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Abstract 

 

This study examines the spatial variability of HV5 hardness in industrially produced Direct 

Chill (DC) cast EN AW-5083 aluminium alloy ingots in the as-cast and homogenized 

conditions. Hardness measurements were performed at predefined sampling positions in the 

front and rear sections of six ingots using a Latin square design and evaluated by analysis of 

variance (ANOVA), coefficients of variation, correlation analysis, and linear regression. The 

results indicate a uniform longitudinal hardness distribution, with similar mean HV5 values at 

the front and rear sections, while significantly larger variations occur across the ingot cross-

section. Slice height (i) and slice width (j) were identified as the dominant sources of variability. 

Homogenization reduced the overall mean HV5 from 81.8 HV5 to 75.7 HV5, decreased the 

coefficient of variation from 5.56% to 4.64%, and increased the correlation coefficient from r 

= 0.76 to r = 0.85. A statistically significant but limited relationship between the number of 

grains per unit area (NA) and hardness was observed, indicating that NA contributes to local 

hardness variations but is not the dominant factor controlling the overall spatial hardness 

distribution. The results indicate that homogenization does not increase hardness but improves 

its spatial homogeneity primarily through reduction of local microstructural and compositional 

heterogeneity. 

 

Keywords: EN AW-5083; Direct Chill casting; homogenization; Vickers hardness; spatial 

variability; statistical analysis 

 

1. Introduction 

 

Aluminium-magnesium (Al-Mg) alloys of the 5xxx series are widely used in structural 

applications requiring low density, good weldability, corrosion resistance, and formability [1-

4]. Among these, EN AW-5083 is recognised as one of the highest-strength non-heat-treatable 

aluminium alloys and is extensively used in marine structures, transportation systems, and 

pressure equipment [3, 4]. Its mechanical performance and corrosion behavior are governed 

primarily by Mg content and overall chemical composition [5, 6].  

In EN AW-5083, strengthening is achieved predominantly through solid-solution strengthening 

due to Mg enrichment of the α-Al matrix [5]. 

Grain structure, represented in this study by the number of grains per unit area (NA), may 

influence local hardness, as grain refinement generally increases resistance to plastic 

deformation [7, 8]. However, in DC-cast Al–Mg ingots, hardness variability may also be 

influenced by segregation-related compositional heterogeneity, local solute redistribution, and 

spatial variations in interdendritic microstructural constituents formed during solidification and 

homogenization [9-13]. Alloying elements and thermo-mechanical processing influence 

recrystallization and final grain size in magnesium-rich aluminium alloys [14]. 
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Industrial production of large EN AW-5083 semi-finished products is typically carried out by 

the semi-continuous DC casting process, which leads to spatially non-uniform solidification 

conditions within the ingot cross-section [15, 16]. During DC casting, shell formation at the 

mould wall and intensive secondary cooling produce thermal gradients and different local 

cooling rates between the surface and the ingot centre [16-18]. These variations influence 

dendritic growth, grain formation, and chemical homogeneity [19, 20]. At the same time, 

thermosolutal convection, solidification shrinkage, and solute transport within the mushy zone 

promote macrosegregation, whose intensity increases with ingot size and sump depth [10, 17, 

21, 22]. 

Previous investigations on industrial EN AW-5083 ingots have demonstrated spatial variations 

in hardness, mechanical properties, and grain structure caused by non-uniform solidification 

conditions during DC casting [23-26]. Statistical approaches, including analysis of variance 

(ANOVA), have been successfully applied to evaluate structural homogeneity and identify 

dominant sources of variability in such ingots [24-27]. However, previous studies have 

generally analysed grain structure or mechanical properties separately [23-27], while the direct 

statistical relationship between grain structure quantified by the number of grains per unit area 

(NA) and hardness distribution at identical sampling positions has been addressed only to a 

limited extent. In addition, although hardness measurements in the as-cast condition have been 

reported previously [23], a comprehensive analysis combining spatial hardness distribution in 

both as-cast and homogenized conditions with statistical evaluation and correlation with grain 

structure at identical sampling positions has not been systematically investigated. 

Homogenization heat treatment of DC-cast 5xxx alloys is primarily intended to reduce 

microsegregation and chemical gradients formed during non-equilibrium solidification [11, 12]. 

During homogenization, diffusion processes redistribute alloying elements and modify the 

morphology and distribution of interdendritic phases, thereby reducing local microstructural 

and compositional heterogeneity, while macrosegregation established during casting remains 

largely unaffected [10, 11, 13, 28].  

