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Abstract

This study investigated how initial ingot thickness (400 mm vs. 520 mm) influences the
microstructure and mechanical properties of Al-Zn-Mg—Cu alloys rolled to 80 mm. The
combination of smaller initial thickness and lower total reduction (the 400-L route) results
in lower dislocation density and a higher fraction of metastable )’ precipitates after T77
treatment. In contrast, the 520-L route, which involves a larger initial ingot thickness
coupled with greater rolling reduction, yields higher dislocation density and a greater
proportion of stable 1 phase. Texture also differs: the 400 mm ingot develops a strong S
texture and high anisotropy, whereas the 520 mm ingot exhibits Brass texture and reduced
anisotropy. Specifically, cross-rolling plus longitudinal rolling of the 520 mm ingot enhances
recrystallization texture, giving a short-transverse yield strength of 528 MPa—within 6% of
the longitudinal direction. This work offers valuable insights for controlling anisotropy in
large 7xxx aluminum plates.

Keywords: 7xxx-series aluminum alloy; large-scale ingots; rolling processes; texture;
anisotropy; T77 temper

1. Introduction

The 7xxx-series aluminum alloys, primarily alloyed with Al-Zn-Mg-Cu, have emerged
as critical strategic materials in the aerospace sector due to their high specific strength,
excellent fatigue resistance, and other advantageous properties. They are widely em-
ployed in core load-bearing components such as aircraft skins and door protection
structures [1-3]. With rising application demands, research on forming processes for these
high-strength aluminum alloys has garnered increasing interest. In addition to conven-
tional rolling and extrusion processes, unconventional forming methods such as the KOBO
extrusion technique have also been explored for processing these high-strength alloys,
demonstrating the potential for achieving refined microstructures and enhanced mechani-
cal properties under complex strain paths [4]. With the increasing integration of aerospace
equipment, there is a surging demand for large-scale, integrated high-performance plate
components. This drives a paradigm shift in the production of 7xxx-series aluminum alloy
plates—from the conventional approach of “small-to-medium-sized ingots with subsequent

Metals 2026, 16, 535

https://doi.org/10.3390 /met16050535


https://crossmark.crossref.org/dialog?doi=10.3390/met16050535&domain=pdf&date_stamp=2026-05-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met16050535

Metals 2026, 16, 535

2 of 15

rolling” to that of “large-sized ingots with heavy-reduction rolling”. Compared to conven-
tional smaller ingots, producing plate components of the same thickness specification using
large-scale ingots necessitates increased rolling deformation. This enhanced deformation
helps eliminate casting defects like porosity and shrinkage, while simultaneously reducing
the number of melting cycles, saving energy, and increasing production efficiency. This
approach aligns with the core objectives of modern manufacturing: cost reduction and
efficiency improvement [5-9].

However, the rolling of large-scale ingots presents several challenges: The slow cooling
rates during solidification promote the formation of coarse grains, which significantly
degrade mechanical properties [10-12]. Multi-pass rolling can refine the microstructure to
some extent; however, severe plastic deformation elongates and fragments grains, leading to
the formation of directional fibrous structures. This, in turn, induces significant anisotropy
in the plate properties [13-16]. For instance, Wei et al. [17] investigated the static tensile
properties of a 7050 aluminum alloy plate and observed pronounced strength anisotropy.
The yield strength was highest in the longitudinal (L) direction and lowest in the short-
transverse (ST) direction, with a difference exceeding 10% between the two. Such anisotropy
not only complicates consistent quality control but also poses potential risks to the reliability
of components in service.

Recent studies have shown that cross-rolling—where the rolling direction is altered
between passes, effectively reorienting the previously widened direction to become the new
elongation direction—can effectively mitigate anisotropy [18-20]. For example, in a study
on rolling 20 mm thick 2xxx-series aluminum alloy plates, Sun Dongpeng et al. [21] found
that plates produced by cross-rolling exhibited a 58.93% reduction in the difference between
transverse and longitudinal tensile strength and a 15.56% decrease in the anisotropy of
elongation compared to those produced by conventional unidirectional rolling, significantly
reducing planar anisotropy. Similarly, Amir Kazemi Navaee et al. [22], investigating the
single-roll-driven cross-rolling behavior of 6 mm thick AA7075 aluminum alloy, reported a
substantial decrease in planar anisotropy with increasing rolling reduction. However, these
studies focused exclusively on cross-rolling of aluminum alloy sheets with thicknesses
below 20 mm. The effectiveness of this technique for controlling anisotropy in thick
aluminum alloy plates remains insufficiently explored. Compared to sheet rolling, the
deformation zone in thick plates is more complex, and regions far from the rolled surface
often experience insufficient deformation [23], which may compromise the effectiveness
of cross-rolling in regulating anisotropic microstructures. Therefore, investigating the
influence of cross-rolling on the microstructural and property evolution of thick 7xxx-series
aluminum alloy plates is crucial for enhancing the quality of their industrial production.

