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Abstract 

Based on experimental data presented in the literature, we propose a new structure for GPB2/S" with 

the composition of Al10Cu3Mg3, which is aluminium-rich compared to S phase (Al2CuMg). The 

proposed structure is coherent with the f.c.c. Al matrix, is formed by the replacement of some Al atoms 

with Cu/Mg, and has orthorhombic structure (space group Imm2) with lattice parameters a = 0.405 nm, 

b = 1.62 nm and c = 0.405 nm.  Simulated high resolution electron microscopy images and simulated 

diffraction patterns are compared with experimental data on a range of Al-Cu-Mg alloys. A good 

correspondence is found.   
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1. Introduction 

In the early 50s, Bagaryatsky [T1] first proposed a 4-stage precipitation sequence for the ageing of Al-

Cu-Mg alloys:  

SSS  GPB zone   S" (GPB2)        S'       S (CuMgAl2). 

where SSS stands for supersaturated solid solution and GPB stands for Guinier-Preston-Bagaryatsky 

[2]. In fifty years of research on these phases substantial information on their structures has been 

obtained. Recent studies [e.g. 3] ruled out the existence of an independent S' which is now regarded as 

continuous rather than distinct to S phase. A few structures of S phase were reported [4-7 ], but the 

most accepted structure for S phase appears to be the one proposed by Perlitz and Westgren [4] that has 

a Cmcm structure with lattice parameters a = 0.400 nm, b = 0.923 nm, c = 0.714 nm and forms as laths 

on {210}Al habit planes and elongates along <100>Al.  The orientation relationship between S and 

aluminium matrix is [1]:  

 

[100]Al // [100]S,  [02 1 ]Al // [010]S, [012]Al // [001]S             (1) 

 

Unlike GP (Guinier-Preston) zones in Al-Cu based alloys, GPB zones have not been unambiguously 

evidenced by selected area electron diffraction (SAD) in transmission electron microscopy (TEM) or 

by phase contrast in high resolution electron microscopy (HREM). This might be related to limited 

contrast of GPB zones, which could be due to the size effects of Cu (radius=0.128 nm) and Mg atoms 

(radius=0.160 nm) counteracting each other, however the most likely explanation for the absence of 

characteristic streaking in SAD is that Cu and Mg solute atoms cluster in a random manner rather than 

in certain specific planes.  Recent work [8,9] using three-dimensional atom-probe (3DAP) shows that 

Cu-Mg clusters appear during initial ageing. Formation of Cu-Mg clusters is responsible for the rapid 

hardening after quenching, and this stage accounts for approximately 60% of the total hardness 

increase during ageing [8,10]. 

 

A range of structures have been proposed for GPB, GPB2 and S", as shown in Table 1. The S" 

structure proposed by Cuisiat et al. [11] and the GPB structure proposed by Wolverton [12] are 

illustrated in Fig. 1. These structures were suggested by the respective researchers to explain HREM, 

TEM, SAD or X–ray diffraction (XRD) observations, but none has been tested through comparison 

with data from several techniques or diffraction data from several orientations.  None of the structures 
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in Table 1 are considered to be unambiguously proven, and some researchers [9,13,14] have pointed 

out the weakness of some of the data used to support a distinct S"/GPB2 phase. The present authors 

[15] have recently proposed a new structure for S"/GPB2. The purpose of this paper is to fully examine 

relevant published HREM and SAD data, and consider how it can be explained by the recently 

proposed structure [15].     

 

 

Table 1 Previous reported and proposed structures for GPB and S" 
Crystallographic Structure Composition Experimental 

data supporting 
model 

Structure 
name 

References

 
Short range ordering of one Cu+Mg 
layer and several Al layers along the 
{100}Al planes 

 
AlxCuMg 

 
XRD 

 
GPB 

 
[1] 

 
Monoclinic, a = 0.400 nm, b = 0.925 
nm, c = 0.718 nm, α=88.6º 

 
Al2CuMg 

 
XRD 

 
S" 

 
[16] 

 
Monoclinic, a = 0.32 nm, b = 0.405 
nm, c = 0.254 nm, β = 91.7º.   