The novelty of this study lies in the combined statistical and microstructural evaluation of 

spatial hardness variability in industrial DC-cast EN AW-5083 ingots at identical sampling 

locations in both as-cast and homogenized conditions. Unlike previous studies, which primarily 

considered grain structure or hardness separately, this work integrates Latin square statistical 

analysis with direct correlation between hardness (HV5) and previously quantified grain 

structure parameters (NA) at corresponding sampling positions. This approach enables 

evaluation of the relationship between spatial hardness variability and local variations in grain 

structure within large industrial ingots. 

Therefore, the aim of this study was to evaluate the spatial distribution and variability of HV5 

hardness in industrial DC-cast EN AW-5083 ingots in the as-cast and homogenized conditions, 

and to analyse its relationship with previously quantified grain structure parameters (NA). Given 

that EN AW-5083 is a non-heat-treatable alloy predominantly strengthened by solid-solution 

mechanisms [5], homogenization is not expected to significantly increase the mean HV5 value. 

It is therefore hypothesised that homogenization reduces the spatial variability of hardness 

within industrial EN AW-5083 ingots primarily through reduction of local microstructural and 

compositional heterogeneity, without increasing the mean hardness. 

 

2. Experimental 

 

The investigations were conducted on EN AW-5083 aluminium alloy ingots produced under 

full industrial conditions by a semi-continuous Direct Chill (DC) casting process using 

Pechiney technology. Six casting charges (3112, 3113, 3114, 3116, 3117, and 3120) were 

examined. The ingots had nominal dimensions of 520 mm × 1680 mm × 5100 mm. Their 
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chemical compositions complied with EN 573-3 [29] and corresponded to previously published 

data for the same industrial production route [23]. The melts were prepared from primary 

aluminium (commercial-purity A5 aluminium ingots) and technological scrap, followed by 

standard industrial treatments including refining, alloying, grain refinement, degassing, and 

filtration before casting. 

Sampling was performed on cross-sectional slices approximately 30 mm thick, taken from the 

front (F) and rear (R) parts of each ingot after removal of technological scrap. In this study, 

front and rear sections refer to longitudinal positions along the ingot axis. In the as-cast 

condition, samples were taken from the lower half of each slice, while samples intended for 

homogenization were taken from mirror-symmetrical positions in the upper half, thereby 

ensuring comparable solidification and cooling conditions. 

Sampling positions were selected according to a Latin square experimental design with six 

levels of slice height (i), corresponding to ingot thickness, and six levels of slice width (j), 

corresponding to ingot width, resulting in 36 predefined sampling positions in each longitudinal 

section. Each charge appeared once in each row and column of the experimental matrix (Figure 

1). 

 

 
Figure 1. Sampling scheme of EN AW-5083 ingot slices according to the Latin square 

experimental design; (i) denotes slice height (ingot thickness) and (j) denotes slice width (ingot 

width) [25, 27] 

Homogenization heat treatment was conducted under semi-industrial conditions in an AVS250 

Durferrit salt bath at 520 °C for 10 h, followed by water quenching [23, 27]. As EN AW-5083 

is a non-heat-treatable Al-Mg alloy, the treatment was applied to reduce chemical and 

microstructural heterogeneity generated during solidification, rather than to induce 

precipitation hardening. 

Vickers hardness measurements (HV5) were performed at predefined sampling positions in 

both the as-cast and homogenized conditions, with 36 positions analysed per longitudinal 

section. Test specimens measuring approximately 30 × 30 mm and 5 mm thick were prepared 

from the selected locations. Hardness was measured using a Mitutoyo HV 112–114 hardness 

testing machine in accordance with EN ISO 6507-1 [30]. For positions near the slice edges 

(short edge, long edge, and top positions), six indentations were made from the edge towards 

the interior, while five indentations were made at all other positions. The arithmetic mean was 

taken as the representative hardness value for each sampling location and is hereafter referred 

to as the mean HV5. Additional statistical evaluation of hardness variability was performed 

using standard deviation and coefficient of variation analyses based on grouped HV5 data for 

charge, slice height, and slice width variables. To avoid overstating experimental precision, 

mean HV5 values are reported to one decimal place where appropriate. Particular attention was 
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given to edge regions because local solidification conditions and microstructural heterogeneity 

can significantly affect hardness [15, 21, 25]. Therefore, positions located 1–2 mm from the 

slice edges, corresponding to i = 6 and j = 1 and j = 6, were included in the analysis. 

Statistical evaluation of hardness results was conducted using analysis of variance (ANOVA) 

based on a Latin square model. The effects of charge (six levels), slice height (i), and slice width 

(j) were assessed using the F-test, and the corresponding F-statistics and p-values were 

calculated. Statistical significance was determined at α = 0.05. Calculations were performed 

using StatSoft® STATISTICA 13.2 and R (version 4.4.3). 

Predefined sampling positions within each ingot slice were used to ensure consistent spatial 

evaluation of hardness distribution across the ingot cross-section. The Latin square design was 

applied to achieve balanced statistical evaluation of variability associated with slice height and 

width positions, while hardness measurements were performed independently at each 

predefined sampling location. Before ANOVA evaluation, residual diagnostics were examined 

to assess the assumptions of normality and homogeneity of variance. 

To quantify the spatial homogeneity of hardness, the coefficient of variation (V) of mean HV5 

values was calculated for all measurement positions within each slice. Mean HV5 values were 

also determined separately for the front (F) and rear (R) sections of the ingots. For each slice, 

the coefficient of variation was calculated as the ratio of the standard deviation to the mean 

HV5 value and expressed as a percentage. The arithmetic mean of these values is hereafter 

referred to as the mean coefficient of variation. The notations VC and VH were used to denote 

the coefficients of variation in the as-cast condition (C) and homogenized condition (H), 

respectively. The effect of homogenization was evaluated by comparing mean HV5 values and 

coefficients of variation in the as-cast and homogenized conditions. 

The relationship between HV5 values measured at the front (F) and rear (R) sections was 

evaluated using Pearson’s correlation coefficient based on paired HV5 measurements at 

identical sampling positions (n = 36). Correlation coefficients were determined separately for 

the as-cast and homogenized conditions and are denoted as rc,CF–CR and rc,HF–HR, respectively. 

Additionally, the total correlation coefficient rc,total was calculated from pooled data, while 

charge-wise coefficients were determined for each casting charge (n = 6). Linear regression 

analysis was also conducted to quantify the relationship between front and rear HV5 values. 

The grain structure at the same predefined sampling locations was previously characterized 

using the Latin square scheme, with the grain structure quantified by the number of grains per 

unit area (NA) in the as-cast and homogenized conditions [23]. As the previously published 

structural characterization was expressed as the number of grains per unit area (NA), the same 

parameter has been retained in the present statistical evaluation. In this work, the published NA 

values were paired with the corresponding HV5 values at identical sampling locations to 

analyse the relationship between grain structure and hardness; therefore, the dataset is not 

presented here. The association between HV5 and NA was evaluated using Pearson’s correlation 

coefficient and simple linear regression (HV5 = a + b·NA). The analysis was performed 

separately for the front and rear sections in both conditions (n = 36 per dataset), with each 

dataset consisting of paired HV5 and NA values obtained at identical sampling positions. The 

analysis was intended to evaluate the statistical correlation between NA and hardness 

distribution rather than to establish a direct Hall–Petch-type relationship. 

 

3. Results 

3.1. Spatial Distribution of HV5 Hardness in the As-Cast and Homogenized EN AW-5083 

Ingots 

 

Tables 1 and 2 present the mean HV5 values measured at the predefined sampling locations 

(Figure 1) in the front and rear sections of the EN AW-5083 ingots in both the as-cast and 



 

 

5 

 

homogenized conditions. In the as-cast condition, the HV5 values in the front sections of the 

ingots ranged from 74.0 to 95.9, while those in the rear sections ranged from 75.3 to 90.8. After 

homogenization, the HV5 values ranged from 70.9 to 83.6 in the front sections and from 70.4 

to 84.9 in the rear sections. 

