04
reinforced with 10wt% PKS has a specific wear rate and volume loss far lower ©
than that of the unreinforced alloy. 5 0.2
a
v 0
g 0 5 10 15 20
45 Weight Fraction of PKS (%)
E 4
£ 35 Fig. 3 Effect of concentration of PKS (wt%) on the specific wear rate (mm?%Nm)
- 3 of AA6063 matrix composites during sliding wear test
(%]
o
?') 2 The influence of the reinforcement weight content on the sliding distance covered
£ 2 during the dry sliding wear experiment is analysed in Figure 4. Evaluation of the
S 15 figure revealed that the sliding distance covered reduced progressively from
g 1 3.5mm to 2.4mm, as PKS particles were added to the aluminium alloy matrix,
05 .I -I despite that all the specimen were rotated just 2000 cycle at the rotation speed of
200rpm. This could be as a result of the frictional effect of the composites surface
0 roughness, unlike the smooth-surfaced control sample. This is also corroborated
0 25 5 75 10 125 15 by the average grain sizes of the microstructure obtained by image analysis (Table
Weight Fraction of PKS (%) 2), which increased as more PKS were added to the AA6063 matrix. As expected,
the composite sample reinforced with 10wt% PKS covered the lowest sliding
distance during the abrasive sliding.

Fig. 2 Effect of concentration of PKS (wt%) on the volume loss (mm?®) of AA6063
matrix composites during sliding wear test
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Fig. 4 Effect of concentration of PKS (wt%) on the sliding distance (mm) covered
during sliding wear test

In figure 5 is depicted, the impact of reinforcement concentration (wt%) on the
sliding wear resistance of the composites. All the composites samples have lower
wear resistance than the unreinforced AA6063 alloy, except the 10wt% PKS
reinforced sample. Maximum wear resistance was recorded at 10wt% PKS content.

Fig. 5 Effect of concentration of PKS (wt%) on the wear resistance (mm/mm?q) of
AAB063 matrix composites during sliding wear test

Image Analysis of PKS/AA6063 Matrix Composites
Relevant quantitative descriptors (stereological parameters) are used in

characterizing the dimensional and morphological characteristicss of materials.
The quantitative description of the microstructure involves the use of a set of

numbers that define density, size, shape, and spatial arrangements (three-
dimensional properties) of the microstructural features [22]. These quantitative
descriptors are based on the theory of geometrical probability and can be obtained
from measurements carried out on the microstructural image using specific
functional tools of the image analysis software package. The most common
quantitative microstructural measurement is that of the grain size of materials [22].
Analyze particle function was used to determine the perimeter, the grain counts,
average size, %Area, circularity, solidity, etc. Composite sample reinforced with
15wt% PKS recorded the maximum count of grains, while the 5wt% PKS
reinforced sample has the lowest grain count. The average particle sizes of 5, 7.5
and 15wt%PKS reinforced composites were higher than that of the unreinforced
AAB063 matrix, which may correlate to the high wear rate observed for those
reinforcement weight fractions. The quantitative results in Table 2 display the
particle size descriptors, which were used to compute the various particle shape
descriptors given in Table 3.

The circularity, a popular shape factor/parameter allows for evaluating the shape
of grains. Circularity, C, is a dimensionless value, which can be used to estimate
the degree to which the particle resembles a circle, with consideration of the
smoothness of the perimeter. It is the ratio of the perimeter of a circle of the same
area as the particle to the perimeter of the particle. This implies that circularity is
a measurement of both the form and roughness of the particle. Thus, if a particle is
not perfectly round, or a smooth circle, the circularity value will be lower [24, 39].
The shape descriptors in Table 3 revealed that the unreinforced aluminium alloy
matrix has the highest value of circularity, closely followed by the 15wt% PKS
reinforced composite. Feret’s diameters characterize the particles outer horizontal

5000 and vertical dimensions; length and width (FeretX and FeretY). Aspect ratio, AR

— is defined as the ratio of the Feret’s minimum length to the Feret’s maximum
£ 4500 length. Thus, as the width and length of the shape approach the same value, the
€ 4000 aspect ratio approaches one [39]. This does not necessarily mean the shape is
E 3500 circular, though a perfect circle will have an aspect ratio of 1.0 [24]. Often, very
£ symmetric shapes like square, regular octagon, equilateral triangle and symmetric
o 3000 cross, have a very high aspect ratio. Elongated shapes have lower values of aspect
9 2500 ratios [22]. From Table 3, the AR of the unreinforced alloy is higher than that of
< 2000 the PKS reinforced AA6063 matrix. It also has the lowest elongation ratio of 1.796.
2 The highest elongation ratio of 2.153 was obtained by the composite sample
2 1500 reinforced with 7.5wt% PKS, which also have the lowest AR of 0.464. When a
< 1000 shape becomes less smooth or more irregular (or rougher), the perimeter of the
3 shape may increase very quickly, depending on the size and number of the
= 500 irregularities in the shape contributing to the roughness [39]. The irregularity of
0 the unreinforced alloy was highest followed by the 7.5wt% PKS reinforced

0 5 10 15 20 composite. Equivalent circle diameter (ECD) is the diameter of the circle having

the same area as the area of the particle. Solidity, S, is a dimensionless value which

Weight Fraction of PKS (%) measures the overall concavity of a particle. It can be defined as the image area,

A, divided by the convex hull area, Ac. This implies that, as the particle becomes

more solid, the image area and convex hull area tend to approach each other,
resulting in a solidity value of unity. Conversely, as the particle shape digresses
from a closed circle, the convex hull area increases and the computed solidity
decreases. As a shape becomes rougher or less solid, the solidity value will
approach zero. Conversely, shapes that are very smooth, and rounded have solidity
values that approach one. From Table 3, the shape of the particles of the composite
reinforced with 7.5%PKS is more rounded than other samples.

Table 2 Summary of Image Analysis Results of Particle Size (Size Descriptors) for AA6063/PKS Composites and the Unreinforced AA6063

Sample Slice Grain  Total Average % Area  Perimeter  Feret (F) FeretX FeretY Feret MinFeret

Count  Area Size(um) (A) P) Ange (mF)

Control Black & White Threshold 546 33476 61.311 45.272 34.731 6.126 148.354  106.147  120.482 3.411

5wt%o Black & White Threshold 433 27003 62.363 41.372 38.704 8.849 147.083 125353  128.681 4.184
PKS

7.5wt%P  Black & White Threshold 481 37852 78.694 45.946 39.593 7.834 147.981  143.657  117.873 3.638

KS

15wt% Black & White Threshold 758 50341 66.413 40.861 27.847 6.869 176.017  165.468  136.986 3.281

PKS

Table 3 Microstructural Parameters and Shape Descriptors of AA6063/PKS Composites and the Unreinforced AA6063 Obtained from the Image Analysis Results
Sample Circularity  Irregularity  Solidity  Aspect Ratio (AR)  Elongation Ratio (ER) ECD
Control 0.797 5.611 0.83 0.557 1.796 7.592
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5wt% PKS 0.742 4374 0.796 0.473 2.115 7.258
7.5wWt%PKS  0.772 5.054 0.845 0.464 2.153 7.649
15wt% PKS  0.786 4.054 0.827 0.478 2.094 7.213

ECD is equivalent circle diameter.