 
unknown 

 
HREM 

 
S" 

 
[17] 

 
Orthorhombic, a = 0.405 nm, b = 
0.906 nm and c = 0.725 nm 

 
Al2CuMg 

 
proposed 

 
GPB 

 
[5] 

 
Orthorhombic, a = 0.405 nm, b = 
0.405 nm and c = 0.81 nm, Imm2 

 
Al2CuMg 

 
TEM 

 
S" 

 
[11] 

 
Orthorhombic, a = 0.405 nm, b = 
0.405 nm and c = 0.81 nm, Cmmm 

 
Al2CuMg 

 
FPTEC 

 
GPB 

 
[12] 

 
Tetragonal, CuAuI type, a=0.47 nm, 
c= 0.4 nm 

 
Al2CuMg 

 
XRD 

 
GPB 

 
[18] 

 
Tetragonal a = 0.55 nm, c = 0.404 nm 

 
Al2CuMg 

 
XRD 

 
GPB 

 
[2] 

 
Tetragonal, a = 0.58 nm, c = 0.808 nm 

 
AlxCuMg 

 
TEM 

 
S" 

 
[19] 

 
Cubic, a = 0.827 nm 

 
Al5Cu5Mg2

 
XRD 

 
S" 

 
[2] 

XRD – X-ray diffraction 
FPTEC - First-principles total energy calculations 
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2. Experimentally observed structures and diffraction patterns 

 

In HREM work on an Al-2.03 wt.% Cu-1.28 wt.% Mg alloy that was solution treated and aged at 

200ºC for 4 h, Charai et al. [17] found the extra reflections A-D/A'-D' (Fig. 2b) by Fourier 

transformations (FT) from the rectangular region I indicated in Fig. 2(a), whereas these extra 

diffractions cannot be observed in Al matrix from the rectangular region II as shown in Fig. 2c. These 

authors measured the spacings of OA/OD (OA'/OD') and OB/OC (OB'/OC') (see Fig. 2) to be 0.25 and 

0.32nm, which are close to the spacing of {112}S and {111}S respectively. As {111}S should be not 

observed in [001]Al according to the orientation relationship between S phase Al matrix (Orientation 1), 

and none of the structures reported prior to the work of Charai et al. [17] could explain these 

reflections, they attributed the FT to a new phase which would have a primitive monoclinic structure 

with a = 0.32 nm, b = 0.405 nm, c = 0.254 nm, β=91.7°. They termed it as S" phase.  However, their 

suggested structure could not explain why one of these precipitates (region I of Fig. 2a) produced two 

sets of diffraction patterns in [100]Al (Fig. 2b), and no HREM simulation supporting such a structure 

was presented.   

 

In analysing the available experimental diffraction and HREM data that could confirm the presence of 

a discrete second phase distinct from the S'/S phase, and akin to the S" phase identified in Ref [17], we 

found two studies. In recent HREM work on Al-0.4 wt.% Cu-3 wt.% Mg-0.12 wt.% Si (low Cu/Mg 

ratio) aged 8 h at 180ºC, Kovarik et al. [20] observed two types of precipitate variants.  One gave the 

same FT as observed for a precipitate in the Al-2.03 wt.% Cu-1.28 wt.% Mg alloy studied by Charai et 

al. [17], the second variant had an FT consistent with a variant present in SAD patterns for an Al-0.6 

wt.% Cu-4.2 wt.% Mg alloy aged at 180ºC for 34 h studied by Ratchev et al. [21]. These diffraction 

patterns are presented in Fig. 3: Fig. 3(a) presents the complex diffractions by FT from a large area 

which contains at least two S" variants in the Al-2.03 wt.% Cu-1.28 wt.% Mg aged at 200ºC for 4 h, 

and Fig. 3(c) shows the SAD pattern for the Al-0.6 wt.% Cu-4.2 wt.% Mg alloys (from [21]). (Note 

that in Ref. [8] the pattern was ascribed to an oxide layer with α− or γ-Al2O3 structure.). These 

observations suggest that the precipitates observed by the three groups of researchers [19-21] in Al-

2.03 wt.% Cu-1.28 wt.% Mg aged at 200ºC for 4 h, Al-0.4 wt.% Cu-3 wt.% Mg-0.12 wt.% Si aged at 

180ºC for 8 h and Al-0.6 wt.% Cu-4.2 wt.% Mg aged at 180ºC for 34 h are the same structure.  Note 
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though that the three groups preferred differed names for the structure, naming them S" phase, GPB2 

and ‘disordered zones’, respectively. 