The heat treatment employed in this study is the T77 temper, a specialized three-
stage aging treatment developed specifically for 7xxx-series aluminum alloy thick plates.
The T77 temper produces a characteristic microstructure consisting of fine intragranular
metastable i)’ precipitates, together with coarse, discrete grain-boundary n particles and
distinct precipitate-free zones. This microstructural configuration enables the alloy to
retain near-peak strength (comparable to the T6 temper) while exhibiting substantially
enhanced resistance to both stress corrosion cracking (SCC) and exfoliation corrosion—a
property profile that is critically required for thick-plate applications in primary load-
bearing aerospace structures such as upper wing skins and fuselage frames. Given that the
precipitation response during T77 aging is highly sensitive to the crystal defects introduced
during prior deformation, the rolling history—particularly the total reduction and the
rolling path—can markedly influence the resultant precipitate characteristics. Elucidating
how different rolling strategies modulate the microstructure and mechanical properties

https://doi.org/10.3390 /met16050535


https://doi.org/10.3390/met16050535

Metals 2026, 16, 535

30f15

of T77-treated thick plates is therefore of both fundamental scientific interest and direct
practical relevance to industrial manufacturing.

This study systematically investigates the rolling processing of two typical ingot
thicknesses: 400 mm and 520 mm. In contrast to prior investigations focused on the cross-
rolling of thin sheets, the present study targets the characteristic insufficient deformation in
the core region of thick plates. It demonstrates that the cross-rolling-induced transformation
of the dominant texture component from S {123}<634> to Brass {011}<211>, rather than a
simple randomization of texture intensity, is the critical mechanism governing the reduction
in short-transverse mechanical anisotropy in thick 7xxx aluminum plates. Furthermore,
crystallographic calculations were employed to quantitatively elucidate the strengthening
mechanism by which the Brass texture enhances the short-transverse mechanical properties.
A multi-scale “processing—texture—precipitation-property” correlative framework was
established for industrial-scale thick plates, thereby providing both a mechanistic rationale
and actionable processing guidelines for anisotropy control in load-bearing aerospace
structural components.

2. Methods

The ingots were produced using molds of two thicknesses: 440 mm and 550 mm.
The actual chemical composition is given in Table 1. For subsequent rolling processes, the
440 mm thick ingot was machined into a 400 x 1820 mm slab prior to rolling, while the
550 mm thick ingot was machined into a 520 x 2530 mm slab. Rolling was performed
with temperature strictly maintained at 420 °C and speed stabilized at 1.5 m/s to ensure
experimental consistency and controllability. The reduction per pass was controlled at
approximately 15%, resulting in a final plate thickness of 80 mm. Calculated deforma-
tion ratios reached 80% for the 400 x 1820 mm slab and 85% for the 520 x 2530 mm
slab. For the 520 x 2530 mm: slab, two distinct rolling strategies were implemented. The
first strategy employed unidirectional rolling, where deformation proceeded exclusively
along a single fixed direction through multiple passes. The second method involved ro-
tating the plate by 90° when its thickness approached ~450 mm, followed by longitudinal
rolling along the original width direction to achieve controlled width spreading. This
cross-rolling strategy aimed to modify material deformation paths and microstructural evo-
lution through directional changes. Samples were systematically labeled for identification:
400-L (unidirectional rolling of 400 x 1820 mm slab), 520-L (unidirectional rolling of
520 x 2530 mm slab), and 520-LT (520 x 2530 mm slab with width spreading + longitudinal
rolling). The material orientations are defined as follows (Figure 1): L-direction (final rolling
direction), LT-direction (transverse direction), and ST-direction (short-transverse direction).
The rolled samples underwent a solution heat treatment at 470 °C for 120 min followed by
482 °C for 120 min, with subsequent water quenching. They were then subjected to a T77
aging treatment: 120 °C for 24 h + 160 °C for 5 h, followed by water quenching and a final
aging step at 120 °C for 24 h.