Figure 6a-d show the original images of AA6063, AA6063/5wWt% PKS,
AAB063/7.5wt% PKS and AA6063/15wt% PKS composites taken with
metallurgical Optical microscope. The composites photomicrographs (Figure 6c¢-
d) show a good dispersion of the PKS particulate reinforcement in the Al-Mg-Si

alloy matrix with small areas of reinforcement particles agglomeration, which
characterizes stir-cast metal matrix composites [40]. There are areas of
discolouration observable in the original optical micrographs running across grain
boundaries and masking the microstructural features of the base alloy and
composites (Figure 6). Image processing (image- colour adjust and threshold, noise
elimination) of the original micrographs, produced a uniform surface colour in the
images and reveal contrastive microstructural features (Figures 7 & 8).

S - - : 200um |
B e £ S T — j
Fig. 6 Original optical micrographs of (a) Unreinforced AA6063, (b)
AABO63/5Wt%PKS, (c) A6063/7.5wWit%PKS and (d) AAB063/15wWt%PKS

Composites at 640x magnification

Automatic thresholding is an important parameter in image analysis used to
determine the division and segment between grains and grain boundaries.
Threshold function is applied to determine the surface fraction indicated by the
ratio of colour to the general surface of the entire image. According to ASTM
standards E112-96 and E1382-97 requirements, the threshold is adjusted to detect
either the grain interior or grain boundaries [16, 36]. Figures 7 & 8 reveal the
processed and thresholded images of the reinforced and unreinforced AA6063
alloy. To obtain an image with a clear and accurate segmentation of grains and
grain boundaries, the processed and thresholded images of Figure 7 were further
subjected to noise elimination and conversion to hinary form (black and white
threshold), which is useful for subsequent quantitative and qualitative
measurements during image analysis and microstructural descriptions. Small
particles or matrix inside the grains are considered noise and must be eliminated.
It could be observed that the grains of the micrographs in Figure 8 occupy
differentiated homogenous area after noise elimination. There is the precipitation
of larger, contrasting and more rounded grain sizes, especially in Figure 8d. Figure
10 reveals the phase fraction or volume of the shaded area, which are shown
quantitatively in Table 2 as the % Area. It shows the particle distribution in both
the reinforced and unreinforced matrix. While Figure 9a-d depict the interactive
3D surface plot of the particle distribution. The colour intensity on the 3D surface
plot gives a graphic vision and description of the observed surface morphology of

the composites [19].
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Fig. 7 Processed and threshold colour imges (biuej after eliminating noise using

the image analysis (a) Unreinforced AA6063

(b) AABO63/5Wt%PKS, (c)

A6063/7.5Wt%PKS and (d) AA6063/15wt%PKS Composites




Edoziuno et al. in Acta Metallurgica Slovaca

X i ¥ iy
AT NI S SR it e e
Fig. 8 Processed and thresholded (black and white) images (a) Unreinforced
AAB063, (b) AAB0B3/5Wt%PKS, (c) AB063/7.5Wt%PKS and  (d)

AAB063/15wt%PKS Composites

| 200um

Imagedan

|maged3n

200um

ImageJan
Fig. 9 Interactive 3D surface plot of (a) Unreinforced AA6063, (b)
AAB0B3/5Wt%PKS, (c) AB063/7.5wWt%PKS and (d) AA6063/15wt%PKS
Composites




Edoziuno et al. in Acta Metallurgica Slovaca

o

Fig. 1 Map dfawngf the?)atic are distribution of I and Whit theshold
(using Analyse tool) for (a) Unreinforced AA6063, (b) AA6063/5wt%PKS, (c)
AB063/7.5Wwt%PKS and (d) AA6063/15wt%PKS Composites

CONCLUSION

From the foregoing observations and analysis, it would be proper to conclude that
better and enhanced wear properties were obtained by the 10wt% PKS
reinforcement. The least sliding distance was covered in that sample during the
abrasive sliding experiment due to higher surface friction opposing the sliding
motion, despite the application of constant load and uniform number of cycles of
revolution. It is shown that image analysis tools are useful for the assessment of
microstructural features, such as particles size and shape descriptors and properties
of aluminium matrix composites. Several particles shape and size factors were
employed to sufficiently describe the non-spherical particles of the reinforced
composites having some degree of roughness.
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ABSTRACT

The article describes potential application of the BCC alloy Tio.95Zr0.0sCrosMnosVo2Nio in the hydrogen absorption process. It deals with the measurements of the PCI
(Pressure Concentration Isotherm) characteristics applying the volumetric method. With regard to the fact that it is an indirect measurement method, the thermodynamic
description was analysed in details and subsequently used to identify the weight capacity of the stored hydrogen. The article presents a detailed description of the
procedure for measuring the free volume of the measuring equipment using helium which is able to penetrate into pores and apertures with the size of only a few
nanometres but does not participate in the absorption into the intermetallic structure of the alloy. The hydrogen absorption into the tested alloy was initiated by
repeatedly performed activation of the alloy surface. The final section of the article presents the examination of the cyclic stability of the absorption-desorption cycle
within the repeated monitoring of the maximum weight capacity of the stored hydrogen.

Keywords: hydrogen storage, alloy, absorption, PCI, activation

INTRODUCTION
Table 1 Composition of the resulting specimen
The complete implementation of the use of hydrogen as an energy carrier

requires efficient, safe, and cheap storage thereof [1-3]. Compared to gaseous and . Achievedalloy
liquid storage systems, storage of hydrogen in metal hydrides (MH) exhibits Element De5|_r§d alloyo composition
several advantages [4-8]. The most important ones include mainly high composition [wt.%] [wt.%]
volumetric density and low operating pressure; this represents significant Ti 28.88 28.57
improvement of the safety of applications thereof in the transportation segment, v 6.46 6.77

in various industries, or in households [9, 10]. The development of novel MH

materials requires the identification of their PCI (Pressure Concentration Cr 2641 25.94
Isotherms) curves indicating the changes in the pressure depending on hydrogen Mn 27.91 28.09
concentration at a constant temperature [11-13]. The PCI curve shows the Ni 7.45 7.58
hydrogen absorption at the equilibrium pressure until the alloy is fully saturated, 7r 2.89 278

as indicated by a sharp pressure increase at the maximum concentration.

The kinetics of alloy activation and storage capacity are also affected by the
chemical composition of the alloy [14-16]. The impact of elementary
composition on the hydrogenation characteristics of the BCC alloys was
subjected to multiple investigations. As for the Tig.9sZr0.05sCrosMnosVo2Nio alloy,
the addition of Zr and Ni has a significant effect on the activation process.
Without these components, the activation was required, at the temperatures of
300 to 750 °C. After the addition of the above mentioned elements, there is no
need for the thermal activation of the alloy, unless it was exposed to oxygen;
therefore, it may be assumed that the hydride surface will not be covered with the
layer of oxides. The alloy with a similar composition was also investigated by Yu
etal. [17].