 

3. Interpretation of experimental data using reference structures 

3.1. Attempt explanation based on the structure of S phase  

 

As the diffraction patterns of Al-2.03 wt.% Cu-1.28 wt.% Mg aged at 200ºC for 4 h (Fig. 2b) are very 

similar to those of S phase, we need to consider the possibility that the reflections A-D/A'-D' are from a 

variant of S phase. There are 12 equivalent orientation relationships to orientation (1), and therefore 12 

variants of S phase may precipitate from the Al matrix. Fig. 4 shows the calculated diffraction pattern 

from one of the S variants in [001]Al (indexed based on Gupta et al. [22]). Comparison between Figs. 

2(b) and 4 shows that spots of A/A', D/D' in Fig. 2(b) are caused by {112}S reflections from one S 

variant, and the locations of B/B’ and C/C' correspond to double diffractions [22]. However, Fig. 4 

cannot explain the FT data of Charai et al. [17] because the B/B' and C/C' reflections in Fig. 2(b) 

cannot be caused by double diffractions in the FT on a 2-dimensional (2D) HREM image. Double 

diffractions can only arise from bulk samples in 3-dimension (3D). No match can be found between the 

experimental HREM images and images of S phase simulated using the EMS on-line software [23] 

(simulated images not presented). According to Shchegoleva and Buinov [], the S" phase is a slightly 

distorted S phase, and therefore their model cannot clarify the images and diffractions of Fig. 2 either. 

 

3.2 Attempt explanation based on the structure of GPB2/S",GPB 

 

To elucidate the HREM in Fig. 2(a), we performed simulations for the reported types of GPB2/S" 

[11,12] (the other reported GPB2/S" [2,19] structures could not be simulated as in those works atomic 

coordinates were not specified). However, none of the HREM simulation for the models [11,12]  (using 

the EMS on line software [23] at 200 kV and Cs = 0.5 mm) was found to match Fig. 2(a). In attempting 

to explain the FT in Fig. 2(b), the structural factors for the above two structures were calculated based 

on the atomic coordinates and scattering amplitudes, and from that we could estimate the 

corresponding intensities of individual diffractions. Figs. 5(a) and 5(c) show the simulated diffraction 

patterns of one S" variant in a three-dimensional representation for the models of Cuisiat et al. [11] and 

Wolverton [12], respectively and Figs. 5(b) and 5(d) are the complex diffraction patterns combining all 
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the variants of GPB2/S" projected on [001]Al for the models of Cuisiat et al. [11] and Wolverton [12], 

respectively.  None of these simulated patterns can explain the FT and SAD patterns as shown in Figs. 

2 and 3. 

 

4. Interpretation of experimental data using a new structure 

 

Wolverton’s [12] configuration for GPB zone (Fig. 1b) is a low energy configuration, and hence we 

have considered a new GPB2/S" structure constructed from elements of Fig. 1b.  We constructed a new 

structure shown in Fig. 6(a) such that the pattern viewed along [001] resembles the patterns seen in the 

HREM image in Fig. 2a.  Fig. 6(b) shows HREM simulated images along [001] in different thickness 

and defocuses, and it can be seen that for 2nm of thickness and defocus at 68 nm the simulated image 

matches well the experimental image in Fig. 2(a). The orientation relationship between GPB2/S" and 

Al matrix satisfies: <100>GPB2/S" // <100>Al, <010>GPB2/S" // <010>Al. On calculation of its structural 

factors, we can predict the diffraction patterns for all 6 independent variants of GPB2/S" precipitates in 

[001]Al as shown in Fig. 7. Combination of two variants (Figs. 7a, b) can explain the experimental data 

in Fig. 3(a), but no solution can be found to elucidate the pattern in Fig. 3(c).  The structure also fails to 

produce a match with the FT one of the two variants of the precipitates observed by Kovarik et al. [20]. 

