Engineering Review, DOI: 10.30765/er.3259

SPATIAL DISTRIBUTION OF TENSILE PROPERTIES IN
DIRECT CHILL CAST EN AW-5083 ALLOY INGOTS

Natalija Doli¢" — Franjo Kozina' — Ivana Bunjan’

"Department of Process Metallurgy, Faculty of Metallurgy, University of Zagreb, Aleja narodnih heroja 3, Sisak,

Croatia

2Kongar Power Transformers, Ltd., Josipa Mokrovi¢a 12, 10090 Zagreb, Croatia

ARTICLE INFO

Abstract:

Article history:

Received: 22. 3. 2026.

Received in revised form: 22. 4. 2026.
Accepted: 22. 4. 2026.

Keywords:

EN AW-5083 aluminium alloy
Direct Chill casting

Tensile properties

Spatial distribution
Microstructure

Analysis of variance

DOI: 10.30765/er.3259

The spatial distribution of tensile properties in EN AW-5083
aluminium alloy ingots produced by the semi-continuous Direct
Chill (DC) casting process was investigated under industrial
conditions. Tensile tests were performed on samples taken from
predefined positions within the ingot cross-section according to a
Latin square experimental design, enabling systematic evaluation
of spatial variability. The analysed parameters included yield
strength (Rp,,) and elongation (Ase), while the microstructural
parameter expressed as the number of grains per unit area (NA)
was adopted from previously reported measurements. The results
show that both tensile properties vary across the ingot cross-
section, with yield strength ranging from 171.5 MPa to 221.0 MPa
and elongation from 14% to 27%. Despite these local variations,
the average values for the front and rear sections of the ingots were
very similar, indicating relatively uniform mechanical behaviour
along the casting direction. Statistical analysis based on ANOVA
revealed that spatial position within the ingot cross-section has a
stronger and more consistent influence on elongation than on yield
strength. Slice width showed a statistically significant effect on
yield strength in the front section, while both slice height and slice
width significantly affected elongation. The observed behaviour is
associated with non-uniform solidification conditions typical of
DC casting, where variations in cooling rate lead to differences in
microstructure. Overall, the investigated ingots exhibit a
satisfactory level of structural and mechanical homogeneity, and
the results contribute to a better understanding of the relationship
between solidification conditions, microstructure, and tensile
behaviour.

1 Introduction

Al-Mg alloys are among the non-heat-treatable aluminium alloys, characterised by a favourable
combination of mechanical strength, ductility, corrosion resistance, and weldability [1] - [3]. Due to these
properties, 5xxx series alloys are widely used in marine structures, transportation systems, storage tanks, and
other structural applications requiring a high strength-to-weight ratio and reliable corrosion performance [1],
[4], [5]. In these alloys, magnesium (Mg) is the principal alloying element and provides solid-solution
strengthening, playing a key role in determining the overall mechanical and corrosion behaviour of the Sxxx
series [1], [6]. Among them, EN AW-5083 is one of the most widely used alloys in shipbuilding and structural
engineering due to its balanced property profile [1]. In non-heat-treatable aluminium alloys, mechanical
properties are primarily determined by solid-solution strengthening and the microstructural characteristics
developed during solidification and subsequent thermomechanical processing [6], [7]. Grain size, grain
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morphology, and the distribution of intermetallic phases therefore play important roles in determining the
strength and ductility of these alloys, while crystallographic texture developed during processing may further
influence their mechanical behaviour [1], [6], [8]. Large aluminium slabs and billets intended for subsequent
rolling or extrusion are most commonly produced using the Direct Chill (DC) casting process, which is the
dominant industrial technology for producing wrought aluminium alloy ingots [9] - [11]. During DC casting,
molten metal is poured into a water-cooled mould where primary solidification occurs. Further solidification
of the partially solidified ingot is achieved by intensive secondary water cooling [ 12]. Due to the solidification
conditions characteristic of the DC casting process, heat extraction occurs mainly through the mould walls and
the secondary cooling zone [9], [10]. Consequently, significant thermal gradients develop across the ingot
cross-section, leading to non-uniform solidification conditions within the ingot [10], [13] - [15].