 

Table 1. Hardness (HV5) values for the as-cast samples from the front and rear sections of the 

tested EN AW-5083 ingots (data adapted from [23]) 
Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

1FC-short 83.5 19FC-short 85.6 1RC-short 86.7 19RC-short 83.7 

2FC 77.3 20FC 78.3 2RC 76.6 20RC 80.8 

3FC 79.6 21FC 80.0 3RC 75.3 21RC 77.9 

4FC 79.9 22FC 76.7 4RC 78.5 22RC 76.5 

5FC 74.0 23FC 79.7 5RC 76.8 23RC 75.8 

6FC-short 81.2 24FC-short 89.8 6RC-short 84.3 24RC-short 86.9 

7FC-short 85.1 25FC-short 83.3 7RC-short 83.5 25RC-short 85.0 

8FC 78.7 26FC 80.2 8RC 79.4 26RC 82.6 

9FC 76.4 27FC 79.8 9RC 77.4 27RC 80.6 

10FC 77.1 28FC 77.9 10RC 79.7 28RC 81.4 

11FC 78.7 29FC 80.0 11RC 80.4 29RC 80.4 

12FC-short 87.5 30FC-short 87.2 12RC-short 89.8 30RC-short 83.2 

13FC-short 95.9 31FC-top 91.3 13RC-short 90.0 31RC-top 88.4 

14FC 78.6 32FC-long 87.7 14RC 79.2 32RC-long 81.9 

15FC 76.9 33FC-long 86.3 15RC 78.6 33RC-long 85.9 

16FC 78.7 34FC-long 89.9 16RC 78.8 34RC-long 82.5 

17FC 79.4 35FC-long 83.2 17RC 76.3 35RC-long 80.8 

18FC-short 81.8 36FC-top 83.0 18RC-short 84.9 36RC-top 90.8 

FC – front of ingot (as-cast condition); RC – rear of ingot (as-cast condition); short – short edge position; long – 

long edge position; top – top position in slice 

 

Table 2. Hardness (HV5) values for the homogenized samples from the front and rear sections 

of the tested EN AW-5083 alloy ingots 
Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

Sample 

Number 

Mean 

HV5 

1FH-short 76.9 19FH-short 80.3 1RH-short 78.3 19RH-short 79.5 

2FH 72.1 20FH 74.8 2RH 73.6 20RH 75.4 

3FH 71.2 21FH 73.4 3RH 70.9 21RH 74.8 

4FH 71.8 22FH 72.8 4RH 70.4 22RH 72.4 

5FH 72.8 23FH 74.5 5RH 73.4 23RH 72.5 

6FH-short 77.4 24FH-short 75.7 6RH-short 80.1 24RH-short 76.1 

7FH-short 77.3 25FH-short 78.6 7RH-short 78.6 25RH-short 78.7 

8FH 70.9 26FH 74.6 8RH 73.6 26RH 76.8 

9FH 73.1 27FH 73.0 9RH 73.2 27RH 72.5 

10FH 72.0 28FH 74.1 10RH 72.5 28RH 72.3 

11FH 72.2 29FH 72.9 11RH 74.0 29RH 73.2 

12FH-short 80.2 30FH-short 83.6 12RH-short 77.2 30RH-short 79.6 

13FH-short 80.8 31FH-top 81.9 13RH-short 80.3 31RH-top 84.9 

14FH 74.6 32FH-long 81.2 14RH 75.3 32RH-long 76.8 

15FH 72.6 33FH-long 78.3 15RH 73.2 33RH-long 77.2 

16FH 72.3 34FH-long 77.2 16RH 74.9 34RH-long 77.0 

17FH 71.5 35FH-long 79.3 17RH 72.7 35RH-long 76.4 

18FH-short 76.9 36FH-top 80.2 18RH-short 80.2 36RH-top 78.6 

FH – front of ingot (homogenized condition); RH – rear of ingot (homogenized condition); short – short edge 

position; long – long edge position; top – top position in slice 
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The mean HV5 values measured at the front and rear longitudinal sections were very similar in 

both conditions (Table 3). In the as-cast condition, the mean values were 82.0 HV5 at the front 

and 81.7 HV5 at the rear [20], while after homogenization they decreased to 75.6 and 75.8 HV5, 

respectively. When averaged over both sections, the overall mean HV5 decreased from 81.8 

HV5 in the as-cast condition to 75.7 HV5 after homogenization, corresponding to a reduction 

of 7.5%. Homogenization also improved the spatial homogeneity of hardness, as indicated by 

the lower mean coefficient of variation. 

 

Table 3. Mean HV5 values and mean coefficients of variation for the front and rear sections of 

the ingots in the as-cast [23] and homogenized conditions 
Section Mean HV5 Mean V/% 

FC 82.0 5.70 

RC 81.7 5.42 

C 81.8 5.56 

FH 75.6 4.88 

RH 75.8 4.40 

H 75.7 4.64 

 

3.2. Influence of Charge and Cross-Sectional Position on Hardness (Latin Square and 

ANOVA Analysis) 

 

Tables 4 and 5 summarise the mean HV5 values, parameter estimates, standard deviations, and 

coefficients of variation for the front and rear sections in the as-cast and homogenized 

conditions. Measurable variability in HV5 values was observed within the investigated 

sampling groups. The largest deviations from the overall mean HV5 are associated with slice 

height (i) and slice width (j) in both conditions. 

