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Abstract: The impact of Fe content on the microstructures and mechanical properties of an ultra-high strength 
aluminum alloy, namely, Al−10.50Zn−2.35Mg−1.25Cu−0.12Cr−0.1Mn−0.1Zr−0.1Ti, was investigated. It is found that 
the increase of Fe content leads to a notable rise in the volume fraction of microscale secondary phases, including 
(Cu,Fe,Mn,Cr)Al7, σ phase (composed of Al, Zn, Mg, and Cu elements), and Al3(Zr,Ti). The formation of these 
secondary phases results in the depletion of certain phase-forming elements, thereby significantly reducing the quantity 
of strengthening phases. Fe imposes minimal impact on tensile strength, but it can significantly alter the elongation (δ). 
For instance, the average elongation of the alloy with 0.18 wt.% Fe (δ=4.5%) is less than half that of the alloy with Fe 
less than 0.1 wt.% (δ=9.9%−10.9%). The reduction in elongation is attributed to the combined effects of the formation 
of coarse secondary phases and the diminished quantity of strengthening phases around these coarse phases. 
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1 Introduction 
 

The Al−Zn−Mg−Cu alloys, commonly 
designated as the 7xxx series, are pivotal structural 
materials in a range of contemporary industries 
such as transportation and aerospace, due to their 
exceptional strength, corrosion resistance, favorable 
processability, and recyclability [1−3]. However, 
the addition of Fe as an alloying element is known 
to be deteriorative to the properties of these alloys. 
During solidification, Fe typically combines with 
other elements to form secondary phases, which are 
usually microscale in size. The secondary phases so 

formed are rather difficult to eliminate through 
subsequent thermomechanical processing or heat 
treatment. The presence of Fe-containing secondary 
phases in the Al−Zn−Mg−Cu alloys largely hinders 
their practical applications at scale [4]. 

The secondary phases in these alloys caused 
by Fe could manifest in varied forms, such as 
Al7Cu2Fe [5], Al17(Fe3.2,Mn0.8)Si2 [6], Al13Fe4 (or 
Al6Fe) [7], (Al,Cu)6(Fe,Cu) [8], Al23CuFe4 [9,10], 
Al3Fe [10], (Cu,Fe,Mn)Al3 [11], and (Cu,Fe,Mn,Cr)- 
Al7 [11]. The formation of these secondary phases 
depletes the dispersion strengthening elements in 
the alloy matrix such as Cu, Cr, and Mn, and in turn 
degenerates the key properties such as ductility and 

                       
Corresponding author: Jian-xin XIE, Tel: +86-10-62332254, E-mail: jxxie@mater.ustb.edu.cn; 

Lei JIANG, Tel: +86-13001114186, E-mail: leijiang@ustb.edu.cn 
https://doi.org/10.1016/S1003-6326(25)66874-9 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 



Xin-yuan XU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3179−3190 3180  
toughness. OHIRA and KISHI [12] reported a 
notable decrease in the fracture toughness of the 
7075 Al alloy from 40 to 30 MPa·m1/2 as the 
content of Fe went from 0 to 0.6 wt.%. VRATNICA 
et al [13] noticed that the higher content of Fe in the 
Al−Zn−Mg−Cu alloys resulted in a higher volume 
fraction of the secondary phases, which adversely 
impacted the ductility and fracture toughness. 
Furthermore, these Fe-rich phases are prone to 
crack initiation and facilitate crack propagation at 
their interfaces with the matrix under the applied 
stress [14]. These works have studied the impact of 
Fe and other alloying elements on the formation of 
coarse Fe-rich secondary phases in the 7xxx series 
aluminum alloys and their influence on properties. 
However, the impact of Fe on the formation and 
distribution of other secondary phases, as well as on 
the overall distribution of alloying elements within 
7xxx series alloys remains unclear. 

The microstructural details of the secondary 
phases are crucial to the properties of alloys [15−18]. 
The lattice of the microscale Fe-rich secondary 
phases is often incoherent with that of the Al matrix, 
therefore creating phase interfaces of high energy. 
These interfaces facilitate the accumulation and 
enrichment of elements such as Zn and Mg [19], thus 
altering the microstructures and properties. Furthermore, 
the excessive addition of other elements like Cr, Mn, 
Ti, and Zr can also induce the formation of 
secondary phases at the microscale [20]. Like 
Fe-rich secondary phases, these secondary phases 
would deteriorate properties in a similar way. 

It is noted that all the alloys mentioned before 
share a commonality: the total amount of alloying 
elements is below 10 wt.%. To meet the ever 
pressing materials demands for lightweight 
aerospace components, we have developed an 
ultra-high strength Al alloy with remarkable 
toughness through machine learning [21,22]. This 
new alloy contains more than 14 wt.% of alloying 
elements. It maintains the ductility and toughness  
of the state-of-the-art 7136 alloy (elongation     
(δ) of 8%−10% and fracture toughness (KIC) of 

33−35 MPa·m1/2) [23] while boosting up the  
tensile strength by over 100 MPa (700−750 MPa). 
However, the influence of Fe as an impurity 
element on the distribution of elements in ultra-high 
strength aluminum alloys remains obscure. This 
study concentrates on the study of the highly 
alloyed Al−10.50Zn−2.35Mg−1.25Cu−0.12Cr− 
0.1Mn−0.1Zr−0.1Ti−xFe alloys (x=0.01, 0.09, 0.18, 
wt.%). We plan to analyze the impact of Fe on   
the microstructures, element distributions, and 
mechanical properties of the alloys. The work tries 
to elucidate the mechanisms how impurity elements 
influence the strength and toughness of the alloy, 
which would be insightful to further optimization of 
alloy compositions as well as the properties. 
 
2 Experimental 
 

Three alloys of different compositions were 
prepared via high-purity raw materials (99.99 wt.%) 
including Al, Zn, Mg, Mn, Cr, and intermediate 
alloys such as Al−50Cu, Al−10Ti, Al−10Zr, and 
Al−5Fe. The compositions of these alloys are 
detailed in Table 1. The raw materials were melted 
in a ZG−25 medium-frequency vacuum induction 
furnace and cast at 730−740 °C to produce several 
ingots. Ingots were cylindrical with a diameter of 
125 mm, weighing 25 kg. Following casting, the 
ingots underwent a homogenization treatment in an 
SGM−M30/12A resistance furnace at 400 °C for 
24 h, followed by an additional 24 h treatment at 
470 °C. The ingots were then turn-milled, and the 
initial diameter of the extruded bar was set at 
115 mm, with the extrusion barrel measuring 
120 mm. The ingots were then extruded via a 500 t 
double-acting horizontal extrusion press at 400 °C 
and the extrusion ratio was 9:1. 

Following extrusion, the bars underwent solid- 
solution treatments at 450 °C for 1 h, 470 °C for  
1 h, and 480 °C for 0.5 h. Subsequently, the bars 
were aged at 120 °C for 24 h. Tensile specimens 
were then fabricated and tested at room temperature 
for their tensile strengths and elongations via a  

 
Table 1 Alloy compositions (wt.%) 

Alloy Zn Mg Cu Mn Cr Zr Ti Fe Si Al 

0.01 wt.% Fe 10.53 2.38 1.24 0.11 0.13 0.11 0.10 <0.01 0.02 Bal. 

0.09 wt.% Fe 10.52 2.33 1.27 0.11 0.12 0.10 0.09 0.09 0.02 Bal. 

0.18 wt.% Fe 10.58 2.36 1.24 0.10 0.12 0.10 0.09 0.18 0.01 Bal. 
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CMT6000 testing machine with a strain rate of 
0.5 mm/min. The specimens were prepared in a 
dog-bone shape with a gauge length of 20 mm and 
a cross-sectional area of 5 mm × 2 mm. The 
reported mechanical properties were averaged over 
two specimens. 

Microstructure analysis was carried out with 
the Carl Zeiss EVO18 and JEOL JSM−7001F field 
emission scanning electron microscopes (SEM). 
Electron backscatter diffraction (EBSD) was 
performed at a 25 kV operating voltage to assess 
the grain morphology of the alloys, and the relevant 
data were analyzed with Channel 5 software from 
the University of Oxford. Additionally, high-angle 
annular dark-field (HAADF) imaging and 
compositional analysis were conducted at 300 kV 
using a Tecnai G2 F30 transmission electron 
microscope equipped with a HAADF detector and 
an energy-dispersive X-ray spectroscopy (EDS) 
system. 
 
3 Results 
 
3.1 Microstructures 

The microstructures of the three Al alloys by 
SEM images are shown in Fig. 1. It is seen that the 
minimal amount of Fe in the Al−Zn−Mg−Cu alloy 
results in a scant formation of the microscale 
secondary phases, which roughly account for only  
0.02% in volume fraction. As Fe goes up to 0.09 
wt.%, the formation of these secondary phases is 
more pronounced, as evidenced by particles with an 
average diameter of (5.2±1.5) μm and a volume 
fraction of approximately 1.58%. As Fe continues 
to increase to 0.18 wt.%, an even higher volume 
fraction of these phases is noted, reaching 2.59%. 
The mean diameter of these secondary phases also 
grows to (13.6±3.2) μm. In addition, various 
microscale secondary phases with distinct shapes 
and sizes (some exceeding 30 μm) as well as black 
voids are noted to form. 

Furthermore, the samples with 0.01 wt.% Fe 
and 0.18 wt.% Fe were selected to analyze the 
elemental distribution of the secondary phases at 
the microscale. Figure 2 presents the compositional 
analysis of these phases in the alloys with 0.01 and 
0.18 wt.% Fe. In Fig. 2(a), the 0.01 wt.% Fe sample 
reveals a second phase enriched with Cr, Mn, and 
Mg, measuring approximately 5 µm in diameter. 
The compositional analysis, detailed in Table 2, 

suggests that this phase likely corresponds to 
Al18(Cr,Mn)2Mg3. Additionally, surrounding this 
phase, an agglomeration of Zn, Mg, and Cu is 
observed. 
 

 
Fig. 1 SEM images of three ultra-high strength 
aluminum alloys with different Fe contents after      
T6 treatment: (a) 0.01 wt.% Fe; (b) 0.09 wt.% Fe;     
(c) 0.18 wt.% Fe 
 

A considerable number of microscale secondary 
phases are shown in Fig. 2(b), predominantly 
constituted by the aggregation of Fe, Cu, Mn,   
and Cr. According to the compositional analysis 
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provided in Table 2, these phases likely correspond 
to (Cu,Fe,Mn,Cr)Al7. In proximity to the microscale 
Fe-rich phases, there is a noticeable accumulation 
of Zn, Mg, and Cu, indicating the presence of the  
σ phase (composed of Al, Zn, Mg, and Cu). 
Additionally, the alloy contains microscale secondary 
phases composed of Cr, Mn, Zr, and Ti, such as 

Al18(Cr,Mn)2Mg3 and Al3(Zr,Ti). Notably, Al3(Zr,Ti) 
is absent in the samples with 0.01 wt.% Fe. 

Figures 3(a–c) illustrate grain morphologies of 
three alloys, all exhibiting extrusion texture and 
localized recrystallization. Figures 3(d–f) present 
the grain size statistics, indicating the average grain 
sizes of 7.0, 9.6, and 7.1 µm for the respective alloys. 

 

 

Fig. 2 Compositional analysis results of secondary phase: (a) 0.01 wt.% Fe; (b) 0.18 wt.% Fe 
 
Table 2 EDS analysis results of arrowed locations in Fig. 2 (at.%) 

Location Al Zn Mg Cu Fe Mn Cr Zr Ti 

a 80.62 4.21 7.51 2.05 0.01 2.38 3.12 0.06 0.04 

b 83.07 2.46 1.46 2.27 9.00 1.33 0.40 0.00 0.00 

c 80.47 3.72 6.91 1.83 0.05 2.45 3.60 0.00 0.00 

d 71.72 5.49 6.10 2.14 0.03 0.06 0.10 6.46 6.50 

e 83.11 8.09 6.09 2.61 0.03 0.00 0.03 0.00 0.03 
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Fig. 3 EBSD results (a−c) and size statistics (d−f) for three alloys: (a, d) 0.01 wt.% Fe; (b, e) 0.09 wt.% Fe;        
(c, f) 0.18 wt.% Fe 
 
The inclusion of Fe has a negligible impact on the 
grain size and the subtle variations in grain size 
may be associated with the uneven microstructure 
of alloy [24]. The microscale Fe-rich phase does not 
effectively induce particle simulated nucleation 
(PSN) nor refine the grain size. 

Subsequently, the influence of Fe addition   
on the dispersion strengthening phases was investigated. 
Note that the dispersion strengthening phases can 
be categorized into two distinct types: dispersoids 
enriched with Cr, Mn, Zr, and Ti, and precipitates 
predominantly containing Zn, Mg, and Cu. 

Figure 4 illustrates morphological distribution 
and compositional analysis results for typical 
dispersoids (i.e., secondary phases with diameters 
ranging from 20 nm to 1 µm) in the three alloys. 
These alloys feature multiple dispersoids composed 
of Cr, Mn, Zr, and Ti elements, with sizes varying 
from 20 to 300 nm. These dispersoids contribute to 
impeding grain boundaries and dislocations, 
thereby enhancing the strength of the alloy [21]. 

Additionally, the presence of Fe-rich phases 
significantly impacts the morphology of the 
dispersoids. Figure 5(a) demonstrates the influence 
of (Cu,Fe,Mn)Al7 (length of 1.8 μm) on the 
morphology of the dispersoids. It can be seen that 

around the Fe-rich phase, there is a significant 
decrease in the number of dispersoids, with some 
areas even having no dispersoids whatsoever. As a 
result, some regions are depleted of solute elements 
such as Cr, Mn, Zr, and Ti. This effect extends up  
to a distance of 2−5 μm from the Fe-rich phase.   
In contrast, the nanoscale (Fe,Mn)Al7 phases, 
approximately 500 nm in size, show no significant 
decrease in dispersoid quantity in their vicinity, as 
depicted in Fig. 5(b). This phenomenon may be 
attributed to their smaller dimensions, as nanoscale 
(Fe,Mn)Al7 phases require fewer solute elements 
compared to their microscale counterparts. 
Furthermore, the nanoscale (Fe,Mn)Al7 phases  
have a higher density and are more spherical     
in morphology compared to the microscale 
(Cu,Fe,Mn)Al7 phases. 

By further observation of the finer micro- 
structures, the influence of Fe on the nanoscale 
precipitates composed of Zn, Mg, and Cu can be 
examined, as illustrated in Figs. 6(a–d). When there 
is insufficient Fe, the precipitates within the alloy 
have an average length of 4.9 nm and an average 
width of 2.3 nm. In the vicinity of the nanoscale 
Fe-rich phases, rich principal elements of Zn, Mg, 
and Cu are observed, which leads to the formation 
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Fig. 4 HAADF-STEM image and composition analysis results of 0.18 wt.% Fe alloy after T6 treatment 
 

 
Fig. 5 HAADF-STEM images and composition analysis results of typical Fe-rich phases after T6 treatment in 0.18 wt.% 
Fe alloy: (a) Microscale Fe-rich phases; (b) Nanoscale Fe-rich phases 
 
of larger η-phases. This phenomenon results in a 
significant reduction in the density of precipitates in 
the surrounding area, despite a solute deficiency. 
Additionally, despite the scarcity of solute elements, 
the average length of precipitates in the matrix  
near the Fe-rich phases measures 5.2 nm, and    
the average width is 2.5 nm. The presence of Fe 

slightly increases the size of precipitates compared 
to the condition when it is absent, which leads to a 
further decrease in the precipitate density. Moreover, 
analysis of the precipitates reveals that the addition 
of Fe does not alter the types of precipitates in the 
matrix. These phases still include η′ phase, GP I, 
and GP II, as depicted in Figs. 6(e–g). 
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Fig. 6 High-resolution HADDF-STEM images (a, c) and size statistics (b, d) of precipitates without segregation (a, b) 
and precipitates under influence of segregation (c, d); HADDF-STEM images of η′ phase (e), GP I (f) and GP II (g) 
 
3.2 Mechanical properties  

The outcomes of the tensile test of the three 
ultra-high strength Al alloys with different Fe 
contents are presented in Fig. 7 and Table 3. The 
tensile strengths of alloys measure (797±1) MPa, 
(785±9) MPa, and (788±8) MPa; their yield 
strengths are (762±1) MPa, (752±8) MPa, and 
(759±4) MPa; and elongations are (10.9±0.6)%, 
(9.9±0.3)%, and (4.5±1.4)%, respectively. The alloy 
with the lowest Fe content exhibits the highest 
tensile strength and elongation. When the Fe 
content increases to 0.09 wt.%, a slight reduction in 
both tensile strength and elongation is observed 
relative to alloy with 0.01 wt.% Fe. Further 
increasing the Fe content to 0.18 wt.% does not 
significantly alter the tensile strength, but leads   
to a reduction in elongation, decreasing it to less 
than half that observed in the alloys with 0.01 wt.% 
Fe. 

In summary, the Fe content has a negligible 
effect on the strength of the high-strength 
Al−Zn−Mg−Cu alloys. When the Fe content is 
below 0.1 wt.%, its impact on the ductility of the 
alloys is minimal. However, with further increase in  

 
Fig. 7 Typical engineering stress−strain curves of three 
alloys 
 
Table 3 Mechanical properties of three alloys 

Alloy 
Tensile 

strength/ 
MPa 

Yield  
strength/ 

MPa 

Elongation/ 
% 

0.01 wt.% Fe 797±1 762±1 10.9±0.6 

0.09 wt.% Fe 785±9 752±8 9.9±0.3 

0.18 wt.% Fe 788±8 759±4 4.5±1.4 
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Fe content, there is a significant reduction in the 
ductility of the alloy.  
 
4 Discussion 
 
4.1 Effect of Fe on microscale secondary phases 

Following the solution treatment and aging, the 
microscale secondary phases in the Al−10.50Zn− 
2.35Mg−1.25Cu−0.12Cr−0.1Mn−0.1Zr−0.1Ti alloy 
become virtually non-existent. Upon introducing Fe 
into the alloy, several microscale secondary phases, 
such as Fe-rich phases, σ phases, and Al3(Zr,Ti) 
phases, start coming into the scene.  

To gain an in-depth understanding of the 
impact of Fe, thermodynamic calculations were 
performed using Thermo-Calc software with the 
TCAL6 Al alloy database. These calculations 
revealed variations in the volume fractions of 
phases with temperature for three levels of Fe 
contents (Fig. 8). As the Fe content increases, there 
is a gradual rise in the volume fraction of Fe-rich 
phases from 0 to 0.45%, corroborating the 
experimental observations of increased volume 
fractions of microscale Fe-rich secondary phases. 
Furthermore, the presence of Fe leads to an increase 
in the volume fraction of Al3(Zr,Ti) phases at 
480 °C, which makes a complete solid solution of 
Ti and Zr in the matrix more challenging. On the 
other hand, the calculations indicate that the σ 
phases can completely dissolve at 480 °C. 

At the peak solid-solution temperature of 
480 °C, the maximum solubility of Fe in the alloy is 
below 0.01 wt.% [25]. Consequently, the gradual 
increase in the volume fraction of Fe-rich secondary 
phases can be attributed to the formation of phases 
as the Fe content increases [26]. The Fe-rich 
microscale secondary phases are notable for their 
incoherent interfaces with the Al matrix, 
characterized by higher interfacial energy. As a 
result, σ phases tend to segregate at interfaces, 
leading to the formation of microscale σ phases. 
Moreover, the originally homogeneous solid 
solution of Zr and Ti in the Al matrix results in the 
emergence of microscale second phase of Al3(Zr,Ti) 
with an increase in Fe content. This suggests that 
the presence of Fe elements decreases the 
maximum solubility of Zr and Ti in the Al matrix, 
thereby hindering their complete dissolving into  
the matrix at the elevated temperature of 480 °C. 
Consequently, residual Al3(Zr,Ti) microscale secondary 

 

 
Fig. 8 Variation of volume fraction of phases in three 
ultra-high strength aluminum alloys with different    
Fe contents as function of temperature: (a) Fe-free;    
(b) 0.09 wt.% Fe; (c) 0.18 wt.% Fe 
 
phases are formed. Regarding the formation of 
Al18(Cr,Mn)2Mg3 phases, it is seen that even in  
the base alloy of Al−10.50Zn−2.35Mg−1.25Cu− 
0.12Cr−0.1Mn−0.1Zr−0.1Ti, a small amount of 
Al18(Cr,Mn)2Mg3 phases are formed. This suggests 
that the formation of these phases may not be 
directly associated with the Fe-rich phases. It is also 
conceivable that the components of Fe-rich phases, 
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such as Cr and Mn, can potentially impede the 
formation of Al18(Cr,Mn)2Mg3 phases. 
 
4.2 Impact of Fe on strength and ductility of 

alloys 
Fe, as an impurity element, may adversely 

affect the strength and ductility of the alloys.   
The Al−10.50Zn−2.35Mg−1.25Cu−0.12Cr−0.1Mn− 
0.1Zr−0.1Ti−xFe alloys are designed to enhance 
strength through mechanisms such as precipitation 
strengthening, grain boundary strengthening, and 
solid-solution strengthening. The incorporation of 
Fe leads to the formation of microscale 
(Cu,Fe,Mn,Cr)Al7 phases, depleting Cu, Mn,    
and Cr elements that tend to form dispersion- 
strengthening phases. Concurrently, the presence of 
Fe results in the segregation of primary elements 
such as Zn, Mg, and Cu at the boundaries of the 
(Cu,Fe,Mn,Cr)Al7 phase, thereby diminishing the 
quantity of η′, GP I, and GP II precipitation phases 
within the matrix. Additionally, the formation of 
microscale Al3(Zr,Ti) secondary phases contributes   
to the reduction in the number density of the 
nanoscale Al3(Zr,Ti) phases. Ultimately, the 
cumulative effects of these factors lead to a 
reduction in precipitation strengthening. 

For grain boundary strengthening, the three 
alloys exhibit grain sizes of 7.0, 9.6, and 7.1 μm, 
respectively. According to the Hall−Petch equation 
(σy=σ0+kyd 

−0.5) [27], where ky equals 0.12 MPa·m1/2, 
the calculated grain boundary strengthening values 
for these alloys are 45, 39, and 45 MPa, respectively. 
Notably, the alloy with 0.09 wt.% Fe shows reduced 
grain boundary strengthening effects. Concerning 
solid-solution strengthening, given that the primary 
compositions of the alloys are similar and their 
solution treatments and agings are identical,     
the relatively modest effect of solid-solution 
strengthening on the strength [21] suggests that 
substantial alterations of the solid-solution 
strengthening are unlikely. 

In conclusion, the inclusion of Fe promotes the 
formation of coarse microscale secondary phases 
such as (Cu,Fe,Mn,Cr)Al7, σ phase (composed of Al, 
Zn, Mg, and Cu elements), and Al3(Zr,Ti). 
Furthermore, this inclusion results in solute- 
depleted zones around Fe-rich phases, which 
significantly decreases the quantity of dispersion- 
strengthening phases and consequently reduces the 

effectiveness of precipitation strengthening. As a 
result, with increasing Fe content, the impact of 
precipitation strengthening gradually diminishes. 
The alloy with 0.09 wt.% Fe demonstrates  
reduced grain boundary strengthening effects, while 
the alloys with 0.01 and 0.18 wt.% Fe show  
similar effects. The influence of solid-solution 
strengthening is minimal. Consequently, the tensile 
strengths of the alloys measure (797±1), (785±9), 
and (788±8) MPa, respectively. 

Regarding the ductility of the alloys, tensile 
test results indicate that the addition of 0.09 wt.% 
Fe has a minimal impact on ductility, resulting in  
a decrease in elongation from (10.9±0.6)% to 
(9.9±0.3)%. In these alloys, microscale Fe-rich 
phases exhibit an average diameter of (5.2±1.5) μm, 
featuring an elliptical morphology with a reduced 
number of adjacent voids. However, as the Fe 
content increases to 0.18 wt.%, ductility decreases 
to (4.5±1.4)%. There are microscale Fe-rich phases 
with an average diameter of (13.6±3.2) μm. 
Additionally, numerous sharp-edged microscale 
secondary phases greater than 30 μm in size are 
formed, accompanied by the emergence of black 
voids. Therefore, in manufacturing, regulating Fe 
content is crucial to preventing the formation of 
coarse Fe-rich phases and voids exceeding 30 μm in 
diameter. 

Additionally, the presence of solute-depleted 
regions surrounding the Fe-rich microscale 
secondary phases significantly reduces the quantity 
of strengthening phases produced by Cr, Mn, Zr, 
and Ti. This phenomenon diminishes the strength of 
the matrix that encompasses micrometer-scale 
Fe-rich phases, making it more susceptible to void 
formation and cracking [28]. Although solute 
depletion near nanoscale Fe-rich phases is less 
pronounced, the segregation of Zn, Mg, and Cu still 
exists, resulting in reduced strength of the matrix. 
However, the impact on ductility is less significant 
compared to the microscale Fe-rich phases. 

The microscale Fe-rich phases are inherently 
hard and brittle, and they exhibit poor compatibility 
with the matrix. Under low stress, these Fe-rich 
phases are prone to fracture or detachment from the 
substrate, forming voids that accelerate crack 
propagation [29−31]. Moreover, Fe-rich phases 
larger than 8 μm act as crack initiation sites, while 
the propensity for fracture in Fe-rich phases smaller 
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than 8 μm is significantly reduced [32]. In alloys 
containing 0.09 wt.% Fe, the average size of  
Fe-rich phases is (5.2±1.5) μm, while in those with 
0.18 wt.% Fe, the average size is (13.6±3.2) μm. 
This variation also explains why the decrease in 
ductility is less significant in the alloys with 0.09 
wt.% Fe. 
 
5 Conclusions 
 

(1) With increasing the Fe content, there is an 
increment in the volume fraction of the microscale 
phases, including (Cu,Fe,Mn,Cr)Al7, σ phase 
(composed of Al, Zn, Mg, and Cu elements), and 
Al3(Zr,Ti). The precipitation of these phases is 
accompanied by the formation of solute-depleted 
zones and the consumption of elements that form 
phases, which results in a significant reduction in 
the number of dispersion-strengthening phases. 

(2) Fe has a minimal impact on the tensile 
strength of the alloy yet can significantly affect the 
elongation. The average elongation of the alloy with 
0.18 wt.% Fe (δ=4.5%) is less than half that of the 
alloy with Fe less than 0.1 wt.% (δ=9.9%−10.9%). 
This reduction is attributed to the combined effects 
of microscale secondary phases and a substantial 
decrease in the number of dispersoids. 

(3) The quantity of the precipitates decreases 
in the solute-depleted areas surrounding the Fe-rich 
phases, though the size of these phases remains 
largely unchanged. 
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铁含量对新型超高强 Al−Zn−Mg−Cu 合金显微组织与力学性能的影响 
 

许心渊 1，姜 磊 1，张鑫彪 1，毛铭宏 1，谢建新 1,2,3 
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3．北京科技大学 材料先进制备技术教育部重点实验室，北京 100083 

 
摘  要：研究了铁含量对 Al−10.50Zn−2.35Mg−1.25Cu−0.12Cr−0.1Mn−0.1Zr−0.1Ti 超高强铝合金显微组织与力学

性能的影响。结果表明，Fe 含量的增加使得微米级第二相如(Cu,Fe,Mn,Cr)Al7 相、σ 相(由 Al、Zn、Mg 和 Cu 元

素组成)和 Al3(Zr,Ti)相的体积分数显著增加，导致强化相形成元素的消耗，从而使得强化相的数量显著减少。虽

然铁元素对抗拉强度的影响较小，但它显著影响伸长率(δ)。例如，含 0.18%(质量分数)Fe 的合金其平均伸长率

(δ=4.5%)不足 Fe 含量<0.1%(质量分数)合金的一半(δ=9.9%~10.9%)。这种减少归因于粗大第二相的形成和第二相

周围强化相数量减少的综合作用。 

关键词：Al−Zn−Mg−Cu 合金；拉伸性能；元素分布；第二相；Fe 含量 
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