The cooling rate is considerably higher near the ingot surface than in the central regions, resulting in spatial
variations in dendritic structure, grain size, and chemical segregation across the ingot cross-section [9], [10],
[16]. Such microstructural heterogeneity may subsequently influence the mechanical properties of the alloy.
The microstructure of DC-cast aluminium alloys is strongly influenced by casting parameters such as melt
temperature, casting speed, cooling intensity, and grain-refinement practices [15], [17]. Grain refinement,
typically achieved by adding Al-Ti—B master alloys, promotes the formation of fine equiaxed grains and
enhances the structural homogeneity and mechanical properties of aluminium castings [17] - [20]. However,
even with the use of grain refiners, differences in local cooling conditions within large DC-cast ingots may
still cause spatial variations in grain structure. As nucleation and grain growth during solidification are strongly
controlled by local cooling rates and thermal gradients, variations in heat extraction across the ingot cross-
section inevitably result in spatial differences in grain structure and other microstructural characteristics [9],
[15], [20]. Previous investigations of EN AW-5083 alloy ingots produced by the DC casting process have
shown that both microstructural characteristics and mechanical properties vary the sampling position within
the ingot cross-section [21]. Statistical evaluation of tensile properties measured at different sampling positions
revealed spatial variability in mechanical behaviour, attributable to differences in solidification conditions
within the ingot [21]. Earlier microstructural studies of the same alloy system also showed pronounced
variations in the number of grains per unit area (N4) across the ingot cross-section, resulting from differences
in local cooling conditions during solidification [22]. Higher cooling rates near the ingot surface generally lead
to higher N, values than those in the central regions of the ingot, reflecting the influence of local heat extraction
and solidification dynamics during DC casting [22].

As grain size and grain structure strongly influence the mechanical behaviour of aluminium alloys,
variations in N4 may significantly affect tensile properties, including yield strength and elongation. Finer-grain
structures generally increase strength and may improve ductility due to more homogeneous plastic deformation
[1], [6]. More recently, correlations between the number of grains per unit area and ultimate tensile strength in
EN AW-5083 DC-cast ingots were analysed using a statistical approach based on the Latin square experimental
design [23]. These results confirmed that microstructural heterogeneity associated with casting conditions may
directly influence the spatial distribution of mechanical properties within industrial DC-cast ingots. Together,
these studies established a systematic experimental framework for evaluating the structural and mechanical
homogeneity of DC-cast EN AW-5083 alloy ingots based on statistically defined sampling positions and
correlations between microstructural parameters and tensile properties. Therefore, the aim of the present study
is to analyse the spatial distribution of yield strength (R),..) and elongation (459) in industrially produced DC-
cast EN AW-5083 alloy ingots. The influence of melt charge and sampling position within the ingot cross-
section was evaluated using a structured Latin square experimental design and analysis of variance (ANOVA).
The working hypothesis of this research is that local solidification conditions during the DC casting process
lead to spatial variations in the number of grains per unit area (N,) across the ingot cross-section, which in turn
influence the spatial distribution of mechanical properties such as yield strength (R,,.) and elongation (4sp).

2 Experimental investigation
2.1 Industrial DC Casting of EN AW-5083 alloy ingots

EN AW-5083 aluminium alloy ingots were produced under industrial conditions using a semi-continuous DC
casting process on a Pechiney ingot casting line. The chemical composition of the EN AW-5083 alloy melts
(charges 3157, 3158, 3159, 3160, 3162, and 3163) was determined by optical emission spectroscopy (OES)
using samples collected during casting, with ingot lengths of approximately 500 mm. The chemical
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composition complied with the requirements specified in EN 573-3 [24], and the detailed compositions of the
investigated charges are presented in Table 1 [23].

Table 1. Chemical composition of the investigated EN AW-5083 alloy charges, wt%.

Charge Si Fe Cu Mn Mg Cr Zn Ti Be
3157 0.160 0.420 0.01 0.450 4410 0.100 0.004 0.024 0.003
3158 0.140 0.350 0.01 0.445 4.325 0.070 0.004 0.021 0.003
3159 0.150 0.385 0.01 0.470 4.175 0.090 0.005 0.025 0.003
3160 0.160 0.430 0.01 0.440 4.390 0.080 0.005 0.024 0.004
3162 0.160 0.350 0.01 0.425 4.350 0.100 0.004 0.022 0.003
3163 0.175 0.375 0.01 0.435 4.490 0.090 0.004 0.023 0.004

Primary electrolytic aluminium and secondary aluminium in the form of process scrap (EN AW-1050, EN
AW-5754, EN AW-5049, and EN AW-5083 alloys) were used as raw materials. The charge was melted in
gas-fired melting furnaces at temperatures ranging from 760-850 °C. To achieve the required chemical
composition, alloying was performed by adding pure metals and master alloys (AlMn, AlCr, and AIMg). To
reduce Mg oxidation, an AlBe5 master alloy was added. Melt homogeneity was ensured by stirring and by
removing dissolved gases and non-metallic inclusions. After chemical composition control, the melt was
transferred to the holding furnaces through a system of heated launders, where additional treatment, including
nitrogen refining, was performed. Immediately before casting, grain refinement was carried out by adding
AITi5B master alloy in the form of rods, while final grain refinement was performed online by continuous
addition of AlTi5B wire. The total addition ranged from 2.03 to 2.06 kg/t Al. Prior to entering the mould, the
melt was further purified using the ALPUR degassing system and filtered through a ceramic filter. Casting
was performed at a melt temperature within the range 715-720 °C, while the main casting parameters,
including casting speed, melt level in the moulds, and cooling water flow rate and temperature, were carefully
controlled. Two ingots of approximately identical cross-sectional dimensions (520 X 1680 mm) and lengths of
47004900 mm were cast from each investigated charge. For the experimental investigation, plates
approximately 30 mm thick were cut from the front (F) and rear (R) sections of one ingot per charge and used
for subsequent microstructural and mechanical testing.