 

Table 4. Mean HV5 values, parameter estimates, standard deviations, and coefficients of 

variation (VC) for the front and rear sections of the ingots in the as-cast condition 

 

Table 5. Mean HV5 values, parameter estimates, standard deviations, and coefficients of 

variation (VH) for the front and rear sections of the ingots in the homogenized condition 

Variables 

 
Level 

Mean HV5 (C) Parameter Estimate Standard deviation VC/% 

F R F R F R F R 

Charge 

3112 85.7 82.4 3.70 0.71 7.17 5.32 8.37 6.45 

3113 81.4 81.4 -0.60 -0.35 3.74 4.27 4.59 5.25 

3114 82.4 82.0 0.48 0.26 4.55 5.43 5.52 6.63 

3116 81.7 82.1 -0.27 0.36 4.81 3.90 5.89 4.76 

3117 78.8 82.0 -3.18 0.25 3.68 5.13 4.67 6.26 

3120 81.8 80.5 -0.13 -1.24 4.21 2.57 5.14 3.19 

Slice 

height (i) 

1. 79.3 79.7 -2.70 -2.00 3.28 4.67 4.14 5.86 

2. 80.6 81.7 -1.37 0.00 4.58 4.43 5.69 5.43 

3. 81.9 81.3 -0.07 -0.40 7.05 5.13 8.61 6.31 

4. 81.7 80.3 -0.27 -1.44 4.99 4.38 6.10 5.45 

5. 81.4 82.2 -0.55 0.50 3.33 1.76 4.09 2.14 

6. 86.9 85.1 4.95 3.35 3.41 3.99 3.93 4.69 

Slice 

width (j) 

1. 87.5 86.2 5.50 4.51 5.06 2.63 5.79 3.05 

2. 80.1 80.1 -1.82 -1.62 3.82 2.17 4.77 2.71 

3. 79.8 79.3 -2.12 -2.42 3.53 3.67 4.42 4.63 

4. 80.0 79.6 -1.92 -2.14 4.97 2.15 6.21 2.70 

5. 79.2 78.4 -2.78 -3.29 2.97 2.34 3.76 2.99 

6. 85.1 86.7 3.13 4.95 3.54 3.09 4.16 3.56 

Variables Level Mean HV5 (H) Parameter Estimate Standard deviation VH/% 
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3.2.1. Influence of Individual Variables on Hardness in the As-Cast Condition 
 

Figure 2 shows the influence of charge, slice height, and slice width on the mean HV5 values 

in the as-cast condition for the front and rear sections. The mean HV5 values at the two 

longitudinal positions remain similar in both sections.  

A systematic increase in hardness towards the slice edges is observed in both longitudinal 

sections. At the ingot front, the highest positive parameter estimates for slice width occur at j = 

1 and j = 6, reaching +5.50 and +3.13 HV5, respectively, while at the rear they reach +4.51 and 

+4.95 HV5 (Table 4). Similarly, the highest mean HV5 values with respect to slice height occur 

at the outer level i = 6, amounting to 86.9 HV5 at the front and 85.1 HV5 at the rear. 

The ANOVA results for the as-cast condition are presented in Table 6. Slice height and slice 

width are statistically significant sources of variability in both longitudinal sections. Slice 

height is significant at the front (p = 0.002) and rear (p = 0.010), whereas slice width is highly 

significant at both positions (p < 0.001). Charge is statistically significant only in the front 

section (p = 0.010). 

The coefficients of variation indicate moderate dispersion of hardness values within the as-cast 

ingots. They range from 3.76% to 8.61% at the front and from 2.14% to 6.63% at the rear, with 

mean values of 5.70% and 5.42%, respectively (Tables 3 and 4). 