 

The structure of Fig. 6(a) has many Mg-Mg or Cu-Cu neighbours and thus large local lattice distortions 

may be introduced as a result of the different atomic sizes between Mg (0.320 nm), Cu (0.256 nm) and 

Al (0.286 nm). It is considered that such large distortions may not be accommodated unless very large 

strains are introduced. Thus a structure with fewer Mg-Mg and Cu-Cu nearest neighbours may be more 

stable, and we constructed an alternative model by interchanging Cu and Mg as shown in Fig. 8.  This 

structure presents the same simulated HREM images along [001] as Fig. 6(b) and thus also fits the 

HREM image in Fig. 2(a). The corresponding diffraction patterns from six independent variants of 

GPB2/S" were predicted (figure not presented) but again no match was found to the pattern in Fig. 3(c) 

and also the FT of one of the two variants of the precipitates observed by Kovarik et al. [20], which is 

similar to Fig. 3(c), did not match. 

 

To fit the diffraction pattern between the observation and simulation, we propose an alternative model 

in which the positions of Cu and Mg atoms are mixed 50%Cu/50%Mg as shown in Fig. 9(a).  Its 
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composition Al10Cu3Mg3 is between that of S phase (Al2CuMg) and Cu-Mg clusters which have about 

90% Al [24]. (Mixed occupancy also occurs in the GP2/θ" structure in Al-Cu alloys [25].) As shown in 

Fig. 9(a), this structure has no four-fold symmetry and the lattice parameters are a = 0.405 nm, b = 1.62 

nm and c = 0.405 nm. The following reflection conditions should occur: {h00}: h=2n; {0k0}: k=2n; 

{00l}: l=2n; {hk0}: h+k=2n; {h0l}: h+l=2n; {0kl}: k+l=2n; {hkl}: h+k+l=2n. (n is integer). Thus the 

structure is orthorhombic with Imm2 space group [26]. 

 

Fig. 9(b) shows the corresponding HREM simulation images for a series of thickness and defocus 

combinations. We may see that simulated HREM in 4nm of thickness and defocus at 62 nm (Fig. 9b) 

fits the experimental image of Fig. 2(a) well.  The calculated diffraction patterns for 6 independent 

GPB2/S" variants are shown in Fig. 10. Again, the combination of Figs. 10(a) and (b) fits well to the 

observed pattern (Fig. 3a).  Furthermore, the combination of Figs. 10(c) and (d) fits well the SAD 

pattern in Fig. 3(c) and also fits the FT of both variants of the precipitates observed by Kovarik et al. 

[20]. Figs. 11(a-c) shows the complex reflections of all the variants of GPB2/S" projected on [001]Al 

based on the three structures shown in Figs. 6(a), 8 and 9(a).  

 

 In an additional analysis we carried out HREM and diffraction simulations for the structure in Fig. 9(a) 

with Cu:Mg ratios between 0:1  to 1:0.  The results show small changes in HREM simulation with 

Cu:Mg ratio, and for all Cu:Mg ratios between 0.5:0.5 to 0.66:0.33, which corresponds to compositions 

Al10Cu3+xMg3-x (0 ≤ x ≤ 1), a good fit with HREM and diffraction data was observed. 

 

5. Discussion 

 

Having obtained strong indications that a single GPB2/S" phase with structure in Fig. 9 is present in 

artificially aged Al-2.03 wt.% Cu-1.28 wt.% Mg, Al-0.4 wt.% Cu-3 wt.% Mg-0.12 wt.% Si and Al-0.6 

wt.% Cu-4.2 wt.% Mg alloys, we analysed a range of published [24,27] and unpublished SAD data 

[28] of artificially aged Al-Cu-Mg alloys with significantly higher Cu contents. For a 2024 alloy (Al-

4.2 wt.% Cu-1.5 wt.% Mg) aged at 150ºC for up to 2 days, patterns were observed that could not be 

fully explained by S phase. The [001]Al SAD pattern of a 2024 alloy aged at 150ºC for 12 h after 

solution treatment and 2% stretch is presented in Fig. 11(d). This stage of the ageing treatment 

corresponds to the final stages of the hardness plateau, before the increase in hardness leading up to the 
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peak hardness commences [24,27], and thus we would expect that very little S phase is present [27]. 

