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Abstract: Texture and grain structure evolution during annealing and their effects on tensile strength and anisotropy were 
studied using XRD, DSC, SEM, EBSD and TEM. The results indicate that elevated rolling temperatures reduce       
the f(g)max(Copper)/f(g)max(Brass) ratio, increase S−Brass fine bands, and promote S-dispersoid precipitation, leading to finer 
recrystallized grains. Dominant recrystallization textures transform from Goss + P to Goss and then to Goss + Cube with 
increasing rolling temperature. Annealing at 350 ℃ shows four tensile strength response stages: fast softening I, rapid 
strengthening II, slow strengthening III, and slow softening IV. The transition from Stages I to II is driven by the formation 
of strong Goss and P textures, and Stage IV is linked to enhanced Cube texture. Plates with Goss + Cube textures and fine 
equiaxed grains exhibit the lowest YS/UTS ratio and minimal anisotropy. 
Keywords: Al−Cu−Mg alloy; Goss texture; P texture; Cube texture; grain structure; tensile strength; anisotropy 
                                                                                                             

 
 
1 Introduction 
 

Aged Al−Cu−Mg-based alloys, crucial for 
aerospace applications, are valued for their light 
weight, high strength, superior damage tolerance, 
and better fatigue resistance [1−3]. Their improved 
yield stress primarily results from grain refinement, 
precipitation/cluster strengthening, and solid 
solution strengthening [4−8]. Nanocrystalline grains 
can enhance tensile strength to ~1 GPa in 2024 alloy 
but require complex preparation conditions, limiting 
their application [4]. Mechanical properties are 
further influenced by grain morphology and 
crystallographic orientation [9−12]. 

Annealing treatments, including temperature 
and heating rate, significantly affect softening 
behavior and anisotropy [9,13,14]. Plates with    
β-fiber or mixed Cube plus rolling textures exhibit 

greater strength, lower ductility, and pronounced 
anisotropy compared to soft-annealed plates 
dominated by Cube texture [9]. Texture is main 
factor influencing the occurrence of anisotropy for 
Al alloy plate, with anisotropy reduction critical for 
engineering needs. In Al−Mn alloys, higher heating 
rates produce finer grains, fewer elongated grains, 
dominant Cube texture, and reduced flow stress [13]. 
The reduced flow stress is related to less 
precipitation which overweights the minor grain size 
effect. Crystallographic textures like Goss enhance 
yield strength in naturally aged Al−Cu−Mg alloy via 
the improved Taylor factors; while texture with    
a combination of 〈100〉 and 〈110〉 promotes both 
multiple slip and twinning and enhances hardening 
in stainless steel 316 L [10,15]. On the other hand, 
the crystallographic orientations or textures (such as 
Goss and P) also play an important role in enhancing 
fatigue resistance [16−18]. In Al−Cu−Mg alloys,  
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Goss and P grains can facilitate crack deflection 
when they possess large twist or tilt angles with 
neighboring grains [18−20]. Furthermore, the {111} 
planes of these grains are close to maximum critical 
resolved shear stress (CRSS) direction, raising the 
energy required for crack propagation. Thus, 
recrystallized Goss and P texture components are 
desired in final microstructure. Controlling texture 
and grain structure is essential for improving 
mechanical properties of Al alloys. 

Recrystallization textures typically arise from 
specialized deformation textures via the migration of 
coincidence site lattice (CSL) boundaries, such as 
Goss from Brass by CSL ∑9 [21], and Cube from S 
by CSL ∑7 [22]. P component is uncommon in 2000 
series alloys but common in Al−Mn alloys [23−25]. 
P texture depends on the sequence of recrystallization 
and precipitation, and its abnormal growth process is 
related to deformation Copper texture [25]. 
Deformation texture is affected by microchemistry, 
stacking fault energy (SFE), and thermomechanical 
processing such as rolling temperature and reduction 
[26−30]. Rolling temperature can modify dislocation 
slip manner and dynamic recrystallization level,  
thus leads to different deformation texture      
and microstructure. However, its effects on 
recrystallization textures (Goss, P, and Cube), grain 
structure, and final mechanical properties in 2000 
series alloys have not been reported in detail. In the 
present work, we investigated the impact of rolling 
temperature on recrystallization texture and grain 
structure, and examined the mechanical property 
evolution of an Al−Cu−Mg alloy with a high Cu/Mg 
mass ratio during annealing. Furthermore, the 
relationships between texture, grain structure and 
anisotropy behavior were established. 
 