Table 1. Chemical composition of the Al-Zn-Mg-Cu alloy (wt.%).

Si

Fe

Cu Mg Zn Ti Zr Al

0.03

0.04

2.18 1.68 8.20 0.025 0.10 Bal.

Microstructural analysis was conducted using a Leica DMi8 M optical microscope
(OM), Zeiss Gemini Sigma 500 scanning electron microscope (SEM), and FEI Talos F200X
transmission electron microscope (TEM), complemented by electron backscatter diffraction
(EBSD). Metallographic specimens were ground, polished, and etched with Keller’s reagent,
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while EBSD specimens were prepared by grinding followed by electrolytic polishing with
a solution of 10%HCIO4 + 90%CyHgO. Geometrically necessary dislocation (GND) density
maps were calculated from the EBSD data using AZtecCrystal software (version 2.1). The
calculation is based on the Nye-Kroner framework, in which the lattice curvature tensor
is derived from the orientation gradients between adjacent measurement points. The
orientation gradient is determined from misorientations represented in quaternion form,
and the curvature tensor is obtained via least-squares fitting. The lower-bound GND
density is subsequently estimated from the Nye tensor using an L1-norm minimization
algorithm. A step size of 3 um was employed during EBSD data acquisition. Pixels with a
confidence index (CI) below 0.1 were excluded from the analysis to minimize noise-induced
artifacts. The GND density values reported in this work represent the arithmetic mean over
all valid pixels within the respective scanned areas. For TEM characterization, the discs with
a diameter of 3 mm were ground to a thickness of 90 pm and electrochemically polished
using a twin-jet electron-polishing device with a solution of 30%HNO; + 70%CH3;OH
at —25°C.

ST

Y= mmmmmmm e —e e ————

+

~,

80mm

Figure 1. Schematic illustration of orientation calibration for the rolled plate.

To evaluate rolling-process effects on mechanical properties, tensile bars with a gauge
diameter of 10 mm were extracted from the quarter-thickness location of plates produced
by all three processes. The tensile tests were performed using a WANCE TSE504D universal

testing machine at a strain rate of 1 x 1073 s~ 1.

3. Results
3.1. Microstructure

Figure 2 presents OM images of samples parallel to the rolling plane under the three
rolling processes. The results reveal that all samples exhibit distinct mixed-grain structures,
characterized by the coexistence of grains with significantly different sizes. Further com-
parison demonstrates that the width of coarse grain bands in the 400-L sample is slightly
reduced compared to those in the 520-L and 520-LT samples. This phenomenon can be
primarily ascribed to the smaller mold size employed for the 400-L ingot, which promoted
faster cooling and consequently a finer as-cast grain structure. It should be noted, however,
that the 520-L and 520-LT specimens also underwent a greater total rolling reduction, which
contributed to the observed differences in grain morphology.
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(a)

200 pm 200 pm 200 pm

Figure 2. Observation results along the rolling plane direction (observation plane perpendicular to
the ST direction): (a) 400-L, (b) 520-L, (c) 520-LT.

When observed along the rolling side plane (the plane defined by the rolling direction
and normal direction of the plate), the banded structural feature becomes more pronounced,
as shown in Figure 3. Compared to the rolling plane, these banded structures appear
significantly finer. Notably, this observation reveals a contrasting trend to that of the rolling
plane: the coarse grain band width in the 400-L sample is slightly larger than that in the
520-L and 520-LT samples. This may be attributed to the greater thickness reduction
experienced by the 520-L and 520-LT ingots during rolling. The enhanced thinning effect
along the longitudinal direction reduced the coarse grain bands more substantially, resulting
in narrower band widths on the rolling side plane.

Figure 3. Observation results along the rolling side direction (observation plane perpendicular to the
LT direction): (a) 400-L, (b) 520-L, (c) 520-LT.