2.2 Experimental design

In this study, charge was treated as the investigated factor, while slice height (i) and slice width (j)
represented two spatial directions within the ingot cross-section that may be sources of variability in the
investigated tensile properties. Figure 1 shows the cross-sections of plates cut from the front and rear sections
of an EN AW-5083 alloy ingot with charge 3157. The plates were divided into twelve smaller segments,
numbered 1-12 across the cross-section.

S se

Figure 1. Cross-sections of plates cut from the front and rear sections of the EN AW-5083 alloy ingot
(charge 3157), showing the sampling layout consisting of twelve segments (positions 1-12).
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Sampling and subsequent analyses were conducted on the lower half of the plates, corresponding to segments
7—-12. Only the lower half was considered because, due to the mirror symmetry of the plate cross-section, the
cooling and solidification conditions in the upper and lower halves were assumed to be equivalent. For the
experimental design, segments 7—12 were treated as six sampling positions across the plate width and labelled
j=1-6. A 6 x 6 Latin square experimental design was used, corresponding to the six investigated charges. In
this design, the rows and columns represent two spatial directions within the ingot cross-section, corresponding
to the slice height (7) and slice width (j). The casting charges represent the investigated treatments. Each charge
appears exactly once in every row and once in every column of the design matrix, allowing the influence of
charge on the investigated tensile properties to be evaluated while accounting for spatial variability within the
ingot cross-section. Rows in the design matrix correspond to sampling positions along the slice height (i = 1—
6), representing the plate thickness, while columns correspond to sampling positions across the slice width (j
= 1-0), representing the plate width. Each analysed segment was subdivided along the slice height into six
equal sampling positions, corresponding to the rows of the Latin square design. The resulting sampling layout
used for tensile testing and microstructural analysis [23] is presented in Table 2. The described Latin square
sampling design was applied independently to plates taken from the front (F) and rear (R) sections of the
ingots, resulting in two datasets of 36 samples each.

Table 2. Sampling layout according to the Latin square experimental design for all plates taken from the
front (F) and rear (R) sections of the six investigated ingots.

Sample Number Slice height (i) Slice width (j) Charge
37F-37R 1 1 3159
38F-38R 1 2 3158
39F-39R 1 3 3157
40F—40R 1 4 3163
41F-41R 1 5 3162
42F-42R 1 6 3160
43F-43R 2 1 3158
44F-44R 2 2 3157
45F-45R 2 3 3163
46F—46R 2 4 3162
47F-47R 2 5 3160
48F-48R 2 6 3159
49F—49R 3 1 3157
S50F-50R 3 2 3163
S51F-51R 3 3 3162
52F-52R 3 4 3160
53F-53R 3 5 3159
54F-54R 3 6 3158
55F-55R 4 1 3163
56F-56R 4 2 3162
57F-57R 4 3 3160
58F-58R 4 4 3159
59F-59R 4 5 3158
60F-60R 4 6 3157
61F-61R 5 1 3162
62F-62R 5 2 3160
63F-63R 5 3 3159
64F-64R 5 4 3158
65F-65R 5 5 3157
66F—66R 5 6 3163
67F-67R 6 1 3160
68F-68R 6 2 3159
69F-69R 6 3 3158
70F-70R 6 4 3157
71F-71R 6 5 3163
72F-72R 6 6 3162
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2.3 Tensile testing

Yield strength (R,,.) and elongation (4s50) of EN AW-5083 alloy ingots were determined by tensile testing of
samples taken from predefined positions within the ingot cross-section according to the sampling plan. In total,
72 samples were analysed: 36 from the front and 36 from the rear sections of the ingots. Tensile test specimens
were prepared in accordance with the standard ISO 6892-1:2019 [25]. For each sampling position, two parallel
tensile tests were performed, and the arithmetic mean of the two measurements was taken as the representative
value of the investigated tensile properties. In the following text, these mean values are denoted by Ry, and
Aso. The tensile tests were performed using an Amsler universal testing machine (type 10THZ722) with a
maximum load capacity of 100 kN. The grain structure was characterised using the semiautomatic mean linear
intercept method. The mean linear intercept length (/) was determined using the intercept procedure on a series
of randomly selected microstructural fields. Based on the calculated mean intercept length, the number of
grains per unit area (N4) was determined according to ASTM E1382 [26]. The reported N, values represent the
arithmetic mean of repeated measurements across multiple microstructural fields, with at least 500 intercept
lengths recorded to ensure the statistical reliability of the measurements. The grain structure, expressed as Ny
value, and the ultimate tensile strength (UTS) for the same samples were reported previously in [23] and were
used in the present study to analyse the relationship between microstructural characteristics and the spatial
distribution of tensile properties within the ingot cross-section.