2 Experimental 
 
2.1 Materials and treatments 

The chemical composition of the studied 
Al−Cu−Mg alloy was 4.3% Cu, 1.0% Mg, 0.53% Mn, 
0.08% Ti, <0.035% Fe, <0.025% Si, and balance 
aluminum (in wt.%). Ingots were initially 
homogenized at (465 ℃, 48 h) + (475 ℃, 72 h), and 
then hot rolled to 2 mm-thick plates at blooming 
temperatures of 390, 420, and 450 ℃, designated as 
RT-39, RT-42, and RT-45 alloys. Differential 
scanning calorimetry (DSC) was conducted on a 

Netzsch STA449C instrument at various heating 
rates up to 500 ℃ to estimate the recrystallization 
temperature range. RT-39 samples were annealed at 
310−370 ℃ in 20 ℃ intervals for 4 h to optimize 
annealing temperature (350 °C for 4 h) for the 
development of strong Goss, P and Cube textures. 
All alloys were annealed at 350 °C for 5 min to 8 h 
to investigate the relationship between tensile 
properties and annealing time. Samples for in-plane 
anisotropy were annealed at 350 °C for 4 h. 
 
2.2 Texture and microstructure characterization 

Samples for XRD and EBSD were electro-
polished in a solution of 8% perchloric acid and 92% 
ethanol at 22−24 V for 30−50 s. A Bruker D8 
Discover X-ray diffractometer (XRD) system was 
utilized to measure (111), (200), and (220) pole 
figures using the Schulz back-reflection method. 
Orientation distribution functions (ODFs) were 
calculated via the series expansion method (Lmax=16) 
[31]. ODFs are presented as φ2 section plots with 
isointensity contours in the Euler space defined by 
Euler angles φ1, Φ, and φ2. Macrotexture volume 
fractions were calculated via the method per 
Ref. [32]. Electron back-scattered diffraction (EBSD) 
on a Sirion 200 field emission gun scanning electron 
microscope (SEM) characterized microtextures and 
micro-structures, with analysis via both ATEX [33] 
and AZTEC software. Second-phase particles were 
characterized in backscattered electron (BSE) mode 
on a Quanta 200 SEM at 25 kV, and analyzed with 
Image-Pro Plus 6.0 software. Transmission electron 
microscopy (TEM) samples were prepared by twin-
jet electropolishing in a solution of 70% ethanol and 
30% nitric acid at –25 ℃ and were observed on a 
Tecnai G2 20 ST microscope operating at 200 kV. 
 
2.3 Mechanical property tests 

Tensile tests were performed under 2 mm/min 
at room temperature per standard ISO 6892−1꞉2009. 
Figure 1(a) shows sample sizes for tensile tests, 
while Fig. 1(b) illustrates tensile tests under in-plane 
angles (α) of 0°, 22.5°, 45°, and 90° to the TD to 
assess anisotropy, where α denotes the in-plane angle 
between the center axis of tensile sample and 
transverse direction (TD), and ND and RD represent 
normal and rolling directions. Microhardness 
profiles were measured at a load of 5 kg for 15 s, 
averaging five points. 



Guang-yu HE, et al/Trans. Nonferrous Met. Soc. China 36(2026) 694−708 696 

 

 
Fig. 1 (a) Size of sample used for tensile tests; (b) Schematic 
diagram showing tensile tests under different in-plane 
angles (α) of 0°, 22.5°, 45°, and 90° to TD, to determine 
anisotropy 
 
3 Results 
 
3.1 XRD characterization and DSC curves 

In the RT-39 alloy, rolling texture components 
consist of strong Copper {112}〈111〉, S {123}〈634〉, 
and Brass {011}〈211〉 with maximum intensities 

f (g)max of 8.7, 5.79 and 8.7, respectively, and a ratio 
of f(g)max(Copper)/f(g)max(Brass)=1 (Fig. 2(a)). As the 
rolling temperature increases from 390 to 450 ℃, the 
f(g)max(Copper)/f(g)max(Brass) ratio decreases from 1 to 
0.49 (Figs. 2(a−c)). The RT-45 alloy is dominated by 
the sharp Brass texture with an intensity of 10.81. 
The volume fractions of Copper, S, and Goss 
{011}〈100〉 components decrease with higher rolling 
temperatures (Table 1). 