EBSD characterization was further conducted to investigate the microstructures of
the specimens prepared under the three kinds of rolling processes, with results presented
in Figure 4. Figure 4a—c show the inverse pole figure (IPF) maps along the rolling plane
direction, revealing average grain sizes of 29.1 um, 30.2 pm, and 29.7 um for the 400-L,
520-L, and 520-LT samples, respectively. Figure 4d—f present the IPF maps along the rolling
side plane, with corresponding grain sizes of 22.8 um, 25.9 pm, and 24.8 um. Comparative
analysis demonstrates that regardless of observation direction (rolling plane or side plane),
the grain sizes of the 520-L and 520-LT samples are slightly larger than that of the 400-L
sample, in agreement with the change in coarse grain band widths previously observed
via OM. Consistent with earlier studies, the 400-L ingot was prepared using a smaller
mold, yielding finer initial grains. Although the 520-L and 520-LT ingots underwent
greater deformation during rolling, their larger initial ingot dimensions and solidification
conditions likely contributed to their relatively coarser final grain sizes.

https://doi.org/10.3390 /met16050535


https://doi.org/10.3390/met16050535

Metals 2026, 16, 535

6 of 15

Figure 4. EBSD inverse pole figure (IPF) maps: (a,d) 400-L; (b,e) 520-L; (c,f) 520-LT. (a—c) Rolling
plane; (d-f) rolling side plane.

Figure 5 displays the geometrically necessary dislocation (GND) density distribution
maps of materials processed via the three rolling techniques: 400-L, 520-L, and 520-LT.
Visually, regions of high GND density are predominantly concentrated within fragmented
grain structures. During rolling deformation, these finely fragmented grains experienced
complex stress states and deformation heterogeneity, promoting substantial dislocation
accumulation and consequently forming high-GND-density zones. Quantitative analysis
reveals GND densities of 3.5 x 101 m~2, 1.52 x 10* m~2, and 1.52 x 10 m~2 for the
400-L, 520-L, and 520-LT samples, respectively. Both 520-L and 520-LT exhibit significantly
higher GND densities compared to 400-L. This phenomenon correlates directly with their
distinct deformation processes. The 520-L and 520-LT ingots underwent greater thickness
reduction during rolling. This severe deformation induced pronounced alterations in the
crystalline structure, driving extensive dislocation multiplication and mutual entanglement,
thereby substantially elevating GND density. Conversely, the 400-L sample, processed from
a smaller initial ingot, experienced relatively lower overall deformation. This constrained
dislocation multiplication resulted in comparatively lower GND density.

Figure 5. GND density distribution maps: (a) 400-L, (b) 520-L, (c) 520-LT. The GND density values
represent the arithmetic mean over all valid pixels within the respective scanned areas.
3.2. Texture Analysis

To characterize texture evolution under different rolling processes, orientation distri-
bution function (ODF) maps at ¢2 = 0°, 45°, 65° sections were comprehensively constructed
and are presented in Figure 6. Figure 6a identifies standard texture components using
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color-coded markers within the 2D ODF space, encompassing typical texture types ob-
served during rolling: rolling textures including Goss {011}<100>, S {123}<634>, Brass

{011}<211>, Dillamore {4 4 11}<11 11 8>, and Copper {112}<111>; and shear textures such

as E {111}<110>, Rotated Cube {001}<110>, Inverse Brass {112}<110>, and F {111}<112>;
along with the recrystallization texture Cube {001}<100>. During aluminum alloy sheet

processing, the formation and evolution of these distinct textures vary significantly with

rolling parameters, thereby exerting marked effects on material properties. Figure 6b—d

present ODF maps at ¢ = 0°, 45°, and 65° for the 400-L, 520-L, and 520-LT samples, where

significant differences in both texture components and intensity were observed.

(a) =

30

60

Q2=0° P2=45° P2=65°
- = 0 = \ g
Rotated Cube Rotated Cube Cube Cube Rotated Cube
3ot DY  3of -
1? Inverse Brass Copper & s
P o =4
Goss Brass E E
> -
60 60
*
Inverse Brass
Brass Goss
90 —— 90
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Figure 6. (a) Schematic illustration of ideal texture positions on ¢, = 0°,45°, and 65° sections, and
ODF mabps of (b) 400-L, (c) 520-L, and (d) 520-LT specimens.

To elucidate the influence of different processing routes on texture components in
aluminum alloy sheets, the volume fractions of texture constituents were systematically
quantified (Figure 7). All processed sheets exhibit pronounced rolling texture charac-
teristics, indicating that directional material flow induced by rolling dominates texture
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formation. Specifically, the 400-L processed sheet shows S {123}<634> as its dominant
texture component, whereas Brass {011}<211> constitutes the primary texture in both 520-L
and 520-LT processed sheets. This divergence in dominant texture types reflects the com-
bined influence of initial ingot dimensions and the total rolling reduction on the evolution
of crystallographic orientation.

(b)

400-L
B s520-L
25} B 520-LT

= 400-L 30

o
S
T

Texture contemt (%)
&

Cube

Brass Copper Goss S

D Rotated Inverse E F 0 2 i
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520-L B s20-L
520-LT gl B 520-LT

Texture contemt (%)

Rotated cube Inverse brass Cube

Shear texture Recrystallization texture

Figure 7. Statistical analysis of texture components in plates processed by the three rolling routes:
(a) all textures, (b) rolling textures, (c) shear textures, and (d) recrystallization textures.

Regarding shear texture content, the 520-L and 520-LT sheets exhibit significantly
higher fractions of E, Rotated Cube, and F shear textures compared to the 400-L sheet,
which is attributed to the greater number of rolling passes experienced by the 520 mm
thick ingots. As deformation progressed, directional material flow became progressively
enhanced, thereby suppressing shear effects during crystal deformation and ultimately
reducing shear texture formation.

Regarding recrystallization texture content, the 400-L, 520-L, and 520-LT sheets exhibit
a progressively increasing trend, with the 520-LT sheet demonstrating the highest fraction.
This result may be attributed to two factors: Firstly, the substantial deformation strain
accumulated in the 520-LT sheet during rolling provides enhanced driving force for recrys-
tallization, promoting more extensive grain restructuring. Secondly, its bidirectional rolling
deformation simultaneously induces recrystallization of preferentially oriented grains
along both orthogonal directions, further amplifying recrystallization texture development.
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3.3. Precipitate Morphology

Figure 8 shows the microstructures of the three materials under different rolling
processes after T77 heat treatment. All three materials exhibit distinct precipitate-
free zones (PFZs) along grain boundaries. The PFZ widths for the 400-L, 520-L, and
520-LT conditions were approximately 45 nm, 48 nm, and 47 nm, respectively, indicating
comparable extents. Further observation of the intragranular precipitates reveals a mixture
of rod-like and spherical morphologies in all cases. Based on the high-resolution TEM
(HRTEM) characterization of the 520-L condition (Figure 8g,h), the rod-shaped precipitates
are identified as metastable ' phase, maintaining an Al[-100] // n’[2-1-10] orientation
relationship with the matrix. The spherical precipitates are the stable n phase, with an
Al[-100] // m[10-10] orientation relationship with the matrix. The relative proportions of
the ’ and 1 phases vary with the rolling process. The 400-L condition contains a higher
fraction of fine 1’ precipitates, whereas the 520-L and 520-LT conditions show a reduced
proportion of ' phase and a higher content of coarser n phase. This indicates that, despite
the identical heat treatment, variations in the rolling process lead to corresponding changes
in the morphology of the precipitates.

022)
@020

1 002

Figure 8. Morphologies of precipitates under three rolling routes: BF-TEM images of (a,d) 400-L;
(b,e) 520-L; and (c,f) 520-LT samples; and (g,h) HRTEM and (g1,h1) corresponding FFT images
of 520-LT.

For 7xxx-series aluminum alloys, the typical aging precipitation sequence is: super-
saturated solid solution (SSS) — Zn-, Mg- (Cu-) rich clusters or coherent GP zones —
metastable ' phase — stable n phase [24]. Previous studies have shown that an increased
dislocation density accelerates the nucleation and growth of precipitates [25,26]. Combined
with the dislocation density statistics in Figure 5, the 520-L and 520-LT samples, which
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underwent greater rolling deformation, exhibit a significantly higher dislocation density
than the 400-L sample. This promotes the transformation of the metastable ' phase into the
stable 1 phase, resulting in a lower fraction of n phase and a higher content of  phase in the
520-L and 520-LT conditions. Notably, the number density of aging precipitates within the
grains of the 520-L sample is lower than that in the 520-LT sample. This difference is likely
attributable to the cross-rolling deformation used for the 520-LT sample. This deformation
mode introduces more dislocations and vacancies during hot deformation, providing a
greater number of nucleation sites in the early stages of artificial aging. Consequently, the
520-LT condition ultimately achieves a higher precipitate number density compared to the
520-L condition.

3.4. Tensile Properties

To comprehensively investigate the effect of different rolling processes on the mechan-
ical properties of aluminum alloy thick plates, tensile specimens were extracted from the
quarter-thickness (T/4) location and tested along the L, LT, and ST directions. For each
processing condition and test direction, three parallel specimens were evaluated to ensure
statistical reliability. As shown in Figure 9, the 400-L sample exhibits significant mechanical
anisotropy. Its yield strength and elongation are comparable in the L and LT directions
but substantially higher than those in the ST direction. This mechanical anisotropy may
arise from elemental segregation between layers during rolling, leading to insufficient
interlayer bonding strength and consequently diminished strength—ductility in the ST
direction [27-29], consistent with typical rolled materials. The 520-L sample demonstrates
distinct mechanical behavior. While its L-direction yield strength exceeds that in the LT
direction, it is slightly lower compared to the 400-L sample. Conversely, the ST-direction
yield strength of 520-L surpasses that of 400-L. Regarding the 520-LT material, its L- and
LT-direction properties are similar to 520-L, but ST-direction strength shows significant
enhancement. Further analysis indicates that the reduced strength of the 520-L and 520-LT
samples in certain directions primarily correlates with their larger grain sizes. The dimin-
ished fine-grain strengthening effect in these samples contributes to strength reduction.
The relative strength variations between the LT and ST directions require in-depth analysis
considering texture evolution.

591

400-1, MM Yield strength 15
B Tensile strength
I Elongation
1 570
1102 X X
< < <
= = a
2 k) g
= s s
&n |58 5,
= = o
15 2 ot 2
[ o o
0 T
ST L L1 ST L LT ST

LT

Figure 9. Tensile properties of plates processed by different rolling routes: (a) 400-L, (b) 520-L,
(¢) 520-LT.

3.5. Anisotropy Analysis

It is well established that the strength of heat-treatable aluminum alloys exhibits crit-
ical dependence on the morphology of age-hardening precipitates [30-33]. The strength
anisotropy of heat-treatable Al-Zn-Mg-Cu alloys is closely associated with precipitate dis-
tribution on {111} habit planes, where MgZn, phases preferentially form. These precipitates
act as nanoscale obstacles that impede dislocation motion, providing higher resistance
to deformation when the loading direction aligns with the {111} planes. Under external
loading, different crystallographic planes experience distinct stress states. The unique
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precipitate distribution along {111} habit planes plays a crucial role in resisting deformation,
as schematically shown in Figure 10.

Figure 10. Schematic illustration of the stress state on the MgZn2 habit plane under external loading.

Based on the equation of the load transfer effect [34]:

4 .4 -
Fg = —COSZG + (—1 5 — %)coszesinz(a + S 1)
Fr Firt Fo Fsr

N—

where Fp, Fr1, and Fst denote the strength components along the three principal direc-
tions of the strengthening interface, with 0 representing the angle between the loading
direction and strengthening interface. This relationship indicates that smaller 0 values corre-
spond to higher load-bearing capacity Fg of the strengthening interface, thereby enhancing
material strength.

To elucidate the fundamental mechanisms governing mechanical property differences
in aluminum alloy plates processed via distinct rolling routes (400-L, 520-L, and 520-LT),
systematic analysis was conducted from the perspective of dominant texture components.
Quantitative texture statistics in Figure 7 reveal S {123}<634> as the predominant texture in
400-L plates, while Brass {011}<211> dominates both 520-L and 520-LT plates. These diver-
gent texture types directly influence crystallographic orientation distributions, critically
determining directional mechanical properties.

Figure 11 schematically illustrates orientation characteristics of Brass and S textures
relative to plate directions. Calculated angles between loading directions (L/LT) and habit
planes (Table 2) show that for S-texture-dominated 400-L plates, the minimum angles
are 4.24° (L), 4.53° (LT), and 0° (ST). According to Equation (1), smaller angles enhance
strengthening effects from high-density precipitates (e.g., MgZn; phases in Al-Zn-Mg-Cu
alloys) on habit planes. Consequently, the comparable L and LT angles (4.24° vs. 4.53°)
yield similar strengthening effects, explaining the nearly identical L /LT strength in 400-L.