2.4 Statistical analysis

Statistical evaluation of the experimental results was conducted using ANOVA based on the applied Latin
square experimental design. In this model, the investigated factor was charge, while slice height (7) and slice
width (j) was treated as blocking factors representing spatial positions within the ingot cross-section. The Latin
square ANOVA model was used to separate the effect of charge from spatial variability within the ingot. For
each investigated tensile property, the analysis of variance included calculation of the sum of squares (SS),
degrees of freedom (df), mean squares (MS), F-statistics (F), and corresponding p-values (p) to evaluate the
statistical significance of the analysed sources of variability. Statistical significance was determined using the
F-test at the a = 0.05 significance level. Parameter estimates represent the deviations of the mean values for
individual factor levels from the overall mean value of the investigated property. Additionally, coefficients of
variation (V) were calculated to assess the dispersion of measured values within each level of the investigated
factors. The coefficient of variation was calculated as the ratio of the standard deviation to the corresponding
mean, expressed as a percentage. The statistical relationship between the results obtained for the front and rear
sections of the ingots was evaluated using the Pearson correlation coefficient (r), calculated for paired
measurements from corresponding sampling positions. All statistical calculations were performed using
StatSoft STATISTICA 13 (Experimental Design) and the R statistical environment (version 4.4.3).

3 Results and discussion
3.1 Tensile properties of the ingots

Tables 3 and 4 present the measured values of yield strength (R,,.), elongation (459) and the corresponding
values of the number of grains per unit area (N4) [23] for samples taken from the front (F) and rear (R) sections
of the investigated ingots. For the front sections of the ingots, the measured yield strength ranges from 171.5
MPa to 213.5 MPa, while elongation ranges from 17% to 25%. In the rear sections, yield strength ranges from
172.0 MPa to 221.0 MPa, and elongation varies from 14 % to 27 %.
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Table 3. Yield strength (R,,.), elongation (Asy) and number of grains per unit area (N4) [23] measured at
predefined sampling locations in the front (F) section of the investigated EN AW-5083 alloy ingots.

Sample Number Ry.., MPa Aso, % Na, No./mm?
37F 188.0 21.0 88.11
38F 188.0 22.0 88.79
39F 182.0 17.0 80.76
40F 183.5 17.0 78.89
41F 199.5 19.0 83.87
42F 188.0 25.0 85.71
43F 178.5 21.5 105.97
44F 178.5 18.0 67.89
45F 185.0 17.0 59.76
46F 183.5 17.0 80.08
47F 201.0 20.5 84.77
48F 212.5 21.0 86.22
49F 176.0 21.0 102.80
50F 190.0 19.0 72.81
51F 182.0 19.0 87.49
52F 202.0 23.0 68.56
53F 213.5 20.0 89.75
54F 203.0 22.0 101.53
55F 203.0 23.0 92.59
56F 196.0 22.0 118.80
57F 171.5 22.0 113.63
58F 207.5 22.0 97.43
59F 210.5 23.0 83.27
60F 194.5 22.0 93.79
61F 208.5 21.0 119.36
62F 198.5 25.0 115.89
63F 192.5 22.0 93.24
64F 172.0 24.0 131.08
65F 201.0 23.0 133.71
66F 181.5 21.0 86.03
67F 182.5 23.0 137.55
68F 188.0 23.0 154.69
69F 184.0 22.0 137.31
70F 189.5 22.0 154.82
71F 201.0 22.5 126.71

72F 190.0 23.0 117.17
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Table 4. Yield strength (R,,.), elongation (Asy) and number of grains per unit area (N4) measured at
predefined sampling locations in the rear (R) section of the investigated EN AW-5083 alloy ingots.

Sample Number Rp.., MPa Aso, % Na, No./mm?
37R 196.0 18.0 115.68
38R 173.0 17.0 60.70
39R 180.5 16.0 61.08
40R 191.5 15.0 52.22
41R 213.5 21.0 69.73
42R 210.0 21.5 101.08
43R 174.0 21.0 118.89
44R 181.0 14.0 67.92
45R 190.0 15.0 50.44
46R 184.0 19.0 74.60
47R 196.0 17.5 81.89
48R 203.0 18.0 122.10
49R 184.0 21.0 122.00
50R 175.5 19.0 63.74
51R 188.5 18.0 87.12
52R 192.0 19.0 73.88
53R 206.0 17.5 86.51
54R 214.0 24.0 85.41
55R 211.0 21.0 73.73
56R 188.5 21.0 86.82
57R 199.5 21.0 108.32
58R 189.0 20.0 95.88
59R 195.5 25.5 83.31
60R 198.5 26.0 87.39
61R 196.0 23.0 119.86
62R 196.0 23.0 121.35
63R 172.0 24.0 133.75
64R 221.0 21.5 103.75
65R 189.0 25.0 118.35
66R 202.0 27.0 108.34
67R 173.5 24.0 155.99
68R 202.0 23.0 168.65
69R 182.5 22.0 157.89
70R 215.5 25.0 132.49
71R 208.5 24.5 122.97
72R 207.5 24.5 144.74