Figure 3 shows that wide exothermic peaks 
appear in all rolled samples at a heating rate of 
10 ℃/min, narrowing slightly with increasing 
rolling temperature. These peaks, associated with 
recrystallization processes [34,35], occur between 
250 and 300 ℃. At a heating rate of 40 ℃/min, the 
RT-39 alloy displays a noticeable exothermic peak 
near 350 ℃. After annealing RT-39 alloy at 310  
and 330 ℃ for 4 h, rolling components persist 
(Figs. 4(a, b)), though Copper and S component 
intensities decline, with orientation lines moving 
toward the typical Brass position. At 350 °C, RT-39 
alloy develops intense Goss and P {011}〈122〉 
textures, with maximum intensities of 11.51 and  
7.66, respectively (Fig. 4(c)). As the annealing 
temperature rises to 370 °C, the intensity of P  
texture decreases (Fig. 4(d)), confirming 350 ℃ as the 

 

 

Fig. 2 φ2=45°, 65° and 90° sections of ODF for three rolled alloys: (a) RT-39 alloy; (b) RT-42 alloy; (c) RT-45 alloy 
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Table 1 Volume fractions of rolling texture components 
(%) 
Component RT-39 alloy RT-42 alloy RT-45 alloy 

Copper 20.85 16.06 10.39 

S 17.09 14.73 6.10 

Brass 20.97 22.13 29.40 

Goss 12.14 7.06 4.85 

 
optimal annealing temperature for the three alloys. 
Figure 5 illustrates the texture evolution at 350 ℃ 
with annealing time. After 4 h, RT-39 alloy shows 
strong Goss and P + weak Cube {001}〈100〉 textures 
(Fig. 5(a)), RT-42 alloy exhibits strong Goss + weak 
P and Cube (Fig. 5(b)), and RT-45 alloy presents 
strong Goss + Cube components (Fig. 5(c)). After 
8 h, Cube intensifies while Goss and P weaken, with 
RT-45 alloy having a predominantly Cube texture 
(Figs. 5(d−f)). Volume fractions of recrystallization 

texture are listed in Table 2, with early-stage 
microstructure changes analyzed via EBSD in 
Section 3.2. 
 

 

Fig. 3 DSC curves for rolling samples tested at different 
heating rates up to 500 ℃ 

 

 
Fig. 4 φ2=45°, 65° and 90° sections of ODF for RT-39 alloy after annealing at different temperatures for 4 h: (a) 310 ℃; 
(b) 330 ℃; (c) 350 ℃; (d) 370 ℃ 
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Fig. 5 φ2=90° sections of ODF for three alloys after annealing at 350 ℃ for various time: (a−c) 4 h; (d−f) 8 h; (a, d) RT-
39 alloy; (b, e) RT-42 alloy; (c, f) RT-45 alloy 
 
Table 2 Volume fractions of annealing texture 
components (350 ℃ for 4 h) (%) 
Component RT-39 alloy RT-42 alloy RT-45 alloy 

Goss 21.54 20.29 29.51 

P 14.91 8.96 0 

Cube 8.7 10.47 18.04 
 
3.2 SEM, EBSD and TEM results 

Figure 6 shows SEM-BSE images of second-
phase particles in rolling samples annealed at 350 °C, 
where white particles are identified as Al2Cu (θ-
particles) and Al2CuMg (S-dispersoids) [30,36]. θ-
particles, large and grain-boundary distributed along 
the RD direction (Figs. 6(a−c)), differ slightly in 
content across alloys, while S-dispersoids are small 
and uniformly dispersed within grains (Figs. 6(d−l)). 
After annealing for 10 min, the number densities  
of S-dispersoids are 4.64×1011, 6.21×1011, and 
7.17×1011 m−2 for RT-39, RT-42 and RT-45 alloys, 
respectively (Figs. 6(d−f)). Elevated rolling 
temperature leads to increasing the number density 
of S-dispersoids due to dynamic precipitation. 
Prolonged annealing to 4 h caused no notable change 
in S-dispersoid content (Figs. 6(g−l)). 