(a) STT [123) (b) ST T (011]
i [634] 5 211]
T - o oo — Y s I
L L
LT — LT =
[17 22 9] [111]
S Brass

Figure 11. Schematic illustration of the crystallographic orientations of different texture types in the
rolled plates: (a) S texture and (b) Brass texture.
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Table 2. Angles between the Brass/S textures and the habit plane.
Loading-Habit Plane Angle
Texture Habit Plane
L LT ST
{111} 70.53° 19.47° 0°
Brass {111} 0° 90° 0°
{111} 28.12° 19.47° 54.74°
{111} 28.12° 19.47° 54.74°
{111} 31.17° 36.35° 38.11°
S {111} 21.69° 4.53° 67.79°
{111} 73.94° 16.06° 0°
{111} 4.24° 71.50° 17.97°

For Brass-texture-dominated plates (520-L/520-LT), the minimum angles measure
0° (L), 19.47° (LT), and 0° (ST). The parallel alignment (0°) between L-direction loading and
habit planes maximizes precipitate strengthening, while the substantial LT angle (19.47°)
weakens strengthening. This directly accounts for lower LT-direction yield strength in
520-L/520-LT samples. Notably, although both textures exhibit 0° ST-direction angles,
their strengthening efficiencies differ fundamentally. Brass texture achieves 0° angles on
two habit planes ({111} and {—111}), whereas S texture attains this only on {1—-11}. Con-
sequently, Brass texture activates more strengthening interfaces along ST, yielding higher
efficiency that mitigates normal-direction (ST) strength attenuation. This explains the
significantly enhanced ST-direction strength in 520-L/520-LT plates versus 400-L. Further
comparison demonstrates superior ST-direction strength in 520-LT relative to 520-L, with
significantly reduced anisotropy between the ST direction and the in-plane (L and LT)
directions. This mechanical property homogenization indicates mitigated anisotropy in
520-LT, attributable to its higher recrystallization texture fraction. Enhanced recrystalliza-
tion textures promote grain orientation randomization, reducing performance directionality
from texture variations and optimizing overall mechanical properties [35-38].

4. Conclusions

This work investigated the effects of initial ingot thickness (400 mm vs. 520 mm) and
rolling direction variations on the microstructures and mechanical properties of ultrahigh-
strength Al-Zn-Mg-Cu alloy. Key findings are summarized as follows:

Significant directional variations in average grain size were observed. The 400-L route
(400 mm ingot, 80% reduction) resulted in narrower coarse grain bands on the rolling
plane compared to the 520-L and 520-LT routes, yet produced slightly wider bands on the
rolling side plane. Both rolling and side planes revealed marginally larger grain sizes in the
520-L sample and 520-LT sample than that in the 400-L sample. The substantially greater
thickness reduction in the 520-L and 520-LT sample processing significantly increased their
GND density relative to 400-L.

Distinct textures emerged across processing routes. The 400-L processing route
(400 mm ingot, 80% reduction) promoted a dominant S {123}<634> texture, whereas the
Brass {011}<211> component prevailed in both the 520-L and 520-LT routes (520 mm ingot,
85% reduction). Shear texture components (E, Rotated Cube, F) were more prevalent in
400-L than in 520-L/520-LT. Recrystallization texture content progressively increased from
400-L to 520-L to 520-LT, with the latter showing the highest fraction, contributed by the
greater cumulative strain and bidirectional rolling deformation.

The 400-L route exhibited pronounced anisotropy, with nearly identical yield strength
and elongation in the L/LT directions (8.9% higher than the ST direction). Both the 520-L
and 520-LT routes demonstrated enhanced ST-direction yield strength, effectively mitigat-

https://doi.org/10.3390 /met16050535


https://doi.org/10.3390/met16050535

Metals 2026, 16, 535 13 of 15

ing anisotropy. Notably, the 520-LT sample achieved a yield strength of 528 MPa in the ST
direction, reducing the L-ST strength differential to just 5.8%.

Based on the findings of this study, for the production of 80 mm thick Al-Zn-Mg-Cu
alloy plates, the following processing recommendations can be made. Where minimizing
mechanical anisotropy and enhancing short-transverse (ST) properties are the primary
objectives, the 520-LT processing route—i.e., a large initial ingot (520 mm) combined with
cross-rolling (width spreading followed by longitudinal rolling)—is recommended. This
deformation scheme promotes a transition in the dominant texture from the S {123}<634>
component to the Brass {011}<211> component, thereby elevating the ST yield strength
to 528 MPa and reducing the L-ST strength differential to less than 6%. This effectively
mitigates the long-standing issue of ST strength deficits in thick plates. Conversely, when
ST-direction performance is of secondary importance, the simpler unidirectional rolling
route (520-L) offers a more cost-effective alternative.
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