Even though the very fine precipitates cause the SAD pattern to be diffuse and no conclusive phase 

identification can be obtained from this data, it is clear that Fig. 11(c) fits well to Fig. 11(d).  Therefore, 

this SAD data is also consistent with the structure of GPB2/S" in Fig. 9(a). 

 

Finally, it needs to be pointed out that the present analysis of the available data leaves open the 

possibility that the proposed GPB2/S" phase may depend on alloy composition or that more than one 

structure could be responsible for the experimental data included in the present paper.  Nevertheless, on 

the balance of evidence, it is probable that the data presented is related to the presence of one discrete 

phase with the structure presented in Fig. 9(a).  

 

6. Conclusions  

 

A new structure for GPB2/S" which is a discrete orthorhombic phase coherent with the matrix is 

proposed. Its composition Al10Cu3+xMg3-x (0 ≤ x ≤ 1) is between that of S phase (Al2CuMg) and Cu-Mg 

clusters which have about 90% Al.  Observed HREM and SAD data for precipitates in Al-2.03 wt.% 

Cu-1.28 wt.% Mg aged at 200ºC for 4 h, Al-0.4 wt.% Cu-3 wt.% Mg-0.12 wt.% Si aged at 180ºC for 8 

h and Al-0.6 wt.% Cu-4.2 wt.% Mg aged at 180ºC for 34 h matches HREM and SAD simulations for 

the proposed orthorhombic structure. 
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100S"

010S"

001S"

Cu Mg Al Cu MgAl 

100GPB

001GPB

010GPB

(a) (b) 

Fig. 1(a) The S" structure proposed by Cuisiat et al. [11]; (b) The GPB structure proposed 

by Wolverton [12]. 
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O

A

A′

B

B′

C

C′

D

D′

II I 

1 nm   

(b) 

(c) 

(a) 

Fig. 2(a) HREM images in [100]Al of an Al-2.03wt%Cu-1.28wt%Mg alloy aged 200°C for 

4h; (b) & (c) The Fourier transformed diffraction patterns corresponding to the rectangular 

regions I & II, respectively.  (a and b from Ref. [17], by courtesy of Prof. A. Charai). 
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020Al 

200Al 000

(a) (b) 

000

020Al 

200Al 

(c) (d) 

Fig. 3(a) The [001]Al diffraction pattern for S" from large area by Fourier transformation in 

an Al-2.03wt%Cu-1.28wt%Mg aged 200°C for 4h (from [17]); (b) The schematic diagram 

to Fig. 3(a); (c) The observed [001]Al diffraction pattern from the Al-0.6wt%Cu-4.2wt%Mg 

alloy aged at 180ºC for 34 h (from Ref.  [21], by courtesy of Dr P. Ratchev); (d) The 

schematic diagram to Fig. 3(c). 
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Al S Double 

200S

420 S

AB

C′

D C 

A′ B′ D′

211 S 211 S

000

211 S211 S

200Al

0 2 0Al

Fig. 4  The calculated diffraction pattern from one variant of S phase in [001]Al indexed 

according to work by Gupta et al. [22]. Sizes of the spots are proportional to the reflection 

intensities. 
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I ∝ 4(2fAl – fCu – fMg)2

I ∝ 4(2fAl+ fCu+ fMg)2 I ∝ 4(fCu - fMg)2 I ∝ 4(fAl – fCu)2 + 4(fAl – fMg)2

(a) 

(200)S"

(004)S"

(020)S"

000 

000 200Al

020Al 220Al

Al 

(b)

(200)GPB

(004)GPB

(020)GPB

000 
000 

020Al

200Al

220Al

I ∝ 4(fCu - fMg)2I ∝ 4(2fAl+ fMg+ fMg)2 Al 

(c) (d) 

Sizes of the spots are proportional to the diffraction intensities (I) in which fAl, fCu and fMg 
are the atomic scattering amplitudes. 

