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a b s t r a c t

The heterogeneous precipitation of the h (MgZn2) phase on the E (Al18Mg3Cr2) dispersoids of the 7075
aluminum alloy was systematically investigated by atomic resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray spectrometry
(EDX). It is found that coarse h particles are heterogeneously precipitated at the E particle interface after
water quenching and isothermal aging at 120 �C. The incoherent E/Al interface is responsible for the high
tendency of heterogeneous precipitation of the h phase. Two different orientation relationships (ORs)
between the h, E and Al matrix are identified: OR1 [2110]h//[011]E//[112]Al, (0110)h//(133)E//(201)Al, OR2
[112]E//[0001]h//[011]Al, (0110)h//(220)E//(344)Al. The h phase is preferential to nucleate along the {111}E
or the {220}E planes, depending on its OR. The heterogeneous nucleation of h phase on the E particle
could stabilize the E/Al interface by introducing a coherent E/h interface, which increases the drive force
of heterogeneous precipitation. The reorientation of h phase and mutual diffusion of solute atoms could
assist the coherency of the E/h interface. The present results suggest that increasing the coherency of the
E/Al interface is a promising method to suppress the heterogeneous precipitation of the h phase.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The ultra-high strength 7075 (AleZneMgeCu) alloy has been
widely used in aeronautic and astronautic fields due to its excellent
mechanical properties, such as high specific strength and good
corrosion resistance [1,2]. The strengthening of the alloy is achieved
mainly by the dispersive precipitation of high-density nano-sized
precipitates through aging treatment [3]. The precipitation
sequence of AleZneMgeCu alloys has been suggested as: SSSS /

GP zones/ h0 / h [4]. Among various precipitates, the h0 phase is
generally believed to be responsible for the maximum strength at
peak aging [5]. The h phase is an equilibrium hexagonal MgZn2
Laves phase, which exhibits 11 reported orientation relationships
(ORs) with the Al matrix, namely h1 to h11 [6]. However, this alloy
eight Materials, Nanjing Tech
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suffers from high quench sensitivity, which causes a loss of age-
hardening response during slow quench cooling. In general, the
quench sensitivity of the AleZneMgeCu alloys is primarily asso-
ciated with dispersoid particles and (sub)grain boundaries, which
promote heterogeneous precipitation of the h phase. This leads to
depletion of solute atoms in solid solution and hence lowers
achievable strength and hardness [7e9]. The dispersoids, usually
containing transition elements such as Mn, Cr and V, are formed
during homogenization process. On the one hand, the dispersoids
could suppress the recrystallization, grain growth and improve the
fracture toughness of the alloys, on the other hand, the dispersoids
can act as nucleation sites for coarse, non-hardening h phase, and
hence increase the quench sensitivity [10,11].

The Al18Mg3Cr2, referred to as E phase, is a typical Cr-containing
dispersoid formed in the 7075 alloy during homogenization [12].
The E dispersoid can effectively inhibit recrystallization, control
grain growth, promote a more uniform deformation and reduce
grain boundary stress concentration, and, as a consequence, delay
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the crack initiation [13]. However, pronounced heterogeneous
precipitation of the h phase occurs at the interface of the E phase
during quenching from high temperature, which consumes the
solute atoms and vacancies, and thus leads to a considerable
reduction in strength [14]. The suitability of dispersoids as nucle-
ation sites depends on their interface structure with the Al matrix,
which is determined by their composition, crystal structure and OR
with the Al matrix. Therefore, proper characterization of the
structure and chemistry of the E phase is essential to control the
quench sensitivity of the alloy. Samson et al. [15] identified the
structure of the E phase by X-ray diffraction (XRD) as an fcc
structurewith lattice parameter a¼ 1.4526 nm and space group Fd-
3m. Ayer et al. [16] studied the crystal structure and composition of
the E phase by XRD and convergent beam electron diffraction
(CBED). They proposed that the composition of the E phase varies
slightly with the aging treatment, up to 7 at.% Cu, Zn and Ti are
substituted within the E phase. Moreover, some disordered regions
are found within the E phase, and the degree of disorder varied
from particle to particle. Due to the negative effect of heteroge-
neous precipitation on the E particle, the Cr is gradually replaced by
Zr in the new designed 7055 alloy, however, the Cr-containing 7075
alloy is still under large scale application and has lower cost than
the 7055 alloy. Therefore, suppress the heterogeneous precipitation
of the h phase is of significantly importance for the property
improvement of this alloy.

Although several works [14,17] have investigated the negative
effect of the E dispersoid on the quench sensitivity of the
AleZneMgeCu alloy, little work has been devoted to the under-
standing of the underlying mechanism of heterogeneous precipi-
tation on the E phase, which requires an atomic scale
characterization of the interface structure between the E phase and
the Al matrix. Till now, the interface structure, composition and OR
between the E, h and Al matrix still remain elusive, which limits the
development of new alloys presenting low quench sensitivity. In
the present work, the heterogeneous precipitation behaviour of the
h phase on the E dispersoid is systematically studied by atomic-
resolution high angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and STEM X-ray mapping.
2. Materials and methods

A commercial hot rolled 7075 aluminum alloy with composition
Al-5.85Zn-2.51Mg-1.65Cu-0.19Cr-0.1Fe-0.04Zr-0.03Mn-0.05Ti
(wt.%) was used in the present investigation. The 0.05% Ti addition
Fig. 1. Schematic representation of the heat treatment procedure.
is for grain refinement. After solution treatment at 470 �C for 1 h
and water quenching to room temperature, the alloy was imme-
diately first aged at 120 �C for 24 h in the furnace to produce the
peak-aged stage, and then the peak-aged sample was further aged
at 170 �C for 6 h to obtain a slightly over-aged condition. The room
temperature holding time gaps between the quenching, 120 �C
aging and 170 �C aging were all shorter than 15s. Note that the
target temperature of the furnace was already reached before the
sample was put inside for aging. A schematic representation of the
heat treatment procedure is shown in Fig. 1. The HAADF-STEM
characterization was performed using a FEI Titan 80e300 “cube”
microscope with aberration correctors, which achieves a0.1 nm
probe size with a beam current of 50 pA and a convergence semi-
angle of 21 mrad. The 3 mm bulk TEM samples were thinned by
electropolishing using a Struers TenuPol-3 machine and an elec-
trolyte of 30% HNO3 in methanol. The electropolishing was con-
ducted at a temperature in a range of �25 �C to �30 �C yielding a
current of 50 mA at a set voltage of 15V.
3. Results

3.1. Structure characteristic of the E phase

Fig. 2(a) shows a low-magnification HAADF-STEM image of a
typical region in the over-aged 7075 alloy viewed along the <110>
zone axis. It can be seen that a uniform distribution of nano-sized
particles with different sizes is formed in the alloy. The first type
is the h0/h phase with a size ranging from 2 to 10 nm, which are the
main strengthening precipitates formed in this alloy (as indicated
by thewhite arrows in Fig. 2). The second type is the E phase, which
exhibits a lath or tetragonal-shaped morphology with a size
ranging from 100 nm to 200 nm. Heterogeneous precipitation of
the h phase at the E/Al interface is supposed to occur as evidenced
by the brighter layers formed at the border of the E particles (as
marked by the black arrows in Fig. 2). It can be deduced that the
tendency of heterogeneous precipitation of h phase on the E par-
ticles is very strong since almost every E particle is covered by h
phase. In Fig. 2(b) it is observed that coarse h particles are also
formed at the grain boundaries that are enclosed by precipitate free
zones (PFZ) with widths of about 15e20 nm. Fig. 3 shows the EDX-
STEM elemental maps of the region highlighted by the white
dashed box in Fig. 2(a). The composition of the E phase is measured
as Al74.2-Zn3.1-Mg11.6-Cu1.8-Cr9.2 (at.%), the elemental content
ratio of Al, Mg and Cr presents a specific value approximately
18:3:2, which is in good agreement with the stoichiometry of
Al18Mg3Cr2 (E phase). This composition also indicates that some Zn
and Cu atoms are incorporated in the E phase. The heterogeneous
precipitation of the h phase can also be evidenced by the
Fig. 2. Low-magnification HAADF-STEM images of typical regions in the over-aged
7075 alloy.



Fig. 3. EDX-STEM elemental maps of the region highlighted by the white dashed box of Fig. 2(a). The Al map in (a) do not show high signal of Al within the E particle probably relate
to its relative intensity when compared to the matrix.
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enrichment of Mg, Zn and Cu atoms at the interface of the E par-
ticles. Detailed atomic resolution HAADF-STEM characterization is
presented in the next section in order to reveal the atomic structure
of the two phases.

Three typical examples of E particles are presented in Fig. 4. It
can be seen that island-like or droplet-like h particles are distrib-
uted at the long edge of the lath E phase, while no or very few h
particles are present at the short edge of the E phase. The structural
identification of the h phase will be demonstrated in the next
section. By statistic more than 20 E particles, it can be concluded
that the long edge of the lath E particle is the preferential nucle-
ation site of the h phase. The contact angles (q) of the h phase
formed at the E/Al interface vary from 30� to 70� measured as the
projected angles. For all the three E particles in Fig. 4, precipitate
free zones (PFZ) with widths ranging from 20 nm to 40 nm are
observed at the vicinity of the E phase. The presence of PFZ is
detrimental to the mechanical properties of the 7075 alloy. Besides,
some facets are observed for the E particle shown in Fig. 4(c). These
facets are always associated with the nucleation of coarse h phase
[18].

In order to reveal the heterogeneous precipitation mechanism
of the h phase on the E particles, atomic-resolution HAADF-STEM
and EDXmapping were performed for two E particles viewed along
Fig. 4. Low-magnification HAADF-STEM images of three typ
the <112>Al and <011>Al zone axes, respectively (Fig. 5). The two E
particles exhibit different sizes and morphologies. It can be seen
that the E particle shown in Fig. 5(a) has a rectangle morphology
with a dimension of 50 � 30 nm2, while the E particle shown in
Fig. 5(d) has a lath morphology with dimension of 60 � 300 nm2.
The different sizes and morphologies of the E particles observed
from different directions are probably related to the various mor-
phologies of the E phase or different orientational views of the
same particle. Atomic resolution HAADF-STEM images and corre-
sponding FFT patterns of the two E particles are shown in Fig. 5(b,
e) and (c, f), respectively, confirming the FCC nature of the particle.
For the HAADF-STEM image shown in Fig. 5(b), the two lattice
spacings are measured as d1 ¼ 10.8 Å and d2 ¼ 15.2 Å, which are
close to the lattice spacings d(110) ¼ 10.3 Å and d(100) ¼ 14.5 Å of the
E phase when viewed along the <110>E zone axis [14]. A twin can
be observedwithin the E particle as indicated by themirrored plane
marked by the yellow dotted lines in Fig. 5(b) and the superposition
of two <110> diffraction patterns in Fig. 5(c). This twin can be
clearly identified as (111)[112] as demonstrated by the FFT pattern
shown in Fig. 5(c). For the HAADF-STEM image of the E particle
shown in Fig. 5(e), the two lattice spacings are measured as
d3 ¼ 4.31 Å and d4 ¼ 8.3 Å, which are close to the lattice spacing
ical examples of h phase formed at the E/Al interface.



Fig. 5. (a, d) Low-magnification HAADF-STEM, atomic resolution HAADF-STEM images and corresponding FFT patterns of two E particles viewed along the <011>Al and <112>Al

zone axes, respectively. (b and e) are taken at the regions marked by the blue boxes shown in (a and d). The FFT patterns of (b, f) are obtained from HAADF-STEM images presented
in (b, e). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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d(220) ¼ 5.14 Å and d(111) ¼ 8.39 Å of the E phase viewed along the
<112>E zone axis. Therefore, the interplanar distances of the E
particle correspond well with the previous literature [15]. The
slight differences of interplanar distances are probably caused by
the chemical composition change within the E particles.

The EDX mappings of the two E particles of Fig. 5 are presented
in Fig. 6 and Fig. 7, respectively. The compositions of two E particles
delimited by thewhite boxes are shown in Table 1. For the E particle
presented in Fig. 6, except for the enrichment of Zn and Cu, an
unexcepted enrichment of Ti is also foundwithin the particle, while
Fig. 6. EDX mappings of the E pa
the content of Cr is reduced compared with the E particle presented
in Fig. 3. This strongly indicates that the Ti atoms could partially
replace the Cr atomswithin the E phase. For the E particle shown in
Fig. 7, it can be found that the amounts of Zn, Cu and Ti are very low
within the E particle, indicating that fewer solute atoms are
incorporated in the E particle. Besides, segregation of Ti atoms can
be observed at the E/Al interface. The different compositions of the
E particles indicate that the E phase is a high solubility phase,
different substitutions of solute atoms could occur within the
particle, depending on the local composition or strain environment.
rticle presented in Fig. 5(a).



Fig. 7. EDX mappings of the E particle presented in Fig. 5(d).

Table 1
STEM-EDX composition (at.%) measurement of the two E particles and h phase
shown in Figs. 6 and 7. The measurements were obtained in the zones indicated by
white squares in Figs. 6(a) and Fig. 7(a).

Al Zn Mg Cu Cr Ti

Region 1 66.5 5.3 15.4 2.0 6.1 4.6
Region 2 80.6 0.7 14.1 0.2 4.3 0.1
Region 3 63.1 15.8 11.6 6.3

Fig. 8. (a, c) HAADF-STEM image and (b, d) corresponding FFT pattern of the E/Al
interface.
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Similar variations of chemical compositionwithin the E phase were
also reported in previous works in literature [16]. The heteroge-
neous precipitation of the h phase can be clearly identified by the
local enrichment of Mg, Zn and Cu at the interface between the E
phase and Al matrix. For the composition of the h phase delimited
by the white box shown in Table 1, the elemental content ratio of
Zn, Mg and Cu presents a specific value of approximately 3:2:1. This
indicates that the h phase has a composition of (Zn1$5Cu0.5)Mg, in
which the Cu atoms partially replace the Zn atoms within the h
phase.

In order to reveal the OR between the E phase and the Al matrix,
HAADF-STEM images are acquired at the E/Al interface with no or
limited heterogeneous precipitation of h phase as presented in
Fig. 8. According to the HAADF-STEM image and the corresponding
FFT pattern of the E/Al interface shown in Fig. 8(a and b), only a very
thin layer h phase is formed at the E/Al interface. The OR between
the E phase and Al matrix is identified as: OR1: [011]E//[112]Al,
(111)E//(243)Al. The lattice misfit along the (111)E//(243)Al plane is
calculated as d ¼ |d (111)E -d (243)Al |/d (243)Al ¼ |9.4269e7.502|/
7.502 ¼ 25.6%. In contrast, the HAADF-STEM image and the corre-
sponding FFT pattern of the E/Al interface shown in Fig. 8(c and d)
indicate that no h phase is formed in this region. The OR between
the E phase and Al matrix is identified as OR2: [112]E//[011]Al,
(220)E//(344)Al. The lattice misfit along the (220)E//(344)Al plane is
calculated as d ¼ |d (220)E - d (344)Al|/d (344)Al ¼ |6.369e5.137|/
6.369¼ 19.5%. This indicates that the E phase is incoherent with the
Al matrix. Although the two E particles shown in Fig. 8(a and c)
were acquired along with different zone axes, it is clear that two
different ORs are presented between the E particle and Al matrix.
3.2. Structure characteristic of the h phase

Enlarged HAADF-STEM images of the heterogeneously precipi-
tated h phase marked by the white boxes in Fig. 5(a and d) are
shown in Fig. 9. For the h phase in Fig. 9(a), it can be seen that it
exhibits a R/R�1 stacking layer structure, which contains one
rhombohedral-like unit (R) connecting with another rhombo
hedral-like unit (R�1) rotated by 180� with respect to R, as indi-
cated in the enlarged image of the regionmarked by the blue box in
Fig. 9(a). Besides, in some regions of the h phase, stacking faults
such as RR against the proper ordering of RR�1 can be seen. The
existence of such stacking faults is not abnormal but rather



Fig. 9. Atomic resolution HAADF-STEM images and corresponding FFT patterns of the heterogeneously precipitated (aed) h phase and (eef) h2 and (geh) h4’phase homogeneously
precipitated in the Al matrix.
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common in the h precipitates. The observed h phase shows a same
structure as the h2 phase reported in the literature [6,19]. The OR
between the heterogeneously precipitated h phase and the Al
matrix is identified as: [112]Al//[2110]h, (201)Al//(0110)h. The
HAADF-STEM image and corresponding FFT pattern of the h2 phase
homogeneously precipitated in the Al matrix are shown in Fig. 9 (e
and f). The OR between the h2 phase and Al matrix can be identified
as: [112]Al//[2110]h, (111)Al//(0110)h. It is clear that the heteroge-
neously precipitated h phase exhibits a different OR comparedwith
the h2 phase formed in the Al matrix. The two ORs can be
discriminated by a relative rotation of about 39� along [2110]h. For
the heterogeneously precipitated h phase presented in Fig. 9(c), it
can be seen that the h phase exhibits the hexagonal stacking
configuration of the MgZn2 structure viewed along the [0001]h
axis. This structure has the same structure as the h4’ phase reported
in previous literature [6]. Once again, due to the fact that the h
phase and the Al matrix are not at the same focus, the lattice of the
Al matrix is not visible in Fig. 9(c). By changing the focus of the
image, we can still define the direction of the Al matrix, and the OR
between the heterogeneously precipitated h phase and the Al
matrix is identified as: [011]Al//[0001]h, (344)Al//(0110)h. The
HAADF-STEM image and corresponding FFT pattern of the h4’ phase
homogeneously precipitated in the Al matrix are presented in
Fig. 9(g and h). Its OR with the Al matrix can be identified as:
[011]Al//[0001]h, (233)Al//(0110)h, which is different from the OR
shown in Fig. 9(c). The two ORs can be discriminated by a relative
rotation of about 10� along the [0001]h axis. This implies that after
the heterogeneous precipitation on the E particles, the OR between
the h phase and the Al matrix is changed.
3.3. Interface structure of the E/h/Al matrix

The HAADF-STEM images and the corresponding FFT patterns of
the two E/h interfaces are presented in Fig. 10. For the E/h interface
presented in Fig. 10(a), it can be seen that the h particles are het-
erogeneously precipitated along the (111)E plane of the E particle.
The OR between the h and the E phase is identified as: <2110>h//
<011>E, (0001)h//(111)E, (0110)h//(133)E from the FFT pattern
showed in Fig. 10(b). The lattice misfit along the (0001)h//(111)E
plane is calculated as d ¼ |d (0001)h - d (111)E |/d (111)E ¼ |
8.566e8.39|/8.39 ¼ 2.1%, which indicates a good coherency of the
E/h interface in this direction. From the IFFT image of the (111)E
planes shown in Fig. 10(c), it can be seen that a misfit dislocation is
formed at the interface, this dislocation is caused by the irregular
arrangement of the RR�1 stacking within the h phase as shown in
Fig. 9(a). For the E/h interface presented in Fig. 10(d), the h particles
are heterogeneously precipitated along the (220)E plane of the E
particle. The OR between the h phase and the E phase is identified
as: [0001]h//[112]E, (0110)h//(220)E from the FFT pattern shown in
Fig. 10(e). The lattice misfit along the (1010)h//(220)E plane is
calculated as d ¼ |d (1010)h - d (220)E| ¼ |(5.22e5.14)|/5.14 ¼ 1.5%,
indicating that a coherent interface is formed along the (1010)h//
(220)E plane. The IFFT image of the (111)E planes presented in
Fig. 10(f) also shows the absence of lattice dislocations at the E/h
interface along the (0001)h//(112)E plane. It is clear that after the
heterogeneous precipitation of the h phase on the E particles, the
incoherent E/Al interfaces are replaced by coherent E/h interfaces.

To further understand the heterogeneous precipitation mecha-
nism of the h phase, enlarged HAADF-STEM images of the two E/h
interfaces marked by the white boxes in Fig. 10(a and d) are shown
in Fig. 11(a and d). For the E/h interface with the (0001)h//(111)E
plane shown in Fig. 11(a), it can be clearly seen that the interface
exhibits a zig-zag structure. The formation of a large number of
nano-sized facets in the E/h interface is mainly caused by the pe-
riodic arrangement of RR�1 stacking within the h phase. The sub-
structure of the rhombohedral-like unit (R) is stable and does not
break at the E/h interface. A schematic illustration of this interface
shown in Fig. 11(c) clearly presents the relationship between the
RR�1 stacking and the zig-zag structure of the interface. In the re-
gion that contains a stacking fault with the RR arrangement, the
lengths and angles of the zig-zag structure of the E/h interface are
changed. Some flattened-hexagons, flattened-pentagons and tri-
angles are formed in the RR staking region of the E/h interface.
From the contrast colouring HAADF-STEM image shown in



Fig. 10. (a, d) HAADF-STEM images and (b, e) corresponding FFT patterns of the two E/h interfaces. (c and f) show the IFFT image of the (111)E planes of the two interfaces.
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Fig. 11(b), it can be seen that the Zn columns of the h phase close to
the E/h interface have a lower contrast than the Zn columns inside
the h phase as indicated by the dotted white lines. In contrast, the
Cr columns of the E phase close to the E/h interface have higher
contrast than the Cr columns in the E phase as indicated by the
dotted yellow lines. This indicates that mutual diffusion occurred
between the two phases. Some Zn atoms diffuse into the E phase as
indicated by the EDX results shown in Fig. 6(c), while some Cr
atoms are supposed to be incorporated in the h phase. However, the
EDX mapping shown in Fig. 6(f) does not show the presence of Cr
Fig. 11. (a, d) Enlarged HAADF-STEM images of the two E/h interfaces marked by the white b
d), (c and f) are the schematic illustrations of the two interfaces.
atoms within the h phase, which can be explained by the small size
of the h phase. Regarding the E/h interface along the (0110)h//
(220)E plane shown in Fig.11(d), it can be seen that the E/h interface
is very straight and of high coherency. The schematic illustration of
this interface presented in Fig. 11(f) also confirms the good co-
herency between the two phases. From the adjusted HAADF-STEM
shown in Fig. 11(e), it can be observed that the Zn columns of the h
phase close to the interface have a lower contrast than the Zn
columns inside the h phase. Although contrast changes within the E
phase cannot be clearly resolved in this region, it can still be
oxes in Fig. 10(a and d), (b and e) are the contrast coloured HAADF-STEM images of (a,
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deduced that mutual diffusion occurred at this interface as evi-
denced by the presence of Zn atoms within the E particles, as
shown in the EDX map of Fig. 7(c). The mutual diffusion of solute
atoms can further increase the coherency of the E/h interface by
reducing the chemical interface energy [20].
4. Discussion

It is clear that the tendency of heterogeneous precipitation of
the h phase on the E dispersoid is very strong so that almost every E
particle is covered by island-like or droplet-like h phase. The un-
derlying mechanisms of the heterogeneous precipitation at the E/h
interfaces are discussed in detail below. Based on the classical
nucleation theory for the homogeneous precipitation, the mini-
mum activation energy barrier DG*

hom can be obtained by the
equation [18]:

DG*
hom¼ �

16pg3ab
3ðDGV � DGSÞ2

where gab and DGSare the interfacial energy and strain energy of
the precipitate, respectively. DGV is the difference in free energy of
the precipitate and the Al matrix. For the heterogeneous precipi-
tation at the E/Al interface, the minimum activation energy barrier
DG*

het is calculated by:

DG*
het ¼ � 4

3
p

g3ab

ðDGV � GSÞ2
�
2�3 cos qþ cos3 q

�

where q is the contact angle between the h phase and the E particle.
The relationship between DG*

hom and G*
het is obtained using the

following equation:

DG*
het

DG*
hom

¼1
4

�
2�3 cos qþ cos3 q

�
¼ f ðqÞ

Thus, as long as the contact angle between the h phase and the E
phase is smaller than 180�, the calculated f ðqÞ is smaller than 1,
which means that the energy barrier for the heterogeneous pre-
cipitation at the E/Al interface is decreased compared with the
homogeneous precipitation in the Al matrix.

The heterogeneous precipitation of the h phase on the E particle
is mainly due to the incoherent interface between the E phase and
the Al matrix. The incoherent E/Al interface has a rather high
interface energy and thus is energetically unstable. The nucleation
of the h phase on the E particle can stabilize the E/Al interface by
introducing a coherent E/h interface, which can significantly reduce
the overall energy. Therefore, the drive force for the heterogeneous
precipitation of h phase on the E particle is very high. As presented
in Fig. 8, the E particle exhibits two different ORswith the Al matrix,
which result in two different ORs between the h phase, E phase and
Al matrix. Two different ORs between the h, E and Al matrix are
identified: OR1 [2110]h//[011]E//[112]Al, (0110)h//(133)E//(201)Al,
OR2 [112]E//[0001]h//[011]Al, (0110)h//(220)E//(344)Al. For both the
OR1 and OR2, the OR of the heterogeneously precipitated h phase
with the Al matrix is changed compared with the homogeneously
precipitated h phase in the Al matrix. The two new ORs of the h
phase with the Al matrix are inconsistent with the 11 ORs reported
in the literature [6]. The OR1 corresponds to a rotation of 39� along
the [2110]h direction with respect to the h2 phase, while the OR2
corresponds to a rotation of about 10� along the along [0001]h di-
rection with respect to the h4’ phase. The reorientation of the
heterogeneously precipitated h phase occurs in order to obtain a
good coherency between the h phase and E particle. Besides, the
mutual diffusion observed in the region close to the E/h interface
can further reduce the chemical interface energy of the E/h inter-
face. Therefore, the heterogeneous precipitation of h phase is fav-
oured at the interface of the E phase.

The heterogeneous precipitation of the h phase on the E particle
can significantly increase the quench sensitivity of the 7075 alloy.
The formation of coarse h phase on the E phase consumes the so-
lute atoms and vacancies in the matrix, which reduces the age-
hardening response. Besides, the depletion of solute atoms and
vacancies in the region close to the E particle will lead to the for-
mation of a PFZ surrounding the E particle. The presence of a PFZ
can cause strain localization at the E/h/Al interface, which results in
low ductility and fracture toughness of the alloy [21,22]. Therefore,
the heterogeneous precipitation of the h phase on the E particle is
detrimental to the strength and fracture resistance of the alloy.
Substantial efforts have been devoted to decrease the quench
sensitivity of the AleZneMgeCu alloy by suppressing the hetero-
geneous precipitation of the h phase, however, few achievements
have been made so far [7,8,23]. Based on the present finding that
the incoherent E/Al interface is responsible for the high tendency of
heterogeneous precipitation of the h phase, increasing the co-
herency of the E/Al interface can be considered as a promising
method to mitigate or suppress the heterogeneous precipitation.
Adding some specific micro-alloying elements which can decorate
the E/Al interface and increase its coherency is possibly a feasible
method to suppress the negative effect of heterogeneous
precipitation.
5. Conclusions

In this work, the heterogeneous precipitation of the h phase on
the E particle is systematically investigated in a 7075 aluminum
alloy by atomic scale HAADF-STEM characterization. The following
conclusions can be drawn:

1. Island-like or droplet-like h particles are hetergeneously
precipitated on the E dispersoid, which consume solute atoms,
form a PFZ in the region close to the E particle.

2. Two different ORs between the h, E and Al matrix are identified:
OR1 [2110]h//[011]E//[112]Al, (0110)h//(133)E//(201)Al, OR2
[112]E//[0001]h//[011]Al, (0110)h//(220)E//(344)Al. The h phase is
preferentially nucleated along the {111}E or {220}E planes,
depending on its OR. The incoherent E/Al interface is respon-
sible for the high tendency of heterogeneous precipitation. The
heterogeneous nucleation of the h phase on the E particle can
stabilize the E/Al interface by introducing the coherent E/h
interface.

3. The ORs between the heterogeneously precipitated h phase and
the Al matrix are rotated with respect to the OR between the
homogeneously precipitated h phase and the Al matrix. Mutual
diffusion of the Zn, Cu and Cr atoms occurs in the region close to
the E/h interface. The reorientation of h phase and mutual
diffusion of solute atoms can improve the coherency of the E/h
interface.
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