The measurements of the desorption PCI curve were carried out applying the
volumetric method based on the principle of the gradual release of hydrogen into
a volumetric cylinder [18-20]. After releasing a small amount of hydrogen, it was
necessary to stabilise the pressure in the storage system. Subsequently, the
amount of the released hydrogen was monitored and calculated for normal
conditions with concurrent monitoring of the pressure in the hermetically sealed
equipment and the hydrogen temperature. The scheme of the measuring
apparatus is shown in Fig. 1.

DESCRIPTION OF THE SPECIMEN PREPARATION AND THE

MEASURING SYSTEM ASSEMBLY Mass flow “Paim

meter V4 V5 Xd4Ve
For the purpose of the PCI measurements, 6.177 g of the alloy were produced He
applying the arc welding method. In order to ensure higher homogeneity of the Filter
specimen, it was subjected to three cycles of melting and cooling to the ambient Manometer Vacuum
temperature. The resulting powder product was ground in the inert argon He H | pump
atmosphere and subsequently subjected to the X-ray diffraction. The results of 20 MPs ompa .
the final chemical composition of the specimen are listed in Table 1. 50 Water bath Volumetric

with Peltier measurement

thermopile system

\_/ \_ and regulator Temperature
sensor

Fig. 1 Scheme of the measurement apparatus
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A substantial part of the system is a hermetically sealed chamber containing the
alloy specimen; the chamber is located upstream the V4 valve. The specimen was
immersed in the water bath where it was possible to measure and regulate the
temperature within the range from 0 to 60 °C. The system facilitated independent
supplies of helium and hydrogen at the maximum pressure of 7 MPa. Gases were
removed from the system using the Edwards E2M1.5 two-stage oil vacuum
pump. The pressure measurements were carried out using the BD SENSORS
DX9-DMP 331i pressure sensor with the pressure range from 0 to 6 MPa. The
temperature was measured using the ALMEMO FPA32P1 temperature sensor.
The sensors were attached to the ALMEMO 2890-9 datalogger by the ALMEMO
ZA 9020-FS connector. The assembled apparatus contained the BOSS-ML6-05
spherical valves. The measured data were indirectly used to calculate the weight
capacity of the stored hydrogen; it was necessary to apply the mathematical
procedure described below.

The amount of hydrogen absorbed in the alloy specimen was identified using the
following formula:

V

abs,n,i

=V,

tot,i

-V,

FV.n,i

-V,

VMS,n,i (l)

where:  Vasni [M®] — volume of hydrogen absorbed in the alloy at the i
measurement;
Vioti [M?] — total volume measured applying the volumetric method;
Vevni [M®] — volume of hydrogen in the free space between the alloy
grains, including the supply pipeline;
Vumsni [M®] — volume of hydrogen measured in the volumetric
measurement system.

All parameters in formula (1.) were calculated for normal conditions (101,325 Pa
and 273.15 K). The volume of hydrogen in the free space of the apparatus,
relative to normal conditions at the i measurement, may be calculated using the
following formula:

Vevni = ?—n'_'_n'VFv ()

where: Tn [K] — normal temperature (273.15 K);

T [K] — average temperature in the storage volumetric system;

pi [Pa] — absolute hydrogen pressure;

pn [Pa] — normal pressure (101,325 Pa);

z, [1] — compressibility factor of hydrogen in normal conditions (z, =
1

Z; [1] - compressibility factor at the average temperature and absolute

hydrogen pressure;
Vey [M?] — free volume of the hermetically sealed system.

The free volume represents the space between the grains of the powder material,
including the distribution pipeline between the pressure tank containing the
specimen and the first closing valve V4. The volume of hydrogen released into
the volumetric system Vywmsp,i, as calculated for normal conditions, is defined by
the following formula:

pVMS,i. Tn
P, TVMS‘i

V,

VMSni

=V

vMSs,i |

@)

where: Vywmsi [M®] — volume of the released hydrogen in operating conditions;
pwws,i [Pa] — absolute pressure in the volumetric system;
Tuwms,i [K] — thermodynamic temperature in the volumetric system.

The total volume released into the measuring cylinder calculated for normal
conditions was identical to the calculation made using formula (3.); however, it
corresponded to the last (n™) measurement.

Vtot,n :VVMS,n,i |i:n (4)

The resulting mass concentration of the stored hydrogen for the i" measurement
was identified as follows:

sz,n 'Vabs,n,i
G =—r——— 5)

My loy

where: Maiioy [Kg] — mass of the alloy specimen;
PH,n [kg/m®] — hydrogen density in normal conditions.

During the measurements of different specimens, the free volume of the
hermetically sealed system Vg, was changing due to changes in the porosity and
the amount of the powder alloy. It was therefore necessary to identify this
parameter prior to the measurement of the next specimen. For this purpose, the
secondary gas, helium, was used prior to hydrogen absorption. The system was
vacuumed, using a vacuum pump, to the absolute pressure of 5 Pa and then filled
with helium with which absorption into the alloy structure does not occur; this
facilitated measuring the amount of the gas released into the volumetric
measurement system in order to identify the free volume between the grains and
use such data to make a simple calculation of the missing parameter Vgy. The
calculation was based on the differential form of the equation of state; a pressure
decrease in the hermetic chamber was adequate to the amount of the released
hydrogen:

dPhe Vv = dMye - fye T “Zhe (6.

where:  dpye [Pa] — elementary change in the pressure in the closed chamber
during the release of helium;
dmye [kg] — elementary change in the mass of helium released from
the system;
I'e [J/(kg-K)] — specific gas constant of helium;

Z,4e [1]1-average value of the compressibility factor.

By subsequent solving of the equation, it was possible to calculate the ratio of the
free volume and the average temperature; the ratio was identical to that observed
during the measurements with hydrogen and helium (while maintaining the same
thermal field of the tank). Therefore, it was possible to substitute the ratio of the
free volume to the average temperature directly to formula (2.) obtaining the
following formula:

—_— = . rHe . ZHe (7)

A change in the mass of hydrogen was identified using the equation of state for
hydrogen released from the volumetric measurement system:

-V,
Aty = Pvms,He * VvMs,He ®)

e * TuMs He

where: Pvms.He [Pa] — pressure in the measuring cylinder;
Vyms ke [M®] — hydrogen volume in the measuring cylinder;
Twms.ke [K] — hydrogen temperature in the measuring cylinder.

SPECIMEN ACTIVATION

The specimen of the Tig.5Zr0.05CrosMnosVo2Nio . alloy was activated in order to
eliminate the oxidation layer which might generate during the production of and
manipulation with the specimen. The specimen was exposed to three cycles of
heating and cooling at the temperatures from 3 to 100 °C and at the pressures
from 0 to 4.3 MPa. The specimen was first heated to 100 °C at the absolute
pressure below 5 Pa and then left in these conditions for the period of 30 minutes.
Subsequently, the pressure tank of the hermetically sealed system was cooled to
the temperature of 3 °C and the system was filled with hydrogen to the pressure
of 4.3 MPa and then left in these conditions for the period of 5 hours. During
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hydrogen absorption, the pressure in the chamber slowly decreased (Fig. 2); this
facilitated the calculation of the increase in the mass concentration of the stored
hydrogen over time.

5

Hydrogen pressure (MPa)

0 —
2000 6000 10000 14000 18000
Time (s)
Fig. 2 Pressure decrease in the tank during the first activation

An increase in the mass concentration may be defined as the ratio of the change
in the mass concentration of the stored hydrogen per time unit in the initial linear
area of the pressure decrease (between 4,000 and 8,000 s) using the following
formula:

_Ac_ Am,,
At Ar-m

alloy

Ap, -V
pH2 FV _ (S'l) (9)
N, -T

4 -
At- malloy '
where: ¥, [s™] — increase in the mass concentration over time;
Ac [1] — change in the mass concentration of the stored hydrogen;
Amy, [kg] — change in the mass of the absorbed hydrogen;
Apw [Pa] — decrease in hydrogen pressure in the pressure tank;
ruz [J/(kg-K)] — specific gas constant of hydrogen.

During the first activation cycle, the absorption kinetics were very slow and
reached the value ¥; = 4.93:107 s™*. This value represented an increase in the
mass concentration in 4.93-10°° % per second.

The second activation cycle was carried out in identical conditions, but the
kinetics of the process of the initial absorption was as much as 117 times faster
(¥, = 5.8:10° ). The curve of the pressure in the hermetic chamber during the
second activation of the alloy is shown in Fig. 3.

5

Hydrogrn pressure (MPa)

0 100 200 300 400 500 600
Time (s)
Fig. 3 Decrease in the pressure in the tank during the second activation

During the third activation, the value of the increase in the mass concentration ¥;
was 1.66-10° s,

DISCUSSION

The measurements of the decrease in the pressure in the hermetically sealed
measurement chamber during the activation indicate that the initiation of
hydrogen absorption into the alloy structure requires at least three consecutive
cycles of the activation process. This will initiate the process of hydrogen storage
with acceptable process kinetics. Following the alloy activation and the
measurement of the free volume of the hermetically sealed system, the system
was vacuumed using a vacuum pump; this resulted in an increase in hydrogen
pressure to 5 MPa. Through the gradual release of hydrogen into the volumetric
measurement system and a subsequent calculation, as described in the
mathematical apparatus, the PCI characteristics of the alloy were identified (Fig.
4).

10
A
y
A
2 S B
@ A
=]
Q‘" A
A
A
0.1
0.0% 0.2% 0.4% 0.6%

¢ (1)
Fig. 4 PCI characteristics of the TigesZr00sCrosMnosVo2Nig, alloy during
hydrogen desorption

Hydrogen absorption into the alloy begins already at the pressure of 0.2 MPa.
The relevant curve indicates that the plateau pressure for the tested alloy was 1.4
MPa and after the peak mass concentration of 0.52 % was achieved, the pressure
sharply increased. This was caused by the alloy saturation and further supplies of
hydrogen into the storage system caused the gas accumulation in the free volume
Vey. In order to confirm the measurement accuracy and determine the cyclic
stability, the measurements of the PCI characteristics were repeated 6 times while
maintaining the same thermodynamic conditions. Fig. 5 shows the curve of the
peak mass concentrations of the stored hydrogen at individual measurements.
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0.2

0.1
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n (1)
Fig. 5 Curve of the peak weight capacity of the alloy under the periodic load
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A stable value of the mass concentration, i.e., 0.25 wt. %, was reached after the
third absorption-desorption cycle. From cycle 4 onwards, the alloy appeared to be
stable for further hydrogen storage.

CONCLUSION

Certain disadvantages of the pressure and cryogenic storage of hydrogen urge the
necessity to search for alternative methods of storing this gas [21]. An option that
seems to be appropriate is the use of metal hydride alloys which facilitate the
storage of hydrogen in crystal lattices of metals. In the case of the tested alloy
Tio.05Zr0.0sCrosMno Vo Nig2, hydrogen was stored in the cubic lattice. This alloy
may be used for hydrogen storage, but the use thereof requires multiple activation
of its surface. The measurements of the PCI characteristics were made applying
the volumetric method which is, compared to the high-pressure
thermogravimetric analysis, more cost-effective, provided that the obtained
results are comparable. The problem associated with the practical application of
the tested alloy in hydrogen storage is insufficient cyclic stability with a 50 %
decrease in the maximum value of the mass concentration after three consequent
storage processes. After the mass concentration stabilises, its value is only 0.25
wt. %, representing 27.8 litres of the stored hydrogen (in normal conditions:
101,325 Pa; 273.15 K) in 1 kg of the alloy. The measurements of the PCI
characteristics clearly show that this alloy exhibits low absorption pressure of 1.4
MPag; it is therefore suitable for the direct absorption of hydrogen produced
through the electrolysis of water in high-pressure electrolysers which achieve the
pressures of up to 2 MPa. This eliminates the necessity of using a compressor.

Acknowledgments: This paper was written with the financial support of the
granting agency VEGA within the project solution No. 1/0108/19 and
No. 1/0626/20 and of the granting agency KEGA within the project solution
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ABSTRACT

Ceramic composite materials consisting of B,C matrix and AlgB4C; secondary phase were prepared by in situ reactive sintering of the initial powder mixture B,C-Al
with concentration from 5 to 25 wt.% Al sintering additives. The composite samples were hot pressed at the temperature of 1850 °C, pressure of 35 MPa, for 15 min in
a vacuum atmosphere. The portion of AlgB4C- secondary phase increased from 3.3 to 22.1 wt.% when increasing the concentration of Al sintering additive from 5 to 25
wt.% Al. Significant improving of densification and mechanical properties was measured at increasing of Al sintering additive concentration from 5 to 10 wt.% Al. The
highest average hardness of 28.74 GPa was achieved when adding 15 wt.% Al sintering additive. The fracture toughness increased with concentration of Al sintering

additive in whole concentration range with the highest average value of 5.92 MPa.m*? at 25 wt.% Al sintering additives.

Keywords: boron carbide, ceramic composite, secondary phase, hardness, fracture toughness

INTRODUCTION

Boron carbide (B4C) based ceramic materials have been intensively studied,
because of their excellent properties [1-3]. Due to its prevailing covalent bonding
the boron carbide based ceramic materials are extremely hard. The high hardness,
above 30 GPa, places it on the third place between hardest materials after
diamond and cubic boron nitride [4-6]. B4C is corrosion and wear resistant and
ambient and elevated temperatures [7-8]. Boron carbide is characterized by high
melting temperature of 2450 °C, it has low density of 2.52 g.cm™, high Young’s
modulus of 460 GPa and high cross-section for absorption of neutrons [4, 10-12].
Difficult sinterability of B,C is one of the main problems of reliable compacts
preparations. Hinder sinterability causes closed rest porosity in the sintered
compacts, which is irremovable [7, 9, 10 12]. This stems from small coefficients
of self-diffusion in B4C. Full density of B,C cannot be achieved at pressureless
sintering without sintering additives. B,C compacts with near full density of 2.52
g.cm™ can be prepared by hot pressing at temperatures above 2300 °C. However,
the sintering at temperatures above 2000 °C causes the particle coarsening in
ceramic compacts [5, 13]. Using fine powder, adding of sintering additives and
application of pressure at sintering allows decreasing of sintering temperature
[12, 14-19].

One of the major disadvantages of B,C is its low fracture toughness, which have
to be improved for successful applications of boron carbide based ceramics [17,
20]. An increase of fracture toughness of samples can be solved through sintering
of ceramic composite systems, which enables decreasing of sintering temperature
too. Choosing of suitable composite systems permits creation of new phases in
situ during sintering. Sintering additives in form of some elements (such as Al,
Hf, Ti, B, C), and compounds (such as Al,Os, HfO,, TiO,, ZrO,, SisN, TiC,
W,Bs) are used at fabrication of in situ sintered B,C based ceramic composite
materials [4, 14, 15]. They improve densification and influence the
microstructure and mechanical properties of sintered compact because of creation
of new secondary phases. Secondary phases are essential mainly for enhancing of
fracture toughness, which is critical for boron carbide based ceramic materials,
because it achieves values only from 2 to 3 MPa.mY2 The composite hardness
can decrease, as phases with smaller hardness in comparison to B,C are created
[15].

Sintering of B4C based ceramic composite with Al additive is interesting because
of its low density [14, 20]. It is possible to densify the system at pressureless
sintering, hot pressing and plasma spark sintering. Porous B,C skeleton can be
infiltrated with molten aluminium. Al sintering additive is used at pressureless
sintering of B,C-Al system. Achieved structure is similar to boron carbide with
some changes in elementary lattice cell. Compacts with the density from 95 to 99
% are possible to prepare at sintering temperatures from 2100 to 2200 °C. Hot
pressing can be used for increasing of densification when the sintering

temperature decreases to 1600 °C. Final composite is very dependent on the
composition of powder mixture, densification value and sintering temperature.
Sintering pressure has a positive effect on density and mechanical properties. Al
additive enables sintering with in situ reactions and creating of composite
consisting of B,C matrix reinforced with AlgB,C; secondary phase. AlgB4C;
secondary phase can function as sintering additive to improve the sintering
property of B,C based ceramic which could result in higher relative density,
lower shrinkage rate and better mechanical properties compared to that without
AlgB,C; secondary phase. AlgB,C; secondary phase can be used as high
temperature construction material since it possesses density of 2.69 g.cm, which
is close to density of B,C (2.52 g.cm?) [19-21].

USED MATERIALS AND EVALUATION METHODS

Densities, microstructures and mechanical properties of B,C based ceramic
composite materials were studied on compacts prepared using hot pressing
process of the initial powder mixture composed of B,C powder with different
concentration of Al sintering additive. The initial B,C-Al powder mixture
contained 5, 10, 15, 20 and 25 wt.% Al sintering additive. Their homogenisation
was accomplished using wet mixing in horizontal mill with Teflon container and
B4C mill balls in isobutyl alcohol lubricant. The green samples were die pressed
in simple tool with floating die of cylindrical shape with diameter of 8 mm at
pressure of 140 MPa. All samples were consequently hot pressed in graphite die
with floating matrix of cylindrical shape at the temperature of 1850 °C, pressing
time of 15 min and pressure of 35 MPa in a vacuum atmosphere with final
vacuum value about 10 Pa.

The densities of hot pressed samples were measured using Archimedes method.
The microstructures were studied with Axiovert 40 MAT microscope and JEOL
JSM-IT300 scanning electron microscope. The phase analysis was done using X
ray diffraction method with Philips PW 1710 diffractometer. Volume portion of
phases was estimates using image analysis with software of AxioVision, module
Mutiphase. The hardness and fracture toughness of ceramic composite materials
were measured using Vickers indenter Buehler IndentaMet 1100 with load of
49.03 N and indentation time of 10 s.

RESULTS AND DISCUSSION

Densification of B,C-Al initial powder mixture

The average densities of ceramic composites prepared by hot pressing of the
initial powder mixture B,C with different concentration of Al are summarised in

tab. 1. Their densities increased from 93.90 to 98.85 % when increasing the Al
sintering additive concentration from 5 to 10 wt.% Al. Small differences in the
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densities, in the interval from 98.85 to 98.89 %, were measured for samples with
the initial concentration in the interval from 10 to 25 wt.% Al. These differences

were lower than scatter of measured values, but the highest average density of
98.89 % was measured for sample with the initial concentration of 15 wt.% Al.

Table 1 Effect of Al concentration on density and portion of phases in B,C-AlgB,C; composite

Al concentration (wt.%) Density (%) B4C portion (vol.%) AlsB4C; portion (vol.%)
5 93.90 96.7 3.3
10 98.85 94.8 5.2
15 98.89 92.8 7.2
20 98.74 86.3 13.7
25 98.84 77.9 22.1

Microstructure of B,C-AlgB,C; ceramic composite

Microstructure of ceramic composite materials with the initial concentration of 5
and 10 wt.% Al sintering additives are depicted in Figs. 1 and 2. The
microstructures contain three phases with different colours. The microstructures
consist of grey matrix of boron carbide (B,C) phase, light areas of aluminium
boron carbide (AlgB4C7) phase and small portion of dark areas which represent
rest porosity of samples. All samples had similar microstructure but with
different portion of observed phases. The portion ratio of AlgB4C; secondary
phase increased and the portion of rest porosity decreased with increased
concentration of Al sintering additive in the initial powder mixture.

The identification of phase composition was realised by X ray diffraction
analysis. All composites had similar XRD records with major portion of B,C
phase which corresponds with grey areas in Fig. 1 and 2 and minor portion of
AlgB,4C; phase and it corresponds with light areas in Fig. 1 and 2. The formation
of AlgB4C; phase was in good agreement with theoretical background.

Fig. 1 Microstructure of B4C based composite sintered with 5 wt. % Al

The effect of Al concentration on the portion of observed phases measured using
the image analysis is given in Table 1. The portion of AlgB,C; phase was 3.3
vol.% for sample in fig. 1 which was hot pressed from the initial powder mixture
B,C with 5 wt.% of Al sintering additive.

The image analysis showed a positive effect of Al sintering additive on portion of
AlgB,C; secondary phase in B4C-AlgBsC; composite. The image analysis of
composite microstructures showed that the portion of the AlgB,C; secondary
phase increased from 3.3 to 22.1 vol. % AlgB,C-, but he portion of B,C matrix
decreased from 96.7 to 77.9 vol.% B,C when increasing the concentration of Al
sintering additives from 5 to 25 wt.% of Al sintering additive. The increase of
AlgB,C; secondary phase portion with the increase of Al sintering additive
concentration can be related to the larger extent of the in-situ reaction at higher
concentration of Al.

Fig. 2 Microstructure of B4C based composite sintered with 10 wt. % Al
Mechanical properties of B,C-AlgB4C; composite
The effects of Al sintering additive concentration in the B,C-Al initial powder

mixture on the hardness and fracture toughness of B,C-AlgB,C; ceramic
composite materials are plotted in Figs. 3 and 4.
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Fig. 3 Effect of Al on hardness of B,C based ceramic composite
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Fig. 4 Effect of Al on fracture toughness of B,C based ceramic composite

The effect of Al sintering additive on the hardness of B4C-AlgB4C; ceramic
composite presented in fig. 3 can be divided to two sections. Average hardness of
B4C-AlgB4C; ceramic composite increased from 20.20 GPa to 28.74 GPa in the
concentration interval from 5 to 15 wt. % Al sintering additive because of better
densification of composite and larger extent of in situ reaction with increased
concentration of Al. Average hardness of B,C-AlgB,C; ceramic composite
slightly decreased from 28.74 GPa to 26.41 GPa in the concentration interval
from 15 to 25 wt. % Al because of creation of large portion of secondary phase
AlgB,C; with lower hardness compared to B,C matrix. The highest hardness of
28.74 GPa was achieved when adding 15 wt.% Al sintering additive.

Addition of Al into B,C powder had the positive effect on the increase of fracture
toughness in whole studied Al concentration range (see fig. 4). Average fracture
toughness of B4C-AlgB,4C; composite increased from 4.10 to 5.92 MPa.m*? with
the increase of Al sintering additive concentration from 5 to 25 wt.% Al. The
highest average fracture toughness of 5.92 MPa.m? was measured at composite
with the highest concentration of 25 wt.% Al sintering additives. The fracture
toughness increased by 44 % at the composite sintered with the highest
concentration of sintering additive (25 wt.% Al) compared to the composite with
the lowest concentration of sintering additive (5 wt.% Al). This effect can be
explained by both toughening effect of AlgB4C; secondary phase and higher
fracture toughness of AlgB,C; compared to B,C matrix.

CONCLUSIONS

Ceramic composite material consisting of boron carbide B,C matrix and
aluminium boron carbide AlgB4C7 secondary phase was prepared by hot pressing
of the initial powder mixture B,C-Al with concentration from 5 to 25 wt.% Al.
The composite samples were hot pressed at the temperature of 1850 °C, pressure
of 35 MPa, during hot pressing time of 15 min in vacuum atmosphere about 10
Pa.

Significant improving of average density of B,C based ceramic composite
material from 93.90 to 98.85 %. was reached at increasing of Al sintering
additive concentration from 5 to 10 wt.% Al. The highest average density of
98.89 % was measured for composite with the initial concentration of 15 wt.% Al
sintering additive.

The portion of the AlgB4C; secondary phase increased from 3.3 to 22.1 vol.%
AlgB,C; when increasing the concentration of Al sintering additives in the initial
B4C-Al powder mixture from 5 to 25 wt.% of Al sintering additive.

The hardness of B,C-AlgB4C; ceramic composite increased from 20.20 GPa to
28.74 GPa in the concentration interval from 5 to 15 wt. % Al sintering additive
because of better densification of composite and larger extent of in situ reaction
with increased concentration of Al sintering additive.

Addition of Al into B,C powder had the positive effect on the increase of fracture
toughness in whole studied Al concentration range. Average fracture toughness
increased from 4.10 to 5.92 MPa.mY? in B,C-AlgB,C; composite with increase of
concentration of Al sintering additive from 5 to 25 wt.% Al.
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ABSTRACT

This paper presents the possibility of consolidating side products of turning of aluminum alloys into the form and properties of solids metals using low-temperature
KoBo extrusion method has been assessed.The proposed method is based on cold compaction of chips into briquettes, and then extrusion by KoBo method at room
temperature. The extruded rods were tested for mechanical properties (uniaxial tensile test and Vickers hardness test), and compared with specific mechanical properties
of solid material. A very good effect of chips compaction has been proved by KoBo method, which has been confirmed by relatively slightly different mechanical
properties of the material after consolidation compared with the solid one.

Keywords: metallic chips, KoBo method, extrusion, mechanical properties of extrudate

INTRODUCTION

Manufacturing metal objects leads to a great amount of scrap material, such as:
chips, cuttings or defective components. Most often, such scrap material goes
back to steel plants, where it is recycled (by melting) and some part of it can be
used again in manufacturing processes.

Aluminum machining chips are one of the most difficult types of scrap to recycle
using traditional methods of remelting. It is characterized by elevated
surface/volume ratio and it is usually oxidized and covered by different types of
contaminants (i.e. lubricants used for the machining process). Due to these
features, conventional consolidation by melting technologies may lead to
different drawbacks and environmental issues (e.g. fumes and gas formation,
energetic/economic issues). In the last years, the consolidation by melting of
aluminum alloys has been deeply investigated by many researchers [e.g. 1-5].
From these studies it arises that the recovery rate of the entire process usually
hardly reaches 50%. Moreover, the whole process requires several intermediate
operations: cleaning, dying, compacting, etc. as well as high energy usage,
causing these conventional technologies to be inadequate for the modern
industrial needs.

However, there exists another method of metal waste management, which
involves its direct conversion into solid material. One of the promising ways of
consolidation of metallic scrap, alternative to re-melting, is the technology based
on plastic working [e.g. 6-9].

There are great literature reports concerning the consolidation of metallic chips
based on the traditional plastic deformation processes (e. g. high-temperature
extrusion) [10-22]. However, conventional, high-temperature extrusion of chips
does not result in their satisfactory consolidation due to the slight value of
extrusion ratio A and strong surface oxidation of chips. So far, using SPD (Severe
Plastic Deformation) in particular ECAP methods to solve this problem, given
their low efficiency, have not proved to be very applicable in the industry. That is
why, new methods of chip consolidation by low-temperature processes are being
investigated. Such a result can be obtained by the use of KoBo extrusion method
[e. g. 23-26].

KoBo method is an interesting technical and technological solution allowing for
controlling the process of plastic flow of metallic materials, but also an effective
method of forming the structure and properties of materials. The application of
additional reversible torsion of die by a given angle, at specific frequency (Fig. 1)
results in some strain caused by die torsion leading to the existence of
viscoplasticity effect of the material [27-31]. The essence of KoBo method is the
change of strain path, which leads to the change of stress and results in lower
extrusion force.

1 — punch, 2 — container, 3 — reversibly
rotating die, 4 — extruded metal/billet,
5- product

Fig. 1 Scheme of extrusion by KoBo method [36]

Superplastic type of metal flow makes it possible to obtain a high quality product,
even with complex shapes. As a result, a product is obtained with high plastic
properties, suitable for further, direct forming operations [23, 30, 32].

The great advantage of the process compared to classical SPD and extrusion
methods is to obtain the product in a single step [30-34], at room temperature and
with properly reduced cross sections, even for hardly deformable materials [e.g.
30, 32].

In case of extrusion of chips there are two issues: the necessity of their
compaction up to solid state and recreation of joints between individual chips in
order to form bulk material/product, which requires inducing a cyclic change of
strain path in each of them. In particular, cyclic torsion leads to deformation in
the sheared layers, and thus “exposure” of new, non-oxidized surface elements of
adjacent chips. High compressive stresses provide them with good mutual
adhesion and in effect their stable joint at atomic level [33-35].

The KoBo method is an efficient, low energetic method for consolidation of
chips. Each of the five process parameters (temperature, extrusion ratio, extrusion
rate, angle and frequency of oscillations) can exert influence on mechanical
properties and microstructure. This influence should be considered in order to
obtain desirable results.