After annealing at 350 ℃ for 10 min, RT-39 and 
RT-42 alloys retained strong Copper textures 
(Figs. 7(a, b), 8(a, b)), while RT-45 alloy developed 
recrystallized Goss and Cube nuclei exceeding 
20 µm (Figs. 7(c, f), and 8(c)). ODF at φ2= 90° 
suggests Brass transition into Goss along the α-fiber 

in RT-45 alloy, and texture evolution from Copper 
through S to Brass along β-fiber with increasing 
rolling temperature. Sub-grain/grain sizes for    
RT-39, RT-42, and RT-45 alloys are 1.99, 2.01,   
and 3.06 μm, respectively (Figs. 7(d−f)), with  
more S−Brass fine bands (white arrows) and 
recrystallized nuclei (white ellipses) at higher rolling 
temperatures. Figures 7(g−i) show the micro-
structure of the rolled samples after annealing at  
350 ℃ for 30 min. The RT-39 and RT-42 alloys 
exhibit coarse, elongated grains along the RD 
direction, while the RT-45 alloy shows fine, equiaxed 
grains. The average grain sizes are 323.6, 104.7  
and 87.5 μm for RT-39, RT-42, and RT-45 alloys, 
respectively (Figs. 7(j−l)). Clearly, increasing the 
rolling temperature results in finer recrystallized 
grain size. The texture of RT-39 alloy consists of 
high-intensity Goss + P (Fig. 9(a)), RT-42 alloy has 
strong Goss + weak P (Fig. 9(b)), and RT-45 alloy is 
characterized by strong Goss + Cube (Fig. 9(c)). 
After annealing at 350 ℃ for 4 h, the grain structures 
of RT-39 and RT-42 alloys show slight changes, 
while RT-45 develops typical equiaxed grains 
(Figs. 7(m−o)). The average grain sizes are 336.5, 
116.4, and 68.7 μm, respectively (Figs. 7(p−r)). The 
microtextures show low Cube content in RT-39 and 
RT-42 alloys (Figs. 9(d−e)). Prolonged annealing 
time enhances Goss and Cube textures while 
weakening P texture in RT-39 and increases Cube 
texture in RT-42 and RT-45 alloys (see Fig. 5). 
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Fig. 6 SEM results showing secondary-phase particles of rolling samples after annealing at 350 ℃ for various time:  
(a−c) θ-particles (4 h); (d−l) S-dispersoids; (a, d, g, j) RT-39 alloy; (b, e, h, k) RT-42 alloy; (c, f, i, l) RT-45 alloy;     
(d−f) 10 min; (g−i) 30 min; (j−l) 4 h 
 

The P texture is less common in 2000 series Al 
alloys. To observe the growth of P- and Goss-
oriented grains, RT-39 alloy was annealed at 350 °C 
for 15−20 min, as shown in Fig. 10. P nuclei derive 
from grain boundaries, fine bands and Copper grains, 
and grow by consuming deformed Copper grains 
(Figs. 10(a, b)). The ODF sections for 15 min show 
strong Copper + weak (Goss, Brass, and P) textures 
(Fig. 10(e)). P grains grow from Copper grain 2, 
Grain 4 (mixed Brass + Goss) transitions into Goss 
grain 11, as annealing time increases. The 
misorientation between P grain 5 and Copper grain 1 
is 36.24° (Fig. 10(c)), and between P grain 9 and 
Copper grain 2 is 39.54° (Fig. 10(d)). The {111}  

pole figure confirms a 32.4−42.9° 〈111〉 boundary 
relationship between P and Copper grains, 
corresponding to the near 40° 〈111〉 tilt boundary 
(∑7). Deformed Copper grains, consisting of many 
Copper subgrains, present a dispersed range in the 
{111} pole figure (Fig. 10(f)). 