Comparison of the results presented in Tables 3 and 4 indicates that the investigated EN AW-5083 alloy ingots
exhibit spatial variations in tensile properties across the ingot cross-section. However, the overall ranges of
yield strength and elongation remain similar for the front and rear sections of the ingots. Variations among
individual sampling locations indicate that tensile properties are not uniform across the ingot cross-section. As
shown in Tables 3 and 4, the number of grains per unit area varies considerably between the analysed positions,
indicating corresponding variations in the microstructure. Such spatial variations are characteristic of DC-cast
aluminium alloys, in which non-uniform heat extraction and solidification conditions across the ingot cross-
section lead to local differences in microstructure, segregation behaviour, and consequently mechanical
properties [9]. In industrial DC casting, higher cooling rates near the ingot surface and lower cooling rates in
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the central regions promote spatial variations in grain structure and solute distribution, which may contribute
to differences in the local tensile properties [10], [15].

The relatively narrow range of yield strength values indicates that the investigated ingots maintain a
generally stable strength level across the analysed sampling positions. In contrast, the greater scatter observed
in elongation values suggests that elongation (450) is more sensitive to local microstructural variations within
the ingot cross-section, such as variations in grain size reflected by differences in the number of grains per unit
area, as well as other microstructural characteristics associated with local solidification conditions. The overall
mean yield strength of samples taken from the front section of the ingots is 191.85 MPa, while that for the rear
section is 194.44 MPa, indicating very similar average strength levels along the ingot length. This behaviour
is consistent with the strengthening mechanisms typical of Al-Mg alloys, in which yield strength is
predominantly controlled by solid-solution strengthening associated with the Mg content rather than by local
variations in grain structure [1]. The number of grains per unit area (V,) is inversely related to the average
grain size and therefore reflects the degree of grain refinement in the microstructure. According to the Hall—
Petch relationship, a finer grain structure (higher N4) generally increases yield strength due to the strengthening
effect of grain boundaries, and may also improve ductility through more uniform plastic deformation [6], [7].

The observed relationship between the tensile properties and the parameter N, further suggests that local
differences in grain structure may contribute to the measured variations in tensile behaviour. In this context,
the strengthening effect associated with grain refinement may partly explain the local differences in tensile
response. Similar effects of grain refinement on the mechanical behaviour of Al-Mg alloys have been reported
previously [28]. Comparable relationships between grain structure development and mechanical properties in
DC-cast aluminium alloys have also been reported [29]. Earlier investigations on the same alloy system
showed that higher values of the parameter N, are associated with increased tensile strength in the as-cast
condition [23]. Taken together with the present results, this observation indicates that local variations in grain
size that develop during solidification may influence the spatial distribution of tensile properties in DC-cast
EN AW-5083 alloy ingots. To assess the statistical significance of the observed spatial variations in tensile
properties, an analysis of variance (ANOVA) was performed. The results of this analysis are presented in the
following section.

3.2 Influence of spatial variables on yield strength

Tables 5 and 6 present the mean values of yield strength together with the corresponding parameter estimates
(expressed as deviations from the overall mean), standard deviations and coefficients of variation obtained
from the Latin square experimental design. The results are given for the front (R,..(F)) and rear (Rp..(R))
sections of the ingots. In the front section of the ingots (Table 5), the mean R,,.(F) values for the analysed
charges range from 186.92 MPa to 200.33 MPa. Along the slice height, the mean values range from 188.17
MPa to 197.17 MPa, while across the slice width they range from 182.83 MPa to 204.42 MPa. In the rear
section of the ingots (Table 6), the mean R,,.(R) values range from 191.42 MPa to 196.42 MPa depending on
the charge. Along the slice height, the values range from 188.00 MPa to 198.25 MPa, while across the slice
width they range from 185.50 MPa to 205.83 MPa.
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Table 5. Mean yield strength (R,..(F)), parameter estimates, standard deviations and coefficients of
variation (Vrpo.2(F)) for the ingot front section.

