An unreported precipitate orientation relationship in Al-Zn-Mg based alloys
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Characterization of precipitates in Al-Zn-Mg alloys, using a combination of electron diffraction,
bright field transmission electron microscopy and atomic scale scanning transmission electron
microscopy imaging revealed the presence of an unreported 1,3 orientation relationship
between the n-MgZn, phase and the Al lattice with the following orientation relationship
(0001), Il (120)o; and (2110),, Il (001)a, plate on (120)4. The precipitate interfaces were
observed and analyzed along two projections 90° to one-another. The precipitate coarsening
was through the common thickening ledge mechanism. The ledges were significantly stepped
along one lateral direction, while being absent in the other direction. An interface relaxation
model using density functional theory was carried out to explain the precipitate behavior.
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Introduction

Al-Zn-Mg-(Cu) alloys are important in the aviation and automotive industry due to their high
strength to weight ratio [1]. High amounts of Zn, Mg and Cu solute atoms together with
vacancies form the chemical driving force resulting in age-hardening through precipitation,
after quenching from solutionizing temperature [2]. Solid solution decomposition starts with
formation of volumes rich in solute atoms termed GP(I) and GP(II) zones [3]. GP(I) zones are
created by substitution and ordering of solute atoms along (100),; in the Al lattice [3]. Similar
diffraction patterns from zones in different Al alloy systems imply similar nature of ordering
of solute atoms [4]. GP(II) zones are described as zinc-rich layers on {111} 4, planes, that have
been observed along (110); when the alloy was quenched from solid solution temperatures
above 450°C [3, 5, 6]. The decomposition mechanisms are proposed to occur via different
routes. Ageing below GP-zones solvus lines for alloys with Zn/Mg ratio over 2 decomposes
the solid solution mainly through: SSSS — GP(I) — n' — 1, [6, 7]. Solution heat treatment
above 450°C increases the vacancy concentration, which upon quenching increases the
probability of formation of vacancy rich clusters (VRC) which then serve as nucleation centers
for successive phases: SSSS — VRC — high aspect ratio GP(II) — ' — 1, [3]. Ageing above
the GP-zone solvus promotes the formation of m; orientation relationships between the
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MgZn,/Al lattice [8, 9]. The GP-zone formation temperature limit is in the range of 120-150°C
for commonly used 7xxx Al series [10,11,16] When the alloys is deformed prior to ageing heat
treatment, this promotes n phases with rod/lath-shaped morphology denoted 1,4 to ng, due to
heterogeneous nucleation on line defects [12]. The equilibrium phase for this system is the
Laves 1 (MgZn,) with space group P6;/mmc and lattice parameters a= 0.522 nm and ¢ = 0.856
nm [13,14]. All n-type stable precipitates imaged so far by atomic resolution high angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) have shown to have
the equilibrium 1 crystal structure but with different orientations in respect to the Al matrix.
So far 12 orientations have been reported [7,15,16,17,18]. This implies that interfaces are very
important for the n-phase stability. In the case of n'/n,, which have plate morphology with
(0001), || (111)a; habit plane, the interface layers are one {111} lattice plane enriched in
solute atoms at each side of the precipitate [19,20]. The n; phase is a plate with (1010), ||
(001)4; habit plane [21]. Needles also exist along (112); which do not fall into any previously
reported orientation relationship [22]. Observations along the (110)4; zone axis revealed that
the 1 phases precipitating with [1120], parallel to [110];, are also bounded by (113)a; planes
defining a new orientation relationship, ;> [18]. Recent investigations gave example of other
unreported orientation: [1120], || [110]a, (1100), || (221)a1 as bounded by interface along
the [114]4; direction [9]. Table 1 shows a classification of reported orientation relationships.
The n phase may also incorporate MgeZn; elongated hexagons in addition to the MgZn, sub-
unit cells [18,21,22,23]. Incorporation of MgeZn; elongated hexagons shifts the overall Mg/Zn
ratio of the precipitate to over 0.5 and their random arrangements yield n precipitate
morphologies with undefined orientation relationships with the Al matrix [23]. Recent
investigations raised questions about the number of orientation relationships that the n phase
can create with the Al matrix. Complexity of different morphologies and orientation
relationships, between the 1 phase and the Al lattice make it challenging to sort out and classify
the precipitates using only low magnification bright field imaging. In this work, bright field
imaging, electron diffraction and atomic resolution HAADF-STEM imaging have been used
to demonstrate that the n phase creates an additional orientation relationship with the Al lattice.
Based on the experimental results, an atomic model of the interface was built and refined using
first-principles calculations.

Experimental procedure

Four alloys were investigated. These are, with compositions in at. %, Al-3.4Zn-1.9Mg (ZM42),
Al-3.4Zn-1.9Mg-1Cu (ZM42HC), Al-2.6Zn-1Mg (ZM31), Al-2.7Zn-2.2Mg-0.29Si-0.22Cu
(ZM33SC). The alloys were homogenized at 470 °C for 24h, extruded at 390-405°C and
solution heat treated at 475°C for 1 h followed by quenching. Artificial ageing at 150 and
200 °C was immediately carried out following quenching. TEM disks were punched out from
~ 60 um thick foils and electropolished in a twin-jet polishing machine, using a solution of 1/3
nitric acid (HNO;) and 2/3 methanol (CH;0H) kept at a temperature range between -20 and -
30 °C. Observations of the aged Al microstructures were carried out in two different
transmission electron microscopes, a 120kV accelerating voltage Topcon EM-002B and a
200kV accelerating voltage double aberration-corrected (image and probe Cs) cold-FEG Jeol
ARM-200CF. The high resolution HAADF-STEM images in the latter microscope were
recorded with a probe size of 0.08 nm, 28 mrad convergence semi-angle and 35 and 159 mrad
inner and outer collection angles, respectively. Smart Align was used to obtain the images in
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Fig. 2 (¢), (d) and Fig. 4 (a), (b), which involves acquiring a stack of successive low-dose
images and afterwards aligning them to correct for rigid- and non-rigid scan distortions [25].
The HAADF-STEM image intensity signal is almost proportional to Z? of atoms composing
atomic columns providing the advantage of easily distinguishing between atomic columns
enriched in heavy and light elements [26].