 

 
(a) 

F R F R F R F R 

Charge 

3112 74.8 75.2 -0.86 -0.57 3.86 3.32 5.16 4.42 

3113 75.5 75.7 -0.11 -0.02 2.35 3.38 3.11 4.46 

3114 75.9 75.0 0.29 -0.77 4.12 2.73 5.43 3.64 

3116 75.3 77.6 -0.34 1.83 3.76 4.20 4.99 5.42 

3117 75.2 75.3 -0.47 -0.45 3.45 2.77 4.59 3.68 

3120 77.1 75.7 1.48 -0.02 4.64 3.60 6.02 4.75 

Slice 

height (i) 

1. 73.7 74.5 -1.94 -1.30 2.73 3.94 3.70 5.29 

2. 74.3 74.9 -1.36 -0.90 3.65 2.45 4.91 3.28 

3. 74.8 76.1 -0.86 0.35 3.53 3.36 4.72 4.42 

4. 75.3 75.1 -0.39 -0.64 2.68 2.63 3.56 3.50 

5. 76.1 75.5 0.50 -0.24 4.21 3.26 5.53 4.32 

6. 79.7 78.5 4.04 2.73 1.77 3.23 2.22 4.12 

Slice 

width (j) 

1. 79.3 80.1 3.66 4.30 2.01 2.48 2.54 3.10 

2. 74.7 75.3 -0.94 -0.50 3.56 1.43 4.77 1.91 

3. 73.6 73.6 -2.04 -2.12 2.43 2.15 3.30 2.93 

4. 73.4 73.3 -2.27 -2.50 2.05 2.33 2.79 3.18 

5. 73.9 73.7 -1.77 -2.05 2.84 1.43 3.85 1.93 

6. 79.0 78.6 3.36 2.88 2.90 1.67 3.66 2.13 
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(b) 

Figure 2. Effect of individual variables on mean HV5 hardness in the as-cast condition: (a) 

ingot front section; (b) ingot rear section 

 

Table 6. ANOVA results for HV5 hardness in the ingot front and rear sections in the as-cast 

condition 

Variable 
SS df MS F p 

F R F R F R F R F R 

Charge 147.04 14.55 5 5 29.41 2.91 4.13 0.57 0.010 0.726 

Slice height (i) 204.23 106.12 5 5 40.85 21.22 5.73 4.12 0.002 0.010 

Slice width (j) 355.61 412.13 5 5 71.12 82.43 9.98 16.01 <0.001 <0.001 

Residual 142.47 102.97 20 20 7.12 5.15     

SS, sum of squares; df, degrees of freedom; MS, mean square 

 

3.2.2. Influence of Individual Variables on Hardness in the Homogenized Condition 

 

Figure 3 shows the influence of charge, slice height, and slice width on the mean HV5 values 

in the homogenized condition. The positional trends are similar to those observed in the as-cast 

condition, but the overall mean HV5 values are lower in both longitudinal sections (Table 3). 

 

 

 
(a) 
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(b) 

Figure 3. Effect of individual variables on mean HV5 hardness in the homogenized condition: 

(a) ingot front section; (b) ingot rear section 

 

The effect of charge is less pronounced after homogenization, whereas slice height and slice 

width remain the dominant sources of variability. For slice height, the estimated deviations 

from the overall mean HV5 at the ingot front range from −1.94 HV5 at i = 1 to +4.04 HV5 at i 

= 6, with a similar trend at the rear (Table 5). Higher HV5 values are observed at j = 1 and j = 

6. 

The ANOVA results for the homogenized condition are presented in Table 7. Slice height and 

slice width are statistically significant in both longitudinal sections (p < 0.001). Charge is not 

statistically significant at the front (p = 0.271), but remains significant at the rear (p = 0.009). 

The coefficients of variation are lower than in the as-cast condition, ranging from 2.22% to 

6.02% at the front and from 1.91% to 5.42% at the rear. The mean coefficient of variation 

decreases from 5.56% in the as-cast condition to 4.64% after homogenization (Tables 3 and 5). 

 

Table 7. ANOVA results for HV5 hardness in the ingot front and rear sections (homogenized 

condition) 
Variable 

 

SS df MS F p 

F R F R F R F R F R 

Charge 20.11 26.84 5 5 4.02 5.37 1.39 4.21 0.271 0.009 

Slice height (i) 138.50 63.29 5 5 27.70 12.66 9.56 9.93 <0.001 <0.001 

Slice width (j) 228.26 251.92 5 5 45.65 50.38 15.76 39.52 <0.001 <0.001 

Residual 57.93 25.50 20 20 2.90 1.28     

 

3.3. Correlation between HV5 Values Measured at the Front and Rear Sections of the Ingots 

 

Table 8 presents the correlation between HV5 values measured at identical positions in the front 

and rear sections. A strong positive relationship is observed in both conditions, indicating 

consistent front–rear hardness behavior. The total correlation coefficient increases from rc,CF–

CR = 0.76 in the as-cast condition to rc,HF–HR = 0.85 after homogenization. The very high 

correlation coefficients observed for some individual charges are likely influenced by the 

limited number of paired observations per charge (n = 6). 