Figure 11 shows the TEM images of the rolling 
samples. Increasing the rolling temperature reduces 
dislocation density but promotes dynamic 
recrystallization (DRX). The RT-39 and RT-42 alloys 
contain few DRX grains (Figs. 11(a, b)). Figure 6 
indicates that elevated rolling temperatures also 
encourage the precipitation of S-dispersoids, 
enhancing dynamic recrystallization and precipitation. 
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Fig. 7 EBSD results showing microstructure of rolling samples after annealing at 350 ℃ for 10 min (a−f), 30 min (g−l), 
and 4 h (m−r); Inverse pole figures of RT-39 alloy (a, g, m), RT-42 alloy (b, h, n) and RT-45 alloy (c, i, o); Grain size 
distributions of RT-39 alloy (d, j, p), RT-42 alloy (e, k, q) and RT-45 alloy (f, l, r) 
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Fig. 8 φ2=45°, 65°, 90° sections of ODF calculated from EBSD data in Figs. 7(a−c): (a) RT-39 alloy; (b) RT-42 alloy;  
(c) RT-45 alloy 
 

 
Fig. 9 φ2=90° sections of ODF calculated from EBSD data in Figs. 7(g−i) and (m−o): (a−c) 30 min; (d−f) 4 h; (a, d) RT-
39 alloy; (b, e) RT-42 alloy; (c, f) RT-45 alloy 
 
The RT-45 alloy, has many DRX grains, which 
especially form near particles (Figs. 11(c, d)). 
Figure 11(d) is taken from a sample rolled at    
480 °C [30]. 
 
3.3 Mechanical properties 

Figures 12(a−c) display stress−strain curves of 

the rolling samples after annealing at 350 ℃ for 
5 min to 8 h, with all tests conducted at α= 0°. The 
mechanical properties show four stages: fast 
softening (Stage I), rapid strengthening (Stage II), 
slow strengthening (Stage III), and slow softening 
(Stage IV) (Figs. 12(d−f)). Initially, all alloys 
experience softening in the first 0−10 min (0−5 min 
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Fig. 10 Quasi-in situ EBSD used to observe formation of Goss and P orientations during annealing at 350 ℃, taken from 
RT-39 alloy: (a) 15 min; (b) 20 min; (c, d) Disorientation angles between Copper and P from black arrows indicated in (a) 
and (b), respectively; (e) φ2=45°, 90° sections of ODF calculated from (a); (f) {111} pole figure showing boundary 
relationship between Copper and P-grains/nuclei (The gray dots with connected lines represent Copper grains) 
 

 
Fig. 11 TEM micrographs showing as-rolled microstructure of alloys: (a) RT-39 alloy; (b) RT-42 alloy; (c) RT-45 alloy 
(DRX grains are indicated by yellow arrows); (d) High-magnification image showing DRX grain formed near rod-like 
particle [30] 
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Fig. 12 Tensile property and anisotropy for rolling samples after annealing at 350 ℃: (a, d, g, j) RT-39 alloy; (b, e, h, k) 
RT-42 alloy; (c, f, i, l) RT-45 alloy; (a−c) Stress−strain curves with increasing annealing time from 5 min to 8 h; (d−f) YS 
and UTS evolution with annealing time (AT); (g−i) Stress−strain curves at different α angles of 0°, 22.5°, 45° and 90° for 
rolling samples after annealing at 350 ℃ for 4 h; (j−l) YS and UTS evolution with α 
 
for the RT-45 alloy). Yield strength (YS) and 
ultimate tensile strength (UTS) increase quickly 
between 10 and 20 min. In RT-39 alloy, YS and UTS 
steadily rise from 20 min to 8 h, reaching 180.4 and 
339.3 MPa, respectively, the highest among all the 
alloys. RT-42 and RT-45 alloys show maximum YS 
at 30 min (169.2 and 161.1 MPa), with UTS peak at 
60 min. After the peaks, both alloys experience slow 
softening, leading to a significant decrease in UTS 
and a slight drop in YS (Figs. 12(e, f)). After 8 h of 
annealing at 350 ℃, RT-45 alloy shows a notable 
increase in elongation (Fig. 12(c)). The observed 

strengthening and softening behaviors likely 
correlate with the development of recrystallized 
textures and grain structures. Figure 13 illustrates the 
YS/UTS ratio over the annealing time (AT), with RT-
45 alloy exhibiting the lowest ratio. 