The aim of the study is to present the possibility of consolidation machining
chips from aluminum alloys into products with properties of solids leaving
the liquid phase out has been assessed and the analysis of the effects of process
parameters on the mechanical properties of the final product. For this purpose,
the process of low-temperature extrusion using the KoBo method was used. The
proposed method is based on cold compaction of chips into briquettes, and then
extrusion by KoBo method without initial heating. The extruded rods were tested
for mechanical properties (uniaxial tensile test and Vickers hardness test), and
compared with specific mechanical properties of extrudate made of bulk material.

MATERIAL AND METHODS

Experimental procedures

DOI: 10.36547/ams.26.2.339
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The investigation was conducted on 7075 alloy in the form of chips from
manufacturing process and in the form of solid material, for the sake of
comparison of the final effects of both methods.

The machining chips coming from the manufacturing processes, contained
coolant and lubricant residue. They were not given any cleaning after being
produced. In the first stage of the experiment, the chips were compacted. They
were put into a special container (cylindrical container with a 60 mm diameter
hole) and pressed on a vertical hydraulic press under pressure of 30T. The
obtained metal briquettes were used as billets for KoBo method (Fig. 2). The
process of consolidation by KoBo extrusion method at low temperature was
conducted on the HYDROMET hydraulic KoBo press with the maximum load of
2,5MN.

Fig. 2 Chips of 7075 alloys (a) and briquettes (b) made of them as billet for
KoBo process

Based on the experimental results obtained in the process of extrusion of solid
metals and alloys, the presented experiments were conducted with the amplitude
of the die rotation angle equal to +8°. The frequency of die oscillation was
selected in the range of 5+8Hz. The extrusion process was conducted at room
temperature with the use of non-heated briquettes as billets. The extrusion rate
was in the range of 0,2-0,25 mm/s .The parameters of the extrusion process were
the same for both extruded material (chips and bulk).

As a result of extrusion process ¢10 mm rod was obtained with the extrusion
ratio A = 36. The obtained products (Fig. 3) were tested for their mechanical
properties in a uniaxial tensile test and Vickers hardness test.

Fig. 3 Rods obtained by KoBo method: 1 — rod made of bulk billet (smooth
surface quality), 2 — rod obtained from chips (smooth surface with “pattern”
resulting from die rotation)

RESULTS AND DISCUSSION
Investigation of mechanical properties of KoBo extruded rods

Quality evaluation of extrudates is based on the determination of their
mechanical properties and surface quality. Test pieces for a static uniaxial tensile
test were taken from extruded rods, and test was conducted by means of
Zwick/Roell Z100 testing machine. The test pieces were taken from the
beginning, middle and end part of the extrudate. They were subjected to tensile
test at constant strain rate. Diagrams showing stress—strain (¢ — €) relationship
were made, and tensile strength (Rn), yield point (Ro2) and elongation (A) were
determined.

Also, Vickers hardness tests were taken

according with PN-EN 1SO 6507-2 by means of NEXUS 4303 hardness tester.
Test pieces for hardness tests were made according with standards mentioned in
PN-EN norms (e.g. PN-EN 1SO 6507-1:20020. Fig. 4 shows the diagram of
tensile tests on rods obtained by consolidation of chips of 7075 in the process of
extrusion by Kobo method, whereas Table 1 presents determined mechanical
properties.
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Fig. 4 Tensile curves of $10 mm rods after 7075 chips consolidation by KoBo
method

Table 1 Mechanical properties of extrudates made of chips extruded by KoBo
method (average values from three test pieces)

Test piece/Properties Rm [MPa] Ro2[MPa] A [%0]
7075 — beginning of extrudate 309 190 6.6
7075 — middle of extrudate 385 210 14.2
7075 — end of extrudate 392 219 14.3

By comparing mechanical properties of the material from the extruded
consolidated chips in a tensile test, it can be observed that the tensile strength
increases as the distance from the beginning of the extrudate grows. The yield
point is similar with a significant difference at the end part of the rod. Elongation
at specific parts of the rod has shown a considerable growth at the end of the
extrudate.

For comparison of the effect of KoBo extrusion of consolidated chips the results
of extrusion of bulk material were given. Fig. 5 presents diagrams illustrating
tension of rods from bulk material of 7075 alloys in the process of concurrent
extrusion by KoBo method, whereas Table 2 shows determined mechanical
properties.
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Fig. 5 Tensile curves of $10 mm rods obtained from bulk 7075 materials by
KoBo method

Table 2 Mechanical properties of extrudate made of bulk material extruded by
KoBo method (average values from three test pieces)

Test piece/Properties Rm [MPa] Ro.2 [MPa] A [%0]
7075 — beginning of extrudate 295 189 4,7
7075 — middle of extrudate 295 214 4.4
7075 — end of extrudate 303 209 34
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Analyzing the properties of rod made of bulk material of 7075 alloy it can be
observed that the tensile strength increases as the distance from the beginning of
the extrudate grows. The obtained product is characterized by varied yield point
with the lowest point in the beginning part of the tested piece for 7075 alloy. The
elongation in the beginning and middle the part of extrudate is considerably
different from the yield point measured for the ending part, which proves that the
ending part of the extruded rod is relatively brittle. The longer the process, the
more flowing the extruded material becomes.

Figure 6 shows the results of Vickers hardness tests with the load of 1N of the
sample taken from the middle part of extrudate for 7075 bulk materials and after
chips consolidation.
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Fig. 6 Hardness distribution in the extrudate made of chips and solid materials by
KoBo method

The Vickers hardness tests prove that after chip consolidation by KoBo method
the material has better hardness compared with hardness of bulk material made
by KoBo method.

The oxide coating after refinement due to plastic strain in the process of extrusion
constitutes the hardening phase, which has an advantageous effect on the
extrudate’s mechanical properties. It is proved by slightly better hardness of
aluminum alloy obtained directly after chip consolidation.

Macro- and microstructural observations
The results of microstructural observations of profiles of the extrudate produced

by bulk aluminum alloy 7075 during low-temperature KoBo extrusion is
presented in fig. 7.

the axis of the rod

surface area

Fig. 7 Microstructures on cross section of rod obtained from bulk 7075 alloy (cut
form middle of extrudate)

Based on the observations, in the case of rods extruded from bulk material 7075
the microstructure is highly homogeneous.

In order to determine the type of phases occurring in the alloy, the chemical
composition of the precipitates was analyzed in micro-areas and in points by the
SEM / EDS method. The tests were carried out on polished surfaces of the
digested samples. The microstructure of the 7075 alloy consists of a warp of solid
alloys in aluminum and fine precipitates of irregular MgZn, phase particles and
large precipitations of the FeAl; intermetallic phase, insoluble precipitates
(Fe,Mn)Alg at the grain boundaries and the Mg,Si dispersion strengthening phase.
In the area of the outside diameter, plastic strain lines are visible, typical for the
extrusion process, no cracks, impurities or other discontinuities were found. The
plastic forming operations applied did not cause major changes in the
morphology of the alloy microstructure components.

The results of microstructural observations of profiles of the compact produced
by aluminum alloy 7075 chips consolidation during low-temperature KoBo
extrusion are shown in Fig. 8.

Based on the observation of the microstructure of rods extruded from material
from consolidated chips, it was found that in the surface areas there are
heterogeneities in the form of strongly deformed, elongated bands, without a
clear boundary of separation (Fig. 8).

surface area

A - strain lines
B - heterogeneity band

Fig. 8 Microstructures on cross section of extruded rod obtained from 7075 alloy
chips

Observations using a larger magnification allowed to state that the bands are
areas constituting an integral part of the alloy, not separated by a distinct
boundary and differing only in the morphology of the intermetallic phase
precipitates.

In addition to the bands of heterogeneity of microstructure related to
heterogeneity of alloys in the macroscopic scale, there are also areas in which
discontinuities with the appearance of thin boundaries are visible. The analysis of
the observation results suggests that they are oxide coating present on the surface
of chips that have not degraded in the extrusion process and remained in the alloy
representing the shape of the chips. These coatings are fragmentary and make the
connection of chips into a fully consolidated material difficult.

CONCLUSION

The investigation of mechanical properties of billets extruded from consolidated
chips, compared with the properties of a product extruded from bulk material by
KoBo method leads to the following conclusions:

— Low temperaturing extrusion by KoBo method allows for full consolidation of
dispersed chips of 7075 aluminum alloy and allows for obtaining long products
by cold forming. The presence of impurities in chips, after machining, does not
pose a significant difficulty for obtaining a solid product in the process of
extrusion by KoBo method.

— The research has shown that the consolidation process of plastic materials
based on Al alloys is able to provide very high quality and desired properties of
the output product, in some cases even better than for bulk material. Obtaining
material possessing good mechanical properties is conditioned by prevention of
too thick oxide coatings on the chip particles’ surface in the process of
refinement and depletion of aluminum oxide coatings on the chip particles’
surface as a result of using large plastic deformation.

— The oxide coating after refinement due to plastic strain in the process of
extrusion constitutes the hardening phase, which has an advantageous effect on
the extrudate’s mechanical properties.

— Product made of consolidated chips is characterized by higher strength
properties compared with the one obtained from bulk material, at almost twice
as high elongation measured in tensile tests (Table 1, 2) and better hardness of
aluminum alloy form the extruded consolidated chips (Fig. 6).
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ABSTRACT

In industrial conditions, ductile iron was prepared and two molds were made, in which a 600mm thick plate was formed. Filling system for one mold was placed
vertically and for the second -horizontally. In order to obtain cooling curves, "S" type thermocouples have been placed in the mold. After cooling the casts, the samples
from the fixing points of thermocouples were cut by the trepanning method. In the "vertical" cast sample shrinkage porosity was observed, while in the "horizontal" cast
sample no porosity was detected. A significant difference in the recorded temperature in the center of the casts was discovered, indicating a defect in "vertical” cast.

Keywords: slag ladle, cast iron, porosity, casting; thermal analysis

INTRODUCTION shape of graphite particles (from flake to nodule) give an increased chance of

shrinkage porosity. The method of preventing this defect is the appropriate
Slag ladle or slag pot (Fig. 1) belong to the group of massive and thick-walled metallurgical quality of the metal [8], but also the appropriate mould technology.
casts. Their shaping microstructure (during crystallization) is significantly Increasing demand for this type of castings requires more extensive research in
different from the castings with smaller dimensions, which in turn consequently this area.

can lead to elements segregation and shrinkage porosity [1-7].

a)l- LR L%y A p) R :
Fig. 2 Example of microstructure of ductile cast iron, light microscope — a), SEM
~b)
Fig. 1 Examples of slag ladles produced in Krakodlew S.A.
Crystallization of heavy-section casting affects the final quality of cast iron
castings, because off its wall thickness and longer cooling time. Due to the fact
that these castings are exposed to thermal loads during usage and must be
characterized by adequate strength, it is important to properly carry out the a)
casting process. It can be made of various grades of cast iron, but to make extend
service life, it should be made of GJS cast irons, which, unlike the GJL grade, Fig. 3 Example of microstructure of lamellar cast iron, light microscope — a),

contain nodular graphite (Fig. 2) instead flake graphite (Fig. 3). Changing the SEM — b)
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MATERIAL AND METHODS

In order to check the metallurgical quality of metal in relation to mold
technology, in industrial conditions of Krakodlew S.A. foundry, it was made two
casting molds made of furan resin sand. In each form a plate (600x600x75mm)
was formed. The first — vertically and the second — horizontally. The plates were
used as a model tests for optimizing the production process of slag ladles. In the
mold cavity, "S" type thermocouples have been placed for the measurement of
cooling and crystallization curves. The article presents the results to
measurements of two thermocouple. One was placed in center of the the plate and
second — 75 mm from its edges (Figs. 4, 5). The thermocouples were covered by
quartz casings. Additionally, a metallurgical quality test was performed using a
standard ,,K*“ type cup. Then the ductile iron (from the same melt and the same
ladle), which nodularization and inoculation process was carried out using cored
wire method, was poured into the molds. After cooling the casting, from the
thermocouples fixing points, the samples for metallographic examinations were
cut out by the trepanning method.

Fig. 5 View of the mold cavity after installing the thermocouples

RESULTS AND DISCUSSION

The symbols of the obtained samples are shown in Tab. 1. The number of
graphite eutectic grains in the tested samples is presented in Fig 6. The results of
the thermal analysis of the casting are presented in Fig 7. The photos of the
trepanation samples are shown in Fig. 8 and 9. Obtained microstructures are
shown in Fig. 10.

Table 1 Symbols of the obtained samples

Samples Location of the thermocouple / Forming a casting
sample
VE 75_ mm from _
its edges vertically
VC in center
HE 75_ mm from
its edges horizontally
HC in center
50
45 -
40 -
35
E 30 |
§~ 25 A
S 20 |
15 -
10 -
3 ]
0 A T
VE HE Ve HC

Sample

Fig. 6 The number of graphite eutectic grains in the tested samples of nodular
iron casting
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Fig. 7 Received cooling curves: collective — a), collective with “K” cup —b),, HE and VE — c¢), HC and HV —d)

o Dt

a)

Fig. 8 Trepanning samples cut from the plate: HC — a), HE — b)
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iR

©)

d)

Fig.10 Microstructure of sample HC —a), VC —b)

Discussion

Tests have shown that castings of the same shape but differing in the way of
forming and the location of the running system can show differences in the
obtained quality. The experiment showed that the vertical plate has shrinkage
porosity in the center of the casting, while horizontal plate was devoid of these
defects. The analysis of cooling curves showed that the temperatures near of edge
of the casting was similar in both cases. In the case of thermocouples installed
centrally, it can be observed that the vertically plate has a solidus temperature
significantly lower than horizontally plate. Clearly, this indicates a smaller
amount of crystallizing metal within a thermocouple research area.

CONCLUSION

1. In the vertical sample (VC) shrinkage porosity was observed, while in the
horizontal sample (HC) no porosity was detected.

2. A significant difference in the recorded temperature in the center of the casts
was discovered, indicating a defect in vertical plate.
3. The solidus temperature recorded in the VC was 50° C lower than in HC.

Acknowledgments: Authors are grateful for the support of experimental works
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