Variables Level Rp,..(F), MPa ?;aiﬁzzr Standard deviation Vrpo2(F), %
3157 186.92 493 9.76 522
3158 189.33 251 14.72 777
Charge 3159 200.33 8.49 12.15 6.07
3160 190.58 -1.26 12.15 6.37
3162 193.25 1.40 10.11 523
3163 190.67 -1.18 9.24 4.85
1 188.17 -3.68 6.14 3.26
2 189.83 2.01 13.85 7.29
o 3 194.41 2.57 14.20 7.30
Slice height (i) 4 197.17 532 14.04 7.12
5 192.33 0.49 13.46 7.00
6 189.17 2,68 6.53 3.45
1 189.42 243 13.40 7.07
2 189.83 201 7.05 371
o 3 182.83 -9.01 6.77 3.70
Slice width (j) 4 189.68 2.18 13.10 6.91
5 204.42 12.57 5.98 2.92
6 194.92 3.07 11.20 5.74

Table 6. Mean yield strength (Ry..(R)), parameter estimates, standard deviations and coefficients of
variation (Vrpo.2(R)) for the ingot rear section.

Variables Level Rp..(R), MPa ?Srzﬁ:? Standard deviation Vrpo2(R), %
3157 191.42 3.03 13.56 7.08
3158 193.33 -111 20.50 10.60
Charge 3159 194.67 0.22 12.64 6.50
3160 194.50 0.06 11.97 6.16
3162 196.33 1.89 11.78 6.00
3163 196.42 1.97 13.36 6.80
1 194.08 -0.36 15.94 821
2 188.00 -6.44 10.53 5.60
o 3 193.33 -111 14.27 738
Slice height (/) 4 197.00 2.56 8.28 420
5 196.00 1.56 16.04 8.18
6 198.25 3.81 16.51 8.33
1 189.08 5.36 14.64 7.74
2 186.00 -8.44 11.55 6.21
L 3 185.50 -8.94 9.40 5.07
Slice width (j) 4 198.83 439 15.40 775
5 201.42 6.97 9.33 4.63
6 205.83 11.39 572 278

Figure 2 shows the graphical representation of the influence of the analysed variables on mean yield strength
(Rp...) for the front and rear sections of the ingots.
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Figure 2. Graphical representation of the influence of individual variables on Ry, .: a) ingot front section
(F); b) ingot rear section (R).

As shown in Figure 2, the mean R,,, values for the front and rear sections of the ingots fluctuate around their
respective mean values without a clear spatial trend across the ingot cross-section. This behaviour is typical
for aluminium alloys produced by the DC casting process, where local variations in cooling conditions and
thermal gradients during solidification may lead to spatial differences in microstructure and chemical
segregation within the ingot [9], [15]. However, the relatively small deviations observed in this study indicate
that these local variations have only a moderate effect on the yield strength of the alloy under investigation.
To evaluate the statistical significance of the observed variations, analysis of variance (ANOVA) was
performed according to the applied Latin square experimental design. The ANOVA results for yield strength
R, are presented in Tables 7 and 8.

Table 7. ANOVA results for yield strength (Ry..) in the ingot front section.

Variable SS df MS F p
Charge 645.62 5 129.12 1.27 0.315
Slice height (i) 359.54 5 71.91 0.71 0.625
Slice width (j) 1580.29 5 316.06 3.11 0.031
Residual 2033.97 20 101.70

In the front section of the ingots (Table 7), slice width has a statistically significant effect on R,,. (p = 0.031),
whereas the effects of charge (p = 0.315) and slice height (p = 0.625) are not statistically significant.
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Table 8. ANOVA results for yield strength (R,,,) in the ingot rear section.

Variable SS df MS F p
Charge 107.47 5 21.49 0.12 0.985
Slice height (i) 397.97 5 79.59 0.46 0.801
Slice width (j) 2265.81 5 453.16 2.62 0.056
Residual 3460.14 20 173.01

In the rear section of the ingots (Table 8), none of the analysed variables has a statistically significant effect
on R,,.. However, the effect of slice width (p = 0.056) is close to the significance threshold. The ANOVA
results indicate that slice width has the strongest effect on R, among the analysed spatial variables,
particularly in the front section of the ingots. This behaviour can be related to the solidification conditions in
DC-cast ingots, where the distance from the mould walls and the local cooling intensity vary across the ingot
width. These variations may lead to differences in microstructure and segregation patterns across the ingot
cross-section [9], [15]. The relationship between the yield strength values obtained for the front and rear
sections of the ingots was further analysed using Pearson correlation analysis. The Pearson correlation
coefficients 7(R,,,) between the front and rear sections of the ingots for each charge are presented in Table 9.

Table 9. Pearson correlation coefficients r(Rp,,) between the front and rear sections of the investigated
ingots for each charge.

Charge 3157 3158 3159 3160 3162 3163
r(Rpo.2) 0.55 0.09 0.37 0.05 0.01 0.30

The correlation coefficients range from 0.01 to 0.55, indicating relatively weak correlations between the front
and rear sections of the ingots. This suggests that local variations in yield strength within the ingot cross-
section are not strongly correlated along the ingot length. This behaviour may be related to local differences
in microstructure formed during solidification, particularly variations in grain structure associated with local
cooling conditions typical of DC-cast AI-Mg alloys [1], [16], [27].