First-principles calculations were conducted within the Density Functional Theory (DFT)
framework using the Vienna ab-initio simulation package (VASP) [27,28] with the Perdew—
Burke—Ernzerhof generalized gradient approximation exchange-correlation density functional
[29]. The Brillouin-zone k-point samplings were chosen using the Monkhorst—Pack algorithm
[30]. In this algorithm, 2 x 5 x 1 gamma-centered k-point samplings were used for the interface
model. The [2110] and [0110] directions were set as the y and x directions, respectively. The
model contains 416 atoms (152 Zn, 64 Mg and 200 Al) confined to (2110)mgzn2 || (001)a; =
8:5, (0110)mgzn2 || (120)a1 = 2:5, (0001 )pgzn2 = 2, (210)a; = 10 and a vacuum layer width of
1.8 nm. A plane-wave energy cutoff of 400 eV was considered with a first order Methfessel—
Paxton scheme employing a smearing parameter of 0.1 eV. The total energy was converged
within 107 eV/atom for all calculations. The relaxed configurations were obtained from the
conjugate gradient method that terminated the search when the force on all atoms was reduced
to 0.005 eV/A.

Results

Bright field images of the microstructure of the ZM31 alloy peak-aged at 200 °C for 1,000 min
are shown in Fig. 1 (a) and (b). Precipitates of mainly plate and coarse rectangular shaped
morphologies were observed. Edge-on projection of plates with habit plane on {100} s, most
probably m; phase are indicated with white arrows. They constitute the primary precipitate
morphologies, as the observation zone axis is along [001]4;. The second most observed are the
cuboid-like precipitates with interfaces bound by {110}, planes and curved corners, as
confined by the black arrows in Fig. 1 (a) and (b). This morphology is reported as n phase with
the following orientation relationship: (0001), || (010)4 and (1010), || (001) and it is listed in
tab. 1 [24]. Additional precipitates with {120} 4, habit planes are indicated with blue arrows.
This orientation has not been reported previously and will be named 7,3 in the present work.
The orientation is confirmed by electron diffraction and is indicated by the dashed blue lines
in the respective electron diffractions patterns seen in the insets of Fig. 1 (a) and (b). For every
one of three (100)4; direction, there are four {120} o, habit planes. Therefore, there will be 12
equivalent {120} o, in which the precipitates can reside. The plates residing on {120} 5, planes
will cause streaking or row of sharp reflections perpendicular to these planes in reciprocal space
due to break of periodicity of Al atomic planes in these directions [31]. The electron diffraction
pattern of Fig. 1 (d), is obtained from a larger area than that shown in Fig. 1 (c). The typical
cross-like reflections of precipitate spots around {110} 4, forbidden reflections are due to the
commonly observed orientation relationships 1y, o and T°(T) phases [15,32]. Unreported rows
of reflection spots indicated by the blue arrows in Fig. 1 (d) imply for a particular orientation
relationship that creates disturbed atomic distribution in planes perpendicular to that particular
Al matrix direction.

The atomic-scale (100)4; zone axis HAADF-STEM image in Fig. 2 (a) shows a precipitate
lying on (210)4; plane. The internal structure is built up by stacking of (0001)mgzn> planes
parallel with the flat interfaces. The Fast Fourier Transform (FFT) in Fig. 2 (b) shows streaking
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of (0001), extending from the (200),; spot to the (220)4;. Presence of this typical streaking
direction is seen also in the FFTs given in the insets in Fig. 2 (¢) and (d).

For better characterization of plates lying on {120}, planes, observations were carried out
along [120]a; as confirmed by electron microdiffraction in Fig. 3 (a) and the selected area
electron diffraction pattern in Fig. 3 (b). A kinematical diffraction pattern simulation is shown
in Fig. 3 (c). Fig. 3 (d) shows a bright field image along (120),; in which precipitates appear
as with spherical shaped morphologies elongated in different directions. This is due to tilting
of common residing planes of the precipitates with respect to the incident beam direction.
White arrows indicate precipitate projection edge-on on {100} 4; most probably n;. Preciptates
with fringes parallel to {210} ; planes as shown in the inset of Fig. 3 (d) are indicated with
blue arrows.

HAADF-STEM investigations carried out along the [120],, direction are shown in Fig. 4 (a)
and (b). Precipitates with [0110],, parallel to [120]a; zone axis lying on the {210} o plane are
seen. In this projection several thickening ledges can be seen in both images. The ledges are
always ¥z unit cell or 1 Penrose brick in height. Based on above the analysis, an 15 orientation
relationship and morphology is determined as:

(0001), Il (120)5; and (2110), Il (001)ay, plate on (120)4

The atomic columns composing the thickening ledges are shorter than the ones deep inside the
precipitate (Fig.4), therefore the atomic columns next to the Al lattice yield lower intensity and
look like they are gradually blending with the Al atomic columns of surrounding matrix as seen
in Fig. 5.

Discussion

The orientation relationships between the precipitates and the matrix in which they are
embedded are influenced by the driving force for minimization of interfacial energy.
Preservation of coