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Abstract: A complementary characterisation of the Al-alloy EN AW-5454 was carried out, intended for
obtaining the laser hybrid welding parameters of sub-assemblies in the automotive industry. The investigation
included a microstructural examination, and determination of the alloy's properties using several analytical
methods (HV5 hardness measurement, tensile test, Charpy impact toughness, fracture mechanics analysis).
Samples were prepared in the longitudinal and transverse directions of a cold-rolled sheet of EN AW-5454
with thicknesses of 3.5 mm and 4 mm. The measured hardness on the thinner sheet was 5% higher than on the
thicker sheet. The tensile and yield strength were nominal, while the elongations were smaller by 2.2 - 3.2% for
the longitudinal samples and by 2.7 - 13.7% for the transverse samples. The smaller deviations from the nominal
values are for the thinner sheet metal. A precise topographical analysis showed brittle fractures of the samples.
The Charpy impact toughness results on the thicker plate showed a 20% greater work needed to break it in the
longitudinal direction than in the transverse direction. With the thinner sheet metal, 40% greater work was
needed. SEM (Scanning Electron Microscope) analysis has shown that the intermetallic Als(Mn,Fe) particles in
the longitudinal samples were mostly intact, with evidence of tough areas on the upper part of the fracture,
indicating a better toughness than the specimens in the transverse direction. More crushed intermetallic
particles were observed at the fractures of the transverse samples, and their distribution appeared to be more
oriented in the direction of rolling. Fracture mechanics SENB (single edge notch bending) tests and their
analysis showed that the resistance of the material to crack propagation in the longitudinal sample was about
50% greater than that in the transverse sample. SEM analysis of the fractures showed that the state of the
intermetallic particles in the fracture mechanics testing, and the fracture mechanism differed from the one in
the Charpy fractures.

Keywords: Al alloy EN AW-5454; characterisation; microstructure; properties

1. Introduction

It is known from the literature that the most important properties of the Al-alloy EN AW-5454
are its excellent corrosion resistance, good formability [1] and weldability [2]. The Al-alloy EN AW-
5454 also has a good ratio of density and load-bearing capacity [3,4], excellent deformation properties
[5-7], and is, therefore, very suitable for use in the automotive industry. This is particularly important
for reducing the weight of the product, which affects its LCA (Life Cycle Assessment) significantly,
thereby improving the environmental footprint [8] of the product, as it results in lower energy
consumption for vehicle engines [9]. The basic properties of the Al-alloy EN AW-5454 are important
for further use in the automotive industry, as they must be considered when designing a product that
is installed in a vehicle. The properties of the Al-alloy EN AW-5454 depend on the basic
microstructure, so it is very important to evaluate the microstructure and all the key microstructural
elements that affect the properties of the final assembly during subsequent processing, finishing or
joining of the Al-product with other sub-assemblies first. Laser hybrid welding is recognised as a
promising joining process [10], as it compensates for the shortcomings of the laser and arc welding
processes when used properly. It is introduced in the field of Al-alloy welding, where the practices
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and optimal technological parameters are unknown. The development is in the experimental phase
of determining the optimal conditions for each structural element and for each Al-alloy separately.
When choosing optimal parameters, laser hybrid welding offers many advantages [11], as it is much
faster and more productive than classical arc welding [12], ensures lower energy input [13-15] into
the weld joint, and thus changes the microstructure in the HAZ (heat affected zone) [16-18], residual
internal stresses [19] and related deformations, since Al-alloys have high temperature expansions and
contractions [20], enables a wider tolerance of the welding gap [21], ensures a better appearance of
the welded joints and reduces the welding defects [22,23]. In laser hybrid welding, the transformation
of the intermetallic phase, base and eutectic phases, will probably occur in the region of the weld
joint, due to the locally high energy input, remelting of the alloy and mixing of the melt with the
added welding material [1,5,7,24,25], which will need to be investigated in more detail in further
practical tests.

The purpose of the research task was to characterise the delivered sheet metal of two thicknesses
made from the Al-alloy EN AW-5454, and to determine in detail whether the mechanical properties
are affected by the microstructural elements discovered in the previous research [26]. The results of
this research will later be used to determine the optimal welding parameters of laser hybrid welding,
observing whether the intermetallic phase tends to establish equilibrium, and whether the
intermetallic phase dissolves during laser hybrid welding, or remains in the same form as in the base
material. By determining the optimal welding parameters, we will try to avoid errors that can occur
in the weld joint as much as possible, and, at the same time, preserve the best possible properties of
the base material.

2. Materials and Methods

2.1. Materials

For the investigation we used materials supplied by the manufacturer Speira GmbH
(Grevenbroich, Germany). Sheet strips made of cold-rolled Al-sheets of two thicknesses (3.5 mm and
4 mm), width 856 mm, were supplied, which were cut to a length of 1000 mm in the supplied
condition O (soft) [27].

The nominal chemical composition of the supplied Al-alloy EN AW-5454-D used for the tests
and analyses is listed in Table 1.

Table 1. The nominal chemical composition of the Al-alloy EN AW-5454-D (in wt.%).

Thickness Element Si Fe Cu Mn Mg Cr Zn Ti Al
[mm]
Minimum - - - 0.5 2.6 0.05 - -
Rest
Maximum 0.25 0.4 0.1 1.0 3.0 0.2 0.2 0.05
3.5 0.16 0.31 0.06 0.79 2.86 0.07 0.03 0.02 95,70
4.0 0.18 0.32 0.05 0.76 2.85 0.05 0.04 0.02 95,73

2.2. Sample Preparation

All the samples for the conducted investigation were taken from the central parts of the
delivered sheet metal in a width of 300 mm, as shown in the sampling scheme in Figure 1. According
to the same scheme, the samples were taken from both sheet thicknesses. The samples were labelled
according to Table 2.
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Sheett hickness (3.5 mm/4.0 mm)

T - transversal
Sheet middle area —
Test sample cutout area L - longitudinal

856 mm

1 — Microstructure and hardness specimens

2 —Tensile testing specimens — Longitudinal

3 —Tensile testing specimens — Transversal

4 — Charpy specimens — Longitudinal

5 — Charpy specimens — Transversal

6 — Fracture mechanics specimens — Longitudinal

7 — Fracture mechanics specimens — Transversal
1000 mm

Figure 1. The scheme of taking samples from the delivered sheet metal.

Table 2. Specimen naming for different tests.

Test Thickne Directio Specimen Thickness Directi ~ Specimen
ss n [mm] on
[mm]
Hardness 4.0 L ALH1, ALH2, ALH3 3.5 L BLH1, BLH2,
Tensile 4.0 L ALT1, ALT2, ALT3 3.5 L BLT1, BLT2,
testing 4.0 T ATT1, ATT2, ATT2 3.5 T BTT1, BTT2,
Charpy 4.0 L ALC1, ALC2, ALC3 3.5 L BLC1, BLC2,
4.0 T ATC1, ATC2, ATC3 3.5 T BTC1, BTC2,
Fracture 4.0 L ALF1, ALF2, ALF3 3.5 L BLF1, BLF2,
mechanics 4.0 T ATF1, ATF2, ATF3 3.5 T BTF1, BTF2,

Designation of the specimen:

-First letter: A-thickness 4 mm; B- thickness 3.5 mm;

-Second letter: L-Longitudinal; T-Transversal;

-Third letter: H-Hardness t.; T-Tensile t.; C-Charpy; F-Fracture mech.

-Number: Specimen Nr.

2.2.1. Metallographic Sample Preparation

For the microstructural characterisation, three samples with dimensions of 15x30 mm were
prepared, taken in the longitudinal direction for each sheet thickness. The samples were embedded
with Bakelite mass, and prepared according to the procedure described in Table 3. The naming of the
samples is defined in Table 2 (the samples for hardness measurements):

e ALHI1, ALH2, ALH3

e BLH1, BLH2, BLH3

Table 3. Technological parameters of polishing.

Polishing agent Load Rotational  Direction of Time
5§45 [N] speed [rpm] rotation [min:s]
P600 20 300/30 Same 5:00

sandpaper direction
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9 um diamond

Opposite
suspension 20 150/30 Ppo 5:00
. direction
+ lubricant
3 pm diamond
. Same
suspension 20 150/30 L 4:00
. direction
+ lubricant
1 pm diamond
. Same
suspension 20 150/30 . . 2:30
. direction
+ lubricant
0.06 um
Opposite
colloidal silica 20 150/30 ppos 2:00
direction

+ lubricant

After completion of the individual grinding/polishing steps, the sample was washed with
running water. This was followed by cleaning in an ultrasonic bath in ethanol for 5 minutes and
drying with dry air. After the final polishing with colloidal silica, the sample was cleaned in an
ultrasonic bath for 20 min. This was followed by a process of chemical etching of the polished surface
of the sample, which was carried out with an etchant (H20: HF = 10:1). The etching times varied from
10 s to several minutes.

2.2.2. Sample Preparation for the Hardness Measurements
The samples prepared for microstructure analysis were later used to measure the hardness of
HV5. The naming of the samples was in accordance with Table 2:
e ALHI, ALH2, ALH3
e BLH1, BLH2, BLH3

2.2.3. Sample Preparation for the Tensile Testing

Three test specimens were produced for each testing, in accordance with the recommendations
of the ISO 6892 - 1 Standard. The dimensions of the test specimens are shown in Figure 2. They were
taken as shown in Figure 1. The naming of the samples was in accordance with Table 2:

e ALT1, ALT2, ALT3
e ATTI1, ATT2, ATT3
e BLTI, BLT2, BLT3
e BTTI1, BTT2, BTT3

44

’92 o
N o 60

234

Figure 2. Specimen dimensions for tensile testing.

2.2.4. Sample Preparation for the Charpy Impact Toughness Tests

The geometry of the Charpy test specimens was adapted to the thickness of the material, and is
shown in Figure 3. The test specimens were produced with an ISO-V notch across the entire thickness
of the material. The ISO-V notch depth was 2 mm. The samples were taken from both sheet
thicknesses, as shown in Figure 1, and named according to Table 2:

e ALCI, ALC2, ALC3
ATC1, ATC2, ATC3
BLC1, BLC2, BLC3
BTC1, BTC2, BTC3

d0i:10.20944/preprints202408.1989.v1
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Figure 3. Specimen dimensions for the Charpy instrumental testing.

2.2.5. Sample Preparation for the Testing of Fracture Mechanics

The test pieces were made in two directions with respect to the rolling direction: longitudinal
and transverse. The geometry of the fracture mechanics test specimens is shown in Figure 4. Laterally,
along the wider side, the test specimens were sanded finely with 600 grit sandpaper. Lines were
marked on both surfaces of the test specimens with a height marker, to monitor the controlled growth
of the crack. In the middle of the test piece there was a groove for the CMOD sensor and a V notch.
Three samples were made from each rolling direction, as follows (see the Table of all the material
samples, Table 2):

e ALF1, ALF2, ALF3
e ATF1, ATF2, ATF3
e BLF1, BLF2, BLF3
e BTF1, BTF2, BTF3

45°

/‘
S
10

80

Figure 4. Specimen dimensions for the fracture mechanics tests.
2.3. Performing of Analyses and Testing

2.3.1. Microstructural Analysis

The microstructure of the selected sample was investigated with an optical metallographic
microscope, NIKON Epiphot 300 (Japan), with an Olympus DP12 camera (Boston, USA). A Scanning
Electron Microscope (SEM), Sirion 400NC (FEI, USA), with an Energy-Dispersive X-ray spectroscope
INCA 350 (Oxford Instruments, UK), was used for the detailed microstructure observation and
microchemical analyses of the different metallic phases found in the sample. The sample was
analysed from secondary and backscattered electron images.

Analysis of the Fracture Surfaces

Examination of the fracture surfaces was performed with a Leica WILD M10 optical microscope
with a Leica MC170 HD digital camera (Leica Microsystems GmbH, Germany). The fracture surfaces
of the samples were examined:

o  Tensile testing: ALT3, ATT2, BLT2 and BTT1;

e  Charpy testing with labels: ALC1, ATC1, BLC1 and BTC1;

e  Fracture mechanics with labels: ALF1, ALF2, ATF1 and ATEF2, at the sites where the crack was
initiated from the notch, and at fractures that were about 1 mm away from the notch.
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2.3.2. Hardness Measurements HV5

The hardness of the samples was examined with Vickers hardness measurements HV5 on a
ZWICK 3212 machine (Ulm, Germany). The measurement load of 5 kg was selected for the given
sample dimensions.

2.4. Determination of the Mechanical Properties

2.4.1. Tensile Testing

The tensile tests were performed on a Zwick/Roell Vibrophore 100 tensile testing machine. The
elastic modulus E [GPa], tensile strength Rn [MPa], yield strength Rpo.. [MPa] and elongation Ag [%]
were measured using a quasi-static process without prestressing force. The Mean values and
Standard Deviation were calculated for each specimen. The test specimens were previously settled at
room temperature (20°C), where the tests were performed.

2.4.2. Instrumented Charpy Test

The instrumented Charpy test was performed according to the EN ISO 148-1 Standard [28], at
room temperature on an AMSLER RPK 300 Charpy hammer with the computerised results recorded
in an Excel file. During the impact test, time ¢ [s], force F [N], displacement s [mm] and velocity v
[m/s] of the impact hammer were recorded and stored digitally. The total energy for fracture E [J]
was calculated, which was divided into the energy for crack initialisation E: [J] and the energy for
crack propagation Ey [J]. The average impact work was calculated for the fracture of the test piece
with a V notch KVjeo [J/cm2].

2.4.3. Fracture Mechanics

The fracture mechanics tests were performed using the method in accordance with the ASTM
E1820 Standard [29]. The tests were carried out in three steps:

Step 1: Initiating the pre-crack to the desired length by bending on a RUMUL Cractronic machine
(pre-fatigue)

Step 2: Propagating a crack by bending in a tensile testing machine (Smitweld 1405 tensile
machine)

Step 3: Post-fatigue RUMUL Cractronic machine (post-fatigue) and final breakage of the
specimen

A CMOD sensor was placed in the groove of the SENB specimens to measure the displacement
of the crack tip opening. During the test itself, the force was measured in a three-point bending test,
where the mechanical notch was on the bottom side and the SENB test specimen was supported by
two supports with a distance of 64 mm between them. During the test, the data were recorded and
force F [N] - CMOD [mm] diagrams were drawn.

After the test post-fatigues were done to mark the stable crack growths after the SENB tests,
which were followed until the SENB specimen's final fractures. The normalisation method according
to the ASTM E1820 Standard [29] was used, to evaluate the SENB fracture mechanics test and to
determine the resistance curve (J-integral - Aa).

3. Results and Discussion

3.1. Microstructure

The microstructure of the Al-alloy had already been analysed in a previous study [26], which
showed that it consists of the main a-Al phase with dissolved Mg and Si, and, in some places, there
is also the presence of a very fine eutectic Mg:S5i phase and an intermetallic phase Als(Mn,Fe).
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3.2. Hardness Measurements

The HV5 hardness was measured on the previously metallographically prepared samples [30].
From the HV5 results shown in Table 4, it can be seen that the HV5 average differed by approximately
5 %, which indicates the probable strengthening of the Al-alloy due to the rolling process [31] and
subsequent cold forming. It is known that the AW 5454 alloy can only be hardened by kneading

[32,33].
Table 4. The average of the HV5 hardness measurements on the cross-sections of the samples ALH
and BLH.
Sp.ec1men . No. of Average sample S,t d',
thickness Specimen Deviation
measurements hardness
[mm]
ALH1 14 81.4 59
ALH2 13 84.0 5.1
40 ALH3 10 85.2 3.3
Average 37 83.3 52
BLH1 12 87.6 5.6
BLH2 16 85.9 59
35 BLH3 16 88.4 59
Average
BLH 44 87.2 5.9

3.3. Tensile Testing

The tensile tests yielded the results shown in Figure 5 and summarised in Table 6.
Diagram O, &

300
250
200
& —ALT1
= 150
© A TTL
100 —=BLT1
- _ _ ‘ e==BTT1
0

& [%]

Figure 5. Diagrams of the tensile testing of specimens: ALT1 (black line); ATT1 (red line); BLT1 (green
line); BTT1 (blue line).

The nominal mechanical properties of the materials for both delivered and used thicknesses
defined from the manufacturer are listed in Table 5.

Table 5. Mechanical properties of the 3.5 mm and 4.0 mm thick Al-Sheets.

Nominal Thickness R Rpo2  A80
thickness [mm] [MPa] [MPa] [%]
[mm]

Min. 220 90 18
4.0 Max. 3941 260 130

Meas. 3.96 240 105 20.3
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Nominal Thickness R Rpo.2 A80
thickness [mm] [MPa] [MPa] [%]
[mm]

Min. 34 220 90 18
35 Max. 3.6 260 130

Meas. 3.47 240 105 20.2

Table 6. Tensile testing results.

Specimen Direction Specimen E R Rpoz  Ag
thickness [GPal [MPa] [MPa] [%]
[mm]
ALT1 70.42 250.2 118.6 26'2
ALT2 71.99 250.5 117.9 ;7'0
L ALT3 71.22 249.6 117.8 ;9'0
Average 71.54 250.1 118.1 ;7'4
40 STD 0.33 0.34 033 1.16
ATT1 70.01 243.6 116.9 :1),4'7
ATT2 70.99 243.5 116.7 ;5'8
T ATT3 70.01 243.2 115.3 ;5'9
15.
Average 70.34 2434 116.3 35 >
STD 0.46 0.17 0.72  0.56
BLT1 71.91 251.2 118.1 26'0
BLT2 69.66 252.9 118.6 ;8'0
L BLT3 70.15 254.7 118.5 17'6
Average 70.57 2529 1184 ;7'5
35 STD 0.97 1.43 019 0.85
BTT1 70.02 2442 116,9 ;6'2
BTT2 68.36 245.8 115.7 ;’5'0
T BTT3 68.85 245.0 115.6 ;5'2
Average 69.07 245.0 116.1 17'5
STD 0.70 0.66 0.59  0.68

When comparing the nominal values with the measured values, it can be seen that the measured
values for tensile and yield strength are in the area between the upper and lower nominal values,
while the average measured elongations are smaller by 2.2 - 3.2% for the longitudinal samples and


https://doi.org/10.20944/preprints202408.1989.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2024 d0i:10.20944/preprints202408.1989.v1

by 2.7 - 13.7% for the transverse samples. Smaller deviations from the nominal are noted for the
thinner sheet metal. From the results of the performed tensile tests in Figure 5 and Table 6, we can
understand the influence of the rolling direction of the material on the elongation and tensile strength
of the material. In the case of longitudinal samples with thicker sheet metal, the elongation achieved
was 11.5% higher than in the case of the transverse samples. With the thinner sheet metal, the
elongation was only 0.7% greater. This is a consequence of the isotropy of the material due to rolling
and the texture development [34—41]. The fracture surface analysis and 3D fracture topography were
included to clarify Table 6 further.

The appearance of the fracture surface depends on the mechanism of the formation, growth and
merging of microcavities. In the case of a ductile fracture, the surface relief is a set of small pits in
which the particle where the pit formation begins is clearly visible. Micropits are formed in areas of
localised interruption of the stress propagation, such as, e.g., a second phase particle, inclusion,
grain boundary, or dislocation pile-up [42]. In the case of a brittle fracture, lamellae or steps are visible
on the fracture surface, and the surface is smoother with less presence or absence of pits. A brittle
fracture is a low-energy failure that propagates along well-defined low-index crystallographic planes
known as cleavage planes. Al-alloys are polycrystalline, and contain grain boundaries, inclusions and
dislocations. These defects affect fracture propagation, and change the fracture surface to some
extent. Sometimes, microconstituents present in the crack path can cause the alloy specimen to exhibit
a mixed fracture mode [42]. Additionally, we wanted to determine in detail whether the mechanical
properties identified by the tensile test are affected by microstructural elements. Therefore, we
performed a detailed topographical analysis of the fractures. Figure 6 shows the optical microscope
macro images and 3D topographies of the tensile test fracture surfaces. From the investigation of the
fractures, it is clear that none of the examined fractures shows a ductile fracture, but all the fractures
are extremely brittle, as there are no visible features of a ductile fracture that would indicate a large
deformation of the material. Minimal differences in the longitudinal and transverse directions are
visible. In addition, the fracture surfaces of samples ALT3 and ATT2 were examined by SEM, and are
shown in Figure 7. Figure 7a,c show the locations of the fractures examined on the samples by SEM.
There is a visible difference between longitudinally and transversely rolled specimens. In the
longitudinally rolled specimen in Figure 7b, a more ductile fracture was seen, which appears as
smaller pits, in contrast to the transversely rolled specimen in Figure 7d, where a less ductile fracture
is visible. At the fracture of the longitudinal sample ALT3, the particles of the intermetallic phase
were more oriented, with fewer crushed particles. More ductile areas are visible, which indicates a
more ductile fracture, and is also confirmed by the higher elongation values. Mixed shear-tension
areas were seen (darker areas), where the ductile structure of the surface was discernible. At the
fracture of the transverse sample ATT2, the particles of the intermetallic phase were not oriented
clearly and looked like they were inserted into the surface, with more crushed particles than in the
longitudinal samples. Fewer ductile regions are visible, indicating a more brittle fracture, and also
confirmed by the lower elongation values. Particles of the intermetallic phase on which the fracture
was initiated are present on all the fracture surfaces.
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Figure 6. Fracture surface of the tensile testing - macro-optical picture and 3D Topography: a)
Specimen ALT3; b) Specimen ATT?2; c) Specimen BLT2; d) Specimen BTT1.

Figure 7. Fracture surface of the tensile testing - macro-optical picture and SEM pictures: a) and b)
Specimen ALT3; ¢) and d) Specimen ATT2.

3.4. Charpy Testing Results

The results of the instrumented Charpy test are shown in Figure 8a—d, where the diagrams of
the force are plotted as a function of time F — t and the total energy used for fracture as a function of
time E — t. The left side of Figure 8 (Figures a and c) shows the results of the instrumented Charpy
test on the 4 mm thick sheet, while the right side of Figure 8 (Figures b and d) shows the test results
on the 3.5 mm thick sheet. The upper diagrams in Figure 8 (Figures a and b) show the test results
on samples with a notch in the longitudinal direction of sheet metal rolling, and the lower diagrams
in Figure 8 (Figures c and d) with a notch in the transverse direction of sheet metal rolling. It can be
seen from the diagrams that the total energy required for the fracture of samples with a notch in the
longitudinal direction (red lines) is greater than for the fracture of samples with a notch in the
transverse direction. This is confirmed by the results in Table 7, where it can be seen that the average
work required for a break in a thicker sheet in the longitudinal direction is more than 20% greater
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than the work required for a break in the transverse direction. An even bigger difference is noticeable
with the thinner sheet metal, where the work required to break in the longitudinal direction was more
than 40% greater than the work needed to break the specimen in the transverse direction. This is the
result of pre-treatment of the metal sheet [31,34-41]. More precise results, where the total energy for
fracture is also divided into the energy for initiation (E) and energy for propagation (Ey), are given in
Table 7.

E[J)]

3 15
BTCA — ]
2 10
z =
£
— w
w
1 5
0 —rt } ; 0
00 05 10 15 20 25 30
d t [ms]

Figure 8. Results of the instrumented Charpy tests: a) Specimen ALCI; b) Specimen ATCI; d)
Specimen BLC1; b) Specimen BTC1.

Table 7. Instrumental Charpy test results.

Specimen Direction Sample Impact Ei Ep KVyoo
thickness energy [J] (1 [J/em?]
[mm] E]]
ALC1 11.10 5.07 6.03
L 36.22
40 ALC2 11.66 529 6.37
‘ ATC1 937  3.88 549
T 30.16
ATC2 9.51 3.24 6.27
BLC1 10.66 3.87 6.79
L 38.73
35 BLC2 10.54 4.46 6.08
' BTC1 7.68 306  4.62
T 27.64
BTC2 7.38 2.24 5.14

The fractures where the crack started from the notches and the fractures that are about 1 mm
away from the notches were inspected carefully. In the fractures of the longitudinal samples, it was
observed that the intermetallic particles were mostly intact, but their distribution appeared random
- non-oriented, due to the crosswise fracture with respect to the direction of rolling. On the upper
part of the fracture (Figure 9a—f) ductile areas can be seen along the edges of the pits, which indicates
a better toughness than the samples in the transverse direction. More crushed intermetallic particles
were observed at the fractures of the transverse samples, and their distribution appeared to be more
oriented in the direction of rolling. On the thinner material (3.5 mm), a linear orientation of the
intermetallic phase particles was observed, due to the deeper rolling of the material. On the upper
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side of the fracture, where the fracture was initiated, larger intermetallic particles can be seen, while,
lower down, these particles are smaller and more fragmented. In some places, tough areas can be
seen between the larger pits. The particles of the intermetallic phase are of different sizes.

Figure 9. Fractured surfaces of the instrumented Charpy tests: a) Makro picture of specimen ALCI,
b) SEM of specimen ALC1, c¢) Makro picture of specimen ATC1, d) SEM of specimen ATCI, e) Makro
picture of specimen BLC1, f) SEM of specimen BLC1, g) Makro picture of specimen BTC1, h) SEM of
specimen BTC1.

3.5. Results of the Fracture Mechanics

The force/CMOD (crack opening displacement) and resistance curves | - A2 were drawn, and are
shown in Figure 10. In Figure 10a,b, the diagrams show the results for the longitudinally rolled
specimen, while Figures 10 ¢ and d show the results for a transversely rolled specimen. The green
marks on the graph b and d are the experimental results, continued by a fitted curve according to the
normalisation method.

All the SENB fractures of the test specimens are shown in Figure 11a,b, where the morphology
of the fracture is indicated with marked initial cracks, stable crack growth and the final fracture. All
the surfaces were analysed carefully by SEM. The images of the SEM analysis are shown in Figure
12a-f.

The critical value of the ] integral (fracture toughness) Jic was defined according to the ASTM
E1820 Standard [29], as the intersection of the resistance curve | - Aa and the parallel of the
construction line that intersects the x axis as the crack dulls Aa was 0.2 mm [29,42-46]. Then, it was
extended and closed simultaneously. From the diagrams in Figure 10b,d we can see that the fracture
toughness of the material n was about 50% higher in the longitudinally rolled sample.
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Figure 10. Force/CMOD (crack mouth opening displacement) plot of the test sample: a) ALF2, c)
ATF2; ] integral resistance curve of the test sample: b) ALF2 and d) ATF2.

Figure 11 shows different areas of crack growth, which are mutually delimited by the crack
growth fronts. In Figures 11c and 11d the arrows indicate the different areas of fractures caused by
different load regimes from the initial notch: a crack caused by pre-fatigue, where different fatigue
parameters are used, a stable crack growth caused by a quasi-stationary force loading test, and a crack
which was formed by fatigue after the experiment with the purpose of marking the crack. At the end,
there was the final break of the sample. Crack initiation started in the middle of the specimen from a
pre-fatigue crack. The crack progressed symmetrically with respect to the middle of the specimens.
In the specimens in Figures 11 a and c, the length of stable crack growth is greater than in the
specimens in Figures 11 b and d. The places of crack initiation were analysed with SEM in more detail,
which are shown in Figure 12. Figures 12a, b and ¢ show the place of crack initiation on the ALF2
sample, and Figures 12d, e and f show the place of crack initiation on the ATF2 sample at different
magnifications. As in the fractures with the Charpy hammer, particles of the intermetallic phases
Als(Mn,Fe) were also noticeable on these fractures. EDX analysis was performed, to confirm the
intermetallic phase, presented below.

CMOD knife
groove

CMOD knife
groove

Initial notch Initial notch

Pre-fatigue
crack

Pre-fatigue
crack

Region of
stable crack
growth

Region of
stable
crack
growth
Post-
fatigue
crack

Post-fatigue
crack

Final
M breakage

Final
breakage

Rl atr2
Figure 11. Fractured toughness specimen surfaces with fractographic detail — macro pictures: a)

Specimen ALF1; b) Specimen ALF2; c) Specimen ATF1; d) Specimen ATF2.

Zhu et al. [24] investigated the formation mechanism of the intermetallic phase Als(Mn,Fe) in
the casting of Al-Mg alloys, where it was indicated that Als(Mn,Fe) is the dominant metastable phase
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in contrast to the stable phase Ali3(Mn,Fe)s. The experimental data of their research confirmed that
the addition of Mn in the alloy inhibits the transformation of the metastable phase Als(Mn,Fe) into
the stable phase Alis(Mn,Fe)s under non-equilibrium solidification conditions. Using EDS analysis of
the precipitated particles, they discovered that the average Mn/Fe atomic ratio in the Als(Mn,Fe)
phase decreases as the Mn/Fe atomic ratio decreases in the melt. They also discovered that the
Als(Mn,Fe) phase grows to form two elongated prismatic morphologies: a rhombic prism and a
rectangular prism. The primary phase, Al¢(Mn,Fe), shows a hollow structure, and the eutectic phase
is in the form of fine solid particles.

The presence of the intermetallic phase Als(Mn,Fe) was also demonstrated in the research and
simulations by Engler et al. [7]. The calculated composition of a typical Al-alloy AA5454 is shown in
the Al-rich corner of the Al-Fe-Mn-5i-Mg phase diagram as a function of Mg.

The condition of the intermetallic particles at the fractures of the mechanical SENB test
specimens differs from the previously described intermetallic particles of the Charpy hammer
fractures. As we assumed that the properties of the material differ in different directions due to the
anisotropy of the material, tests were carried out on specimens in the longitudinal and transverse
directions with respect to the direction of rolling [47]. On the longitudinal samples, crushed particles
of the second phase were visible, while, on the samples in the transverse direction, the particles of
the second phase were mostly intact. Rolling during material fabrication created a stretched texture
of oriented [34—40], compressed intermetallic particles, which were reduced by rolling [41]. The
additional resistance of the intermetallic particles to crack growth in a longitudinally oriented pattern
contributes energy that inhibits the crack effectively. In the cross-oriented sample with respect to the
rolling, however, the crack mostly bypasses the intermetallic particles, and, therefore, this structure
is more fragile.

o

: ‘
dimples  gee  ¥_s
O

i €' % (’)

Figure 12. Fractured toughness specimen surfaces — SEM of specimen: a) to ¢) ALF2; d) to f) ATF2.

The SEM fracture images of the sample in the longitudinal direction are shown in Figures 12 a —
c. Figures 12 d — f show the SEM fracture images of the sample in the transverse direction. The left
Figures (a and d) show the areas of initial crack, crack initiation and stable crack growth. It can be
seen from the images that there are more fine pits on the longitudinal samples, which indicates a
tougher fracture and higher ductility than the samples in the transverse direction of rolling.

3.6. EDX Analysis of Sample Fracture Surfaces for Fracture Mechanics

EDX chemical analysis was performed on two samples, namely, on the ALF2 sample in the
longitudinal direction and on the ATF2 sample in the transverse direction. Figure 13 shows the
locations of the EDX analysis of the ALF2 sample (the SEM image capture location is marked in Figure
11b), and Figure 14 shows the locations of the EDX analysis of the ATF2 sample (the SEM image
capture location is marked in Figure 11d). The normalised results of the EDX point analysis of
selected sites or particles of the second phase are shown in Table 8 for the ALF2 sample and Table 9
for the ATF2 sample. Due to the surrounding Al-matrix, the size of the analysed particles and the
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nature of the analysis performed, the Al values are higher than the actual chemical composition of

these particles [7]. In all the analysed sites of both samples the content of Mn and Fe is increased,

which indicates particles of the intermetallic phase Als(Mn,Fe) [1,5,24].
m_' W/ "‘W-’\;’. s d‘é“. —n 7;‘_»?‘ ,.: # i- ‘\‘;’.l.."';,: e ’

Figure 13. Marked areas of the EDX analysis of specimen ALF2.

Table 8. EDX analysis results of specimen ALF2 (in wt.%).

Spectrum Mg Al Mn Fe  Total
Spectrum1 1.37  81.29 6.86 1048 100
Spectrum?2 098  79.90 9.94 9.18 100
Spectrum3 1.45  79.82 716 1157 100
Spectrum4 029  76.31 10.47 1293 100
Spectrumb5 036  77.91 9.18 1255 100
Spectrum6 0.43  79.07 8.06 1244 100

Mean 081 7906 861 1152 100
Std.Dev. 052 174 149 144
Max. 145 8129 1047 1293
Min. 029 7631 686 9.8

Figure 14. Marked areas of the EDX analysis of specimen ATF2.
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Table 9. EDX analysis results of specimen ATF2 (in wt.%).