 

Table 8. Pearson correlation coefficients between the front and rear HV5 values for each 

casting charge in the as-cast (rc,CF–CR) and homogenized (rc,HF–HR) conditions, together with the 

total correlation coefficient (rc,total) 
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Charge 3112 3113 3114 3116 3117 3120 rc,total 

rc,CF–CR 0.90 0.76 0.78 0.86 0.91 0.96 0.76 

rc,HF–HR 0.96 0.78 0.85 0.99 0.98 0.94 0.85 

 

3.4. Relationship between the Number of Grains per Unit Area (NA) and Hardness (HV5) 

 

Previously published number of grains per unit area values for identical sampling positions [20] 

were paired with the corresponding HV5 values to evaluate the relationship between grain 

structure and hardness. Linear regression analysis was performed using 36 paired NA and mean 

HV5 values for each ingot section. 

In the as-cast condition, statistically significant positive NA–HV5 relationships were observed 

for both longitudinal sections (Figure 4). For the front section, the regression equation is HV5 

= 71.96 + 0.155·NA (R² = 0.274, r = 0.523, p = 0.001), while for the rear section it is HV5 = 

78.17 + 0.055·NA (R² = 0.114, r = 0.337, p = 0.044). Thus, higher NA values are generally 

associated with slightly higher HV5 values. 

 

   
   

                                     (a)                                                                        (b) 

Figure 4. Correlation between number of grains per unit area (NA) and mean HV5 hardness in 

the as-cast condition: (a) ingot front section; (b) ingot rear section 

 

After homogenization, the NA–HV5 relationship remains statistically significant in both sections 

(Figure 5). For the front section, the regression equation is HV5 = 67.25 + 0.110·NA (R² = 

0.339, r = 0.582, p < 0.001), while for the rear section it is HV5 = 72.14 + 0.048·NA (R² = 0.154, 

r = 0.392, p = 0.018). 
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                                       (a)                                                                         (b) 

Figure 5. Correlation between number of grains per unit area (NA) and mean HV5 hardness in 

the homogenized condition: (a) ingot front section; (b) ingot rear section 

 

For direct comparison, the regression parameters are summarized in Table 9. The relatively low 

coefficients of determination (R² = 0.114–0.339) indicate limited to moderate statistical 

association between NA and HV5. Overall, homogenization is associated with lower mean HV5 

values, reduced variability, and preservation of positive NA–HV5 trends. 

 

Table 9. Summary of linear regression parameters describing the relationship between number 

of grains per unit area (NA) and mean HV5 hardness in the as-cast and homogenized conditions 
Condition Section Regression equation (HV5) Pearson r R² p 

As-cast Front HV5 = 71.96 + 0.155·NA 0.523 0.274 0.001 

As-cast Rear HV5 = 78.17 + 0.055·NA 0.337 0.114 0.044 

Homogenized Front HV5 = 67.25 + 0.110·NA 0.582 0.339 <0.001 

Homogenized Rear HV5 = 72.14 + 0.048·NA 0.392 0.154 0.018 

 

4. Discussion 

 

The results indicate that hardness in the investigated EN AW-5083 ingots is relatively uniform 

along the longitudinal direction, whereas significantly larger variations occur across the ingot 

cross-section. The mean HV5 values measured at the front and rear sections in the as-cast 

condition are very similar (82.0 HV5 and 81.7 HV5), while the positive correlation coefficient 

rc,CF–CR = 0.76 confirms a consistent front–rear hardness pattern along the casting direction 

(Tables 3 and 8). After homogenization, the corresponding mean values remain similar (75.6 

HV5 and 75.8 HV5), and the correlation increases to rc,HF–HR = 0.85 (Tables 3 and 8). This 

indicates that longitudinal variations are limited in both conditions and that hardness 

heterogeneity is mainly associated with the ingot cross-section. This is further supported by the 

reduction in the coefficient of variation after homogenization, indicating improved spatial 

homogeneity of hardness (Table 3). 