Fig. 5(a) Simulated diffraction patterns in three <001>S" zones based on the model of 

Cuisiat et al. [11] in Fig. 1(a); (b) Simulated diffraction patterns showing all 6 variants of 

the S" of Fig. 5(a) upon [001]Al;  (c) Simulated diffraction patterns in three <001>GPB zones 

based on the model of Wolverton [12] in Fig. 1(b); (d) Simulated diffraction patterns 

showing all 6 variants of GPB of Fig. 5(c) upon [001]Al. 
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Cu 

Mg 

Al 

100 

010 

001 

(a) 

68/2 68/5 68/6 68/768/3 68/4 

62/762/662/3 62/2 62/562/4 (b) 

Fig. 6(a) One possible GPB2/S" model for which the simulated HREM images match 

rectangular region I in Fig. 2(a); (b) HREM simulation along [001] based on the above 

structures. The numbers before and after the slash symbol “/” represent the defocus and 

thickness (nm in unit) respectively. 
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(a) 
200000 

080 280

(b) 

004000 

204200 

200 000

004 204 

I ∝ (20fAl+ 6fMg+ 6fMg)2 

I ∝ 23.31(2fAl – fCu – fMg)2 I ∝ 4(2fAl – fCu – fMg)2

I ∝ 0.687(2fAl – fCu – fMg)2

I ∝ 18(fCu - fMg)2 I ∝ 11.66(fCu - fMg)2 

I ∝ 2(fCu - fMg)2

I ∝ 0.343(fCu - fMg)2

(f) (e) 

(c) 

084 004

080 000

000 004 

084080 

(d) 

080 000 

200 280 

Fig. 7 (a-f) Simulated <001>GPB2/S" patters for all the 6 independent variant of GPB2/S" 

respectively, based on the model in Fig. 6(a). Sizes of the spots are proportional to the 

diffraction intensities (I) in which fAl, fCu and fMg are the atomic scattering amplitudes. Note 

that the 4 high intensity spots will coincide with Al spots. 
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Cu 

Mg 

Al 

100 

010 

001 

Fig. 8 A modified GPB2/S" model for which the simulated HREM images also match 

rectangular region I in Fig. 2(a). 
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(a) 

Cu/Mg 

Al 

100 

010 

001 

62/4 62/562/2 62/3 62/6 62/7 

68/7 68/668/2 68/3 68/4 68/5

(b) 

Fig. 9(a) A possible GPB2/S" model for which the simulated HREM images match 

rectangular region I in Fig. 2(a); (b) HREM simulation along [001] based on the above 

structures. The numbers before and after the slash symbol “/” represent the defocus and 

thickness (nm in unit) respectively. 
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I ∝ (10fAl+ 3fMg+ 3fMg)2 I ∝ 5.83(2fAl – fCu – fMg)2

I ∝ (2fAl – fCu – fMg)2 I ∝ 0.17(2fAl –fCu–fMg)2

(a) 

(e) 

(b) (c) 

(d) (f) 

200000 

080 280

200 000

202 002202200 

002000 

000

082 002

080 

000 002 

080 082 

000 080 

200 280 

Fig. 10 (a-f) Simulated patters of <001>GPB2/S" for all the 6 independent variants of 

GPB2/S", based on the model in Fig. 9(a).  Sizes of the spots are proportional to the 

diffraction intensities (I) in which fAl, fCu and fMg are the atomic scattering amplitudes. The 

calculation was based on composition Al10Cu3Mg3. Note that the 4 high intensity spots will 

coincide with Al spots. 
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200Al 

020Al 

000 

220Al 

(a) (b)
000 200Al 

220Al 020Al 

020Al 

000 

220Al 

200Al 

(c) (d)

Fig. 11  The complex reflections of all the variants of S" projected on [001]Al. 

(a) Combination of all the diffractions in Fig. 7 based on model in Fig. 6(a); 

(b) Combination of all the diffractions based on model in Fig. 8; (c) Combination of all the 

diffractions in Fig. 10 based on model in Fig. 9(a); (d) SAD pattern of a 2024 alloy aged at 

150ºC for 12h. 
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