3.3 Influence of spatial variables on elongation

Tables 10 and 11 present the mean values of elongation together with the corresponding parameter estimates,
standard deviations and coefficients of variation obtained from the Latin square experimental design for
elongation (45 in the front and rear sections of the investigated EN AW-5083 alloy ingots, denoted as 4s50(F)
and A4so(R), respectively.
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Table 10. Mean elongation (As0(F)), parameter estimates, standard deviations and coefficients of
variation (Vaso(F)) for the ingot front section.

Parameter

Variables Level Aso(F) Esti Standard deviation Vaso(F), %
stimate
3157 20.50 -0.76 2.43 11.85
3158 22.42 1.15 0.92 4.09
Charge 3159 21.50 0.24 1.05 4.88
3160 23.08 1.82 1.74 7.56
3162 20.17 -1.10 223 11.05
3163 19.92 -1.35 2.65 13.32
1 20.17 -1.10 3.13 15.50
2 19.17 2.10 2.07 10.78
o 3 20.67 -0.60 1.63 7.90
Slice height (i) 4 2233 1.07 0.52 231
5 22.67 1.40 1.63 7.20
6 22.58 1.32 0.49 2.18
1 21.75 0.49 0.99 4.54
2 21.50 0.24 2.59 12.04
o 3 19.83 -1.43 2.48 12.52
Slice width (j) 4 20.83 043 3.06 14.69
5 2133 0.07 1.72 8.07
6 2233 1.07 1.51 6.74

Table 11. Mean elongation (Aso(R)), parameter estimates, standard deviations and coefficients of
variation (Vaso(R)) for the ingot rear section.

Variables Level Aso(R) I;;‘Srz‘nrgzr Standard deviation  Vaso(R), %
3157 21.17 0.26 5.12 24.17
3158 2183 0.93 291 13.33
Charge 3159 20.08 -0.82 2.80 13.94
3160 21.00 0.10 2.43 11.57
3162 21.08 0.18 2.42 11.46
3163 2025 -0.65 4.92 24.28
1 18.08 2.82 2.65 14.67
2 17.42 -3.49 2.58 14.80
o 3 19.75 -1.15 2.40 12.17
Slice height (i) 4 242 151 2.62 11.67
5 23.92 3.01 1.91 7.98
6 23.83 2.93 1.13 472
1 2133 0.43 2.07 9.68
2 19.50 -1.40 3.56 18.28
L 3 19.33 -1.57 3.56 18.41
Slice width (j) 4 19.92 -0.99 3.29 16.53
5 21.83 0.93 371 16.99
6 23.50 2.60 3.29 13.98

In the front section of the ingots (Table 10), the mean Asy(F) values for the analysed charges range from 19.92
% to 23.08 %. Along the slice height, the mean elongation values range from 19.17 % to 22.67 %, while across
the slice width they range from 19.83 % to 22.33 %. In the rear section of the ingots (Table 11), the mean
Aso(R) values range from 20.08 % to 21.83 % depending on the charge. Along the slice height, the mean
elongation values range from 17.42 % to 23.92 %, while across the slice width they range from 19.33 % to
23.50 %. Figure 3 shows the graphical representation of the influence of the analysed variables on mean
elongation (4s¢) for the front and rear sections of the ingots.
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Figure 3. Graphical representation of the influence of individual variables on elongation Aso: a) ingot
front section, b) ingot rear section.

As shown in Figure 3, elongation (45) exhibits a clear spatial trend across the ingot cross-section. The effect
of slice height shows the most pronounced systematic variation, with parameter estimates increasing from
—2.10 % at level i = 2 to +1.40 % at level i = 5 in the front section of the ingots, indicating higher elongation
towards the ingot edges. A similar trend is observed in the rear section, where parameter estimates range from
—3.49% at level i = 2 to +3.01% at level i = 5. Variations associated with slice width are less pronounced but
still indicate slightly higher elongation values near the ingot edges. In contrast, the effect of charge produces
only moderate deviations around the overall mean elongation values of 4s5o(F) = 21.26 % and A4s50(R) = 20.90
%. These results indicate that spatial position within the ingot cross-section has a stronger influence on
elongation than differences between individual casting charges. The mean elongation values for the front and
rear sections of the ingots remain very similar, indicating comparable average ductility levels along the ingot
length. To evaluate the statistical significance of the observed variations, analysis of variance (ANOVA) was
performed according to the applied Latin square experimental design. The results of this analysis are presented
in Tables 12 and 13.

Table 12. ANOVA results for elongation (Asy) in the ingot front section.

Variable SS df MS F p

Charge 49.78 5 9.96 7.23 0.001
Slice height (i) 64.87 5 12.97 9.42 <0.001
Slice width (j) 22.03 5 441 3.20 0.028

Residual 27.56 20 1.38
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In the front section of the ingots (Table 12), all analysed variables show statistically significant effects on
elongation: charge (p = 0.001), slice height (p < 0.001) and slice width (p = 0.028). Among these variables,
slice height has the strongest influence on elongation.

Table 13. ANOVA results for elongation (Asy) in the ingot rear section.

Variable SS df MS F p
Charge 12.45 5 2.49 0.77 0.580
Slice height (i) 248.37 5 49.67 15.43 <0.001
Slice width (j) 79.20 5 15.84 492 0.004
Residual 64.39 20 3.22

In the rear section of the ingots (Table 13), slice height (p < 0.001) and slice width (p = 0.004) have statistically
significant effects on elongation 45, whereas the effect of charge (p = 0.580) is not statistically significant.
The relationship between elongation values obtained for the front and rear sections of the ingots was further
analysed using Pearson correlation analysis. The Pearson correlation coefficients 7(459) between the front and
rear sections of the ingots for each charge are presented in Table 14.

Table 14. Pearson correlation coefficients r(Asg) between the front and rear sections of the investigated
ingots for each charge.

Charge 3157 3158 3159 3160 3162 3163
r(Aso) 0.94 0.26 0.83 0.67 0.79 0.80

The correlation coefficients range from 0.26 to 0.94, indicating correlations ranging from weak to very strong
depending on the individual charge. In most cases, the correlations are moderate to strong, suggesting that the
spatial distribution of elongation is largely preserved along the ingot length. The dominant influence of slice
height on elongation can be related to the solidification conditions in DC-cast ingots. During DC casting, non-
uniform heat extraction across the ingot cross-section leads to differences in local cooling rates and
microstructure development [9], [15]. Earlier investigations of the same alloy system showed that higher values
of the microstructural parameter NA were observed near the ingot edges [23], corresponding to a finer grain
structure, which is generally associated with improved ductility. Higher cooling rates near the ingot surface
promote grain refinement and contribute to the development of such microstructures during solidification,
which may contribute to increased elongation values in the edge regions of the ingot. In contrast, the coarser
grain structure typically present in the central region may result in lower elongation values and greater scatter
in the measured results [9], [27]. A comparison of the results obtained for yield strength (R,,.) and elongation
(Aso) further highlights the different sensitivity of these properties to microstructural heterogeneity. While the
spatial variability of yield strength is relatively limited and most sources of variability are statistically
insignificant, elongation exhibits a markedly stronger dependence on spatial position within the ingot cross-
section.

4 Conclusion

This study analysed the spatial distribution of tensile properties in EN AW-5083 aluminium alloy ingots
produced under industrial conditions using the semi-continuous Direct Chill casting process. The results show
that both yield strength and elongation vary across the ingot cross-section. Yield strength values ranged from
171.5 MPa to 221.0 MPa, while elongation varied from 14 % to 27 %. Despite these local variations, the
average values of the investigated properties were very similar for the front and rear sections of the ingots,
indicating relatively uniform mechanical behaviour along the casting direction. Statistical analysis confirmed
that spatial position within the ingot cross-section has a more consistent influence on the investigated tensile
properties, particularly on elongation, than differences between individual charges. In particular, slice width
had a statistically significant effect on yield strength in the front section of the ingots, while both slice height
and slice width significantly affected elongation. These results indicate a pronounced centre—edge effect
typical of DC-cast aluminium ingots, where higher cooling rates near the mould walls promote finer grain
structures and improved plastic deformation capability compared with the more slowly solidified central
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regions. The results further demonstrate that the investigated tensile properties exhibit different sensitivities to
spatial microstructural variations within the ingot cross-section. While yield strength showed relatively limited
spatial variability, elongation exhibited considerably greater sensitivity to local solidification conditions. This
behaviour is consistent with the spatial distribution of the microstructural parameter, expressed as the number
of grains per unit area, suggesting that grain-structure development during solidification plays an important
role in controlling the alloy's tensile response. Overall, the investigated EN AW-5083 alloy ingots produced
under the applied industrial casting conditions exhibit a satisfactory level of structural and mechanical
homogeneity along the ingot length.

The remaining variations across the ingot cross-section are primarily attributable to local microstructural
differences that develop during solidification in the DC casting process. From an industrial perspective, the
results indicate that the applied casting technology provides sufficiently stable solidification conditions to
ensure relatively uniform tensile properties in the investigated EN AW-5083 ingots. The presented approach
contributes to a better understanding of the relationship between solidification conditions, microstructure, and
tensile behaviour, and may support further optimisation of process parameters in industrial Direct Chill casting
of aluminium alloys.
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