Figures 12(g−i) show the stress−strain curves at 
different α angles of 0°, 22.5°, 45° and 90° for    
the rolling samples annealed at 350 ℃ for 4 h.   
The results demonstrate more pronounced plastic 
anisotropy in the RT-39 and RT-42 alloys compared 
with RT-45 alloy. In the RT-39 alloy, UTS increases 
from 314.9 MPa at α=0° to 328.7 MPa at α=22.5° 
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Fig. 13 Evolution of YS/UTS ratio with increasing 
annealing time 
 
(Fig. 12(j)). The RT-42 alloy has a minimum UTS of 
309.1 MPa at α=0° and a maximum of 335.5 MPa at 
α=90° (Fig. 12(k)). RT-45 alloy shows the highest 
YS (166.5 MPa) at α= 45°, with UTS showing only 
minor variations (Fig. 12(l)) 

Figure 14 shows the through-thickness micro-
hardness profiles of the rolling samples after 
annealing at 350 ℃ for 10 min, 30 min, and 4 h. The 
microhardness gradually increases from the surface 
to the center for all alloys, indicating that the near-
center layer is harder than the surface layer. The 
annealing time of 10 min results in lower 
microhardness compared to 30 min and 4 h. Despite 
minor fluctuations, the hardening behavior in the  
RT-39 alloy is more prominent than that in the RT-42 
and RT-45 alloys. The surface of the annealed   
plate consists of random texture components and  
fine equiaxed grains, while the center layers are 
dominated by strong Goss, P or Cube texture. This 
results in higher microhardness from the surface to 
the center. The RT-39 alloy, with a strong P texture, 
exhibits the highest hardening response among the 
three alloys. 
 
4 Discussion 
 
4.1 Texture development and grain refining 

Increasing the rolling temperature results in a 
reduction of the f(g)max(Copper)/f(g)max(Brass) ratio. This 
can be attributed to two key factors. (1) Fewer 
S−Brass fine bands are formed in the RT-39 alloy. 
However, when the rolling temperature increases 
from 390 to 450 ℃, dynamic recrystallization is 
promoted, accelerating the formation of S−Brass 

 

 
Fig. 14 Through-thickness microhardness profiles of 
rolling samples after annealing at 350 ℃ for 10 min, 
30 min and 4 h: (a) RT-39 alloy; (b) RT-42 alloy; (c) RT-
45 alloy 
 
fine bands and resulting in a texture transition from 
Copper to S and finally to Brass. (2) The activation 
of non-octahedral slip systems including {110}〈110〉 
and {100}〈110〉 produces strong Copper and S 
components, respectively [26]. As the rolling 
temperature increases, the {111}〈110〉 and/or 
{112}〈110〉 slip system becomes dominant, leading 
to the enhancement of Brass texture [28,29,37]. 
Furthermore, the studied Al−Cu−Mg alloy has a 
higher Cu/Mg mass ratio than the typical 2524 alloy, 
leading to a higher SFE [27], which further promotes 
the formation of a strong Copper texture. 
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As discussed, rolling temperature has a 
significant effect on both the rolling texture and 
microstructure, which in turn influence the 
recrystallization texture and grain structure. The 
relationship between the Copper/Brass ratio (x)  
and the P/Goss ratio (y) can be described by  
φP/φGoss=−0.3731+1.08667φCopper/φBrass for volume 
fraction (φ) and f(g)max(P)/f(g)max(Goss)=−0.65926+ 
1.27549f(g)max(Copper)/f(g)max(Brass) for f(g). This relation- 
ship suggests that for a strong presence of P texture, 
the f(g)max(Copper)/ f(g)max(Brass) needs to be greater than 
0.7 in the alloy. ZHAO et al [21] noted that Goss 
texture typically derives from Brass deformed  
grains, supporting the ∑9 (i.e., 35°〈110〉) boundary 
migration mechanism. Figure 10 demonstrates that 
P-oriented grains can originate from grain 
boundaries, fine bands, and deformed Copper grains, 
with their growth being closely linked to the 
preferential grain boundary relationship near 
40°〈111〉, which exhibits the highest migration rate 
of all boundaries [22,25,38]. 

Deformed Brass and S parent grains act as the 
growth sources of recrystallized Cube [21,22]. The S 
texture in RT-39 and RT-42 alloys is stronger and has 
a higher volume fraction than in RT-45 alloy, 
whereas the Cube texture in RT-39 and RT-42 alloys 
is relatively weak after annealing. This suggests that 
the Cube texture is likely independent of the 
deformed S texture, influenced instead by factors 
such as the density of S-dispersoids and increased  
S−Brass fine bands. In RT-39 alloy, the low 
occurrence of S-dispersoids reduces dynamic 
recrystallization and the formation of S−Brass fine 
bands, inhibiting texture transformation along the β-
fiber. In contrast, elevated rolling temperatures 
promote S-dispersoid precipitation, enhancing 
dynamic recrystallization and increasing S−Brass 
fine bands in RT-42 and RT-45 alloys. These factors 
result in the fastest recrystallization rate in RT-45 
alloy, which is responsible for the strong presence of 
Cube texture [13]. Grain refinement can be 
summarized as: (1) Subgrain boundary migration is 
pinned by S-dispersoids during annealing, more so 
in high-temperature rolled plates; (2) The increasing 
number of S−Brass fine bands offers additional 
nucleation sites, which hinder boundary migration; 
(3) Higher rolling temperatures reduce the number of 
P nuclei during annealing, thus decreasing the 
preferred 40°〈111〉 tilt grain boundaries, inhibiting 
grain growth. These factors lead to finer 

recrystallized grains at higher rolling temperatures. 
 
4.2 Texture strengthening and softening 

During annealing at 350 °C, the solubility or 
precipitation of θ-, S-, and T-particles is difficult. 
Figure 12 shows that the tensile strength response to 
annealing time involves four stages. High-density 
dislocations recover early in annealing, around 
10 min, leading to Stage I. Combined with Figs. 6, 7, 
and 12, the transition from Stages I to II depends on 
the formation of strong Goss, P, and Cube textures. 

According to the Hall−Petch equation 
∆σGB=kd−1/2 [39], where k≈0.1 MPa·m1/2 for Al [40], 
the grain size contribution (Figs. 7(p−r)) to yield 
stress is estimated to be 5.5, 9.3 and 12.1 MPa in RT-
39, RT-42, and RT-45 alloys, respectively. Despite 
RT-39 and RT-42 alloys having larger grains, higher 
yield stress is observed at α=0° (Figs. 7 and 12), 
contradicting the Hall−Petch relationship. 
Figures 15(a−c) show the Schmid factors for Goss, P, 
and Cube orientations, revealing that P has a lower 
Schmid factor than Goss and Cube at α=0°. 
Moreover, Cube has a higher Schmid factor than 
Goss. The P texture is categorized as a “hard 
orientation,” while Goss and Cube are “soft 
orientations.” Based on the Schmid’s law, 
dislocations should encounter lower slip resistance 
in Goss- and Cube-grains, with higher Schmid factor 
than in P-grains. Consequently, RT-39 and RT-42 
alloys, which contain P texture, show higher yield 
strengths than RT-45 alloy. 

Furthermore, longer annealing time weakens 
Goss and P but enhances Cube due to lattice rotation, 
with Goss rotating toward Cube. Prolonged 
annealing time improves yield and flow stress in RT-
39 alloy, while RT-42 and RT-45 alloys soften (Stage 
IV). Among the three orientations, the {111} slip 
plane of Cube is the closest to the maximum CRSS 
direction. As Cube texture intensity increases, the  
{111} slip planes of Cube grains move closer to 45° 
from the RD direction, reducing the CRSS required 
for dislocation slip. Thus, enhanced Cube 
contributes to softening. 
 
4.3 Effect of texture and grain structure on 

anisotropy 
As shown in Figs. 15(a−c), the Schmid factor of 

Goss-, P-, and Cube-grains decreases as α increases 
from 0° to 45°. Goss- and P-grains exhibit the highest 
Schmid factors at α=90°, while the Schmid factor for 
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Fig. 15 (a−c) Schmid factor of Goss-, P- and Cube-oriented grains calculated from different α angles from Fig. 7(g), 
respectively; (d−f) {111} pole figures for standard Goss, P and Cube textures, respectively; (g) Loading force (F)  
direction; (h) Correlation between loading force direction and microstructure 
 