Spectrum Mg Al Mn Fe  Total
Spectrum1 0.61  77.90 870 1279 100
Spectrum?2 0.49  73.62 932 1657 100
Spectrum3 030  79.15 793 1262 100
Spectrum4 033  68.63 1392 1712 100
Spectrumb5 0.66  74.52 954 1528 100
Spectrum6 1.45  53.54 1810 2691 100

Mean 0.64 71.23 11.25 16.88 100
Std. Dev. 0.42 941 3.95 5.26
Max. 1.45 79.15 18.10 2691
Min. 0.64 71.23 11.25  16.88

The revealed microstructure is practically single-phase as a-aluminium with more than 97.4
surface area, and Als(Mn, Fe) and Mg:Si phases are also present [26]. The results of HV5 indicate that
the Al-alloy surface is different in hardness, depending on the conditions of the previous mechanical
processing. Research by Xiangzhen Zhu et al. showed that the Als(Mn,Fe) phase has different
morphologies and sizes, which is a consequence of the Fe content [24]. Through tests and analyses, it
was established that the orientation and distribution of the intermetallic phases affect the properties
of the material significantly in relation to the direction of rolling. The thickness of the material also
has an influence on the individual properties of the material. From the different modes of fracture
(the tensile test compared to the Charpy impact test) and crack propagation, it can be seen that the
intermetallic particles behave differently in terms of the mode and rate of deformation, or failure of
the test specimens. In the tensile tests, crushed intermetallic particles were seen, while in the Charpy
test these particles were crushed to a lesser extent, but mostly the intermetallic particles remained
intact, due to the high rate of collapse. In the fracture-mechanical SENB tests, the intermetallic
particles were crushed, due to the long impact on the material and resistance to crack growth. All the
results of the performed tests indicate that the influence of the time of application of the external force
is not negligible. Due to the different temporal action of the external force, the correct orientation of
the particles of the intermetallic phase with respect to the direction of rolling is important.

The intermetallic phases listed above have an evident effect on the mechanical properties of the
base material, depending on their orientation, so it is important to take this into account in the
construction and production of transformed and welded parts [13], as this affects the properties of
the final product. The Aluminium alloy EN AW-5454 belongs to the alloys that are hardened by
kneading. With the input of energy during welding, the structure of the material loosens in the heat-
affected area [5,7]. During the welding itself, it will be necessary to pay attention to the lowest
possible energy input [14,48], in order to preserve the properties of the base material, but still
sufficient to meet the load-bearing requirements of the welded joint. In further research, it will be
necessary to pay attention to the heat-affected zone [18], the area of joining the filler and basic
material [20] and the equiaxed grain zone (EGZ) [16]. It will also be important to avoid the occurrence
of welding defects, as these have a significant impact on the load-bearing capacity and safety of
welded joints [22].

4. Summary and Conclusions

A precise characterisation was performed of two Al-alloy EN AW-5454 metal sheets with
thicknesses of 3.5 mm and 4 mm. The key findings of this characterisation are:
1.  On average, the measured hardness on the thinner sheet was 5% higher than the measured
hardness on the thicker sheet.


https://doi.org/10.20944/preprints202408.1989.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2024 d0i:10.20944/preprints202408.1989.v1

17

2. In the tensile testing, the longitudinal elongation of the thicker sheet was 11.5% greater than the
transverse, and the longitudinal elongation of the thinner sheet was 0.7% greater than the
transverse.

None of the examined fractures were tough, rather, they were extremely brittle fractures.

4. Inthe Charpy tests the average work needed to break a thicker plate in the longitudinal direction
was more than 20% greater than the work needed to break it in the transverse direction. In the
case of the thinner sheet metal, the work required to break the specimen in the longitudinal
direction was more than 40% greater than the work required to break the specimen in the
transverse direction.

5. In the Charpy tests the intermetallic particles in the longitudinal samples were mostly intact,
their distribution appeared random, and the upper part of the fracture showed tough areas along
the edges of the pits, which indicates a better toughness than the tests in the transverse direction.
More crushed intermetallic particles were observed at the fractures of the transverse samples,
and their distribution appeared to be more oriented in the direction of rolling.

6. The critical size of the Jic integral, as well as the fracture toughness of the longitudinally rolled
SENB specimen, was about 50% greater than that of the transverse specimen. This was also
confirmed by the higher resistance curve J - 4a.

7. The state of the intermetallic particles on the mechanical SENB fractured surfaces was different
from the intermetallic particles in the Charpy hammer fractures. On the longitudinal samples
the particles of the second phase were crushed, while the particles of the second phase on the
samples in the transverse direction were mostly whole. The texture on the thinner sheet was
stretched and oriented with more compressed intermetallic particles, which were smaller than
on the thicker sheet.

8.  Particle resistance to crack growth in the longitudinal SENB specimen contributed to the energy
that inhibited the crack.

9. The performed EDX analysis showed an increased content of Mn and Fe at all the analysed
points of the sample fracture surfaces, indicative for the intermetallic phase particles Als(Mn,Fe).
The analysed microstructure was a single-phase a-alumina with present phases of Al¢(Mn, Fe)
and Mg:Si.

From the above findings, we can conclude that the thickness of the material and the direction of

@

rolling affect the material properties of the Al-alloy significantly, due mainly to the size, shape,
orientation and arrangement of the Als(Mn,Fe) intermetallic phase particles.
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