Statistical analysis confirms that hardness variability is governed by spatial factors within the 

cross-section. The ANOVA results and parameter estimates (Tables 4–7, Figures 2 and 3) 

identify slice height (i) and slice width (j) as the dominant sources of variability in both 

conditions. In the as-cast condition, slice height is statistically significant at both longitudinal 

positions (p = 0.002 and p = 0.010), while slice width exhibits the strongest effect (p < 0.001) 

(Table 6), and this trend persists after homogenization (Table 7). This behavior is characteristic 

of DC casting, where thermal gradients and solidification conditions vary across the ingot cross-

section [10, 15]. Cooling rate variations contribute to spatial differences in microstructural 

development and hardness response [31, 32]. Such behavior may also be associated with local 

variations in secondary dendrite arm spacing (SDAS), which is inversely related to cooling rate 

and may contribute to spatial differences in microstructural morphology, segregation behavior, 

and hardness response in cast aluminium alloys [33]. In addition to grain structure effects, 

spatial hardness variations in DC-cast EN AW-5083 ingots may also be influenced by 

segregation-related compositional heterogeneity formed during non-equilibrium solidification.  

The spatial hardness distribution supports this interpretation. In the as-cast condition, the 

highest HV5 values occur predominantly in edge regions, particularly at positions 

corresponding to j = 1 and j = 6 and i = 6, as shown in Table 1 and reflected by the parameter 

estimates in Table 4 and Figure 2. The maximum value (95.9 HV5) was recorded at an edge 

position, indicating that local solidification conditions near the ingot surface, associated with 

higher cooling rates, may contribute to local microstructural heterogeneity and corresponding 

differences in hardness response compared with the ingot interior [15, 34]. 
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Local hardness differences may also be influenced by the spatial distribution of Mg-containing 

phases such as Mg₂Si, which form in interdendritic regions and contribute to local 

microstructural heterogeneity and spatial variations in mechanical response in DC-cast AA5xxx 

alloys [12, 13]. Previous microstructural analysis of charge 3116 showed a reduction in the 

surface fraction of Mg₂Si after homogenization, consistent with its partial dissolution into the 

matrix, while Fe- and Mn-based intermetallic phases remained relatively stable [24]. 

The relationship between the number of grains per unit area (NA) and hardness is positive but 

limited. The NA–HV5 correlations (Figures 4 and 5, Table 9) show that positions with higher 

NA values tend to exhibit slightly higher hardness values, indicating a limited statistical 

association between grain-structure-related spatial variation and local hardness response, which 

is qualitatively consistent with previously reported grain structure–property trends [7, 8]. 

However, the relatively low coefficients of determination (R² = 0.114–0.339) indicate that NA 

accounts for only a limited fraction of the total hardness variability. Therefore, the observed 

NA–HV5 relationship should be interpreted as a statistical association between grain-density-

related heterogeneity and hardness rather than as direct evidence of a Hall–Petch-type 

strengthening mechanism. 

A direct comparison of sampling location, NA, and hardness (HV5) shows that variations across 

the ingot cross-section (i and j directions) are more pronounced than those between the front 

and rear sections. Although a positive relationship between NA and HV5 is observed, similar 

positional trends in hardness occur regardless of local variations in NA. This indicates that NA 

alone cannot adequately describe the spatial hardness distribution. 

The observed decrease in mean hardness, reduction in variability, and increase in longitudinal 

correlation after homogenization indicate that the primary effect of homogenization is the 

reduction of local microstructural and compositional heterogeneity within the ingot. 

 

5. Conclusions 

 

The results show that hardness in industrial DC-cast EN AW-5083 ingots is relatively uniform 

along the casting direction, while significantly larger variations occur across the ingot cross-

section, governed primarily by slice height (i) and slice width (j). In the as-cast condition, the 

higher HV5 values observed in edge regions reflect locally intensified cooling conditions and 

associated microstructural and compositional heterogeneity. Homogenization reduces the mean 

HV5 from 81.8 to 75.7 and improves spatial homogeneity, as confirmed by a reduction in the 

coefficient of variation and an increase in longitudinal correlation between the front and rear 

sections. The relationship between the number of grains per unit area (NA) and hardness is 

positive but limited, indicating that NA contributes to local variations but cannot be considered 

a reliable predictor of the overall hardness distribution. The relatively low coefficients of 

determination further indicate that hardness variability is controlled by multiple interacting 

factors. Overall, homogenization improves the spatial homogeneity of hardness within the 

ingot. The results obtained may contribute to improved process evaluation and optimization 

during industrial production and homogenization of large DC-cast EN AW-5083 ingots. 
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