Cube-grains remains the same at α=0° and 90°. The 
lowest Schmid factor occurs at α=45°. 
Figures 15(d−g) show the relationships between the 
α angles and the {111} slip planes of Goss-, Cube-, 
and P-grains. At α=0°, the {111} slip planes of Goss 
and Cube align with the CRSS direction, promoting 
dislocation slip. At α=45°, the loading direction is 
parallel to the {111} slip planes of Goss and Cube, 
which minimizes the Schmid factor and suppresses 
dislocation slip, correlating with the highest yield 
stress in Goss- and Goss + Cube-controlled RT-42 
and RT-45 alloys. For P-grains, most {111} slip 
planes align with the TD at 22.5° and 35°. In RT-39 
alloy with strong P-texture, the maximum yield 
stress occurs at α=22.5° due to the lower Schmid 
factor of P-grains at this angle. 

In addition, anisotropy is also influenced by 
grain structure and θ-particles at boundaries. 
Figure 15(h) presents a diagram showing the 
correlation between loading force and micro-
structural features. The worst tensile properties occur 
at α=0° (Fig. 12), which is due to multiple factors. 
First, θ-particles along grain boundaries, where the 
loading stress is nearly perpendicular to these 
boundaries at α=0°, have weaker binding forces at 
the interface compared to other cases, promoting 
crack nucleation. Second, the alignment of the {111} 
slip planes with the CRSS direction reduces 
dislocation slip resistance. In summary, plates with 
strong (Goss and P) + weak Cube textures and 
elongated grain structures exhibit more pronounced 

anisotropy than those with strong Goss + Cube 
textures and fine equiaxed grains. Elevated rolling 
temperatures help refine Goss- and Cube-grains and 
reduce the anisotropy in as-annealed alloys. 
 
5 Conclusions 
 

(1) Elevated rolling temperature reduces the 
f(g)max(Copper)/f(g)max(Brass) ratio, increases S−Brass   
fine bands, and promotes the precipitation of S-
dispersoids. These factors result in finer 
recrystallized grain sizes at higher rolling 
temperatures. After annealing at 350 ℃, the 
dominant recrystallization textures transition from 
Goss + P to Goss, and then to Goss + Cube as the 
rolling temperature increases. 

(2) During annealing at 350 ℃, tensile strength 
undergoes four stages: fast softening (I), rapid 
strengthening (II), slow strengthening (III), and slow 
softening (IV). The transition from Stages I to II is 
driven by the formation of strong Goss, P and Cube 
textures, while Stage IV is associated with enhanced 
Cube texture. The P-grains, with their lower-Schmid 
factor, contribute more to yield strength than Goss- 
and Cube-grains. 

(3) Plates with strong (Goss and P) + weak 
Cube textures and a heavily elongated grain structure 
along the RD direction, or those with strong Goss + 
weak (P and Cube) and moderate grain size, exhibit 
higher anisotropy compared to those with dominant 
Goss + Cube textures and finer equiaxed grains, 
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which show the lowest YS/UTS ratio and minimal 
anisotropy. 
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织构和晶粒结构对退火态高 Cu/Mg 质量比 
Al−Cu−Mg 合金拉伸强度和各向异性的影响 
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摘  要：借助 XRD、DSC、SEM、EBSD 和 TEM 研究退火过程中织构和晶粒结构的演变及其对拉伸强度和各向

异性的影响。结果表明，升高热轧温度降低 f(g)max(Copper)/f(g)max(Brass)比，增加 S−Brass 微取向带，促进 S 弥散相的

析出，造成更细的再结晶晶粒。随着热轧温度的升高，控制的再结晶织构逐渐由 Goss + P 向 Goss 再向 Goss + Cube

转变。350 ℃退火下拉伸强度响应分为快速软化阶段Ⅰ、快速强化阶段Ⅱ、缓慢强化阶段Ⅲ和缓慢软化阶段Ⅳ 4 个

阶段。强 Goss、P 织构的形成驱动阶段Ⅰ到Ⅱ的转变，阶段Ⅳ与增强的 Cube 织构有关。具有 Goss + Cube 织构和细

等轴晶粒的板材呈现最低的 YS/UTS 比和最小的各向异性。 

关键词：Al−Cu−Mg 合金；Goss 织构；P 织构；Cube 织构；晶粒结构；拉伸强度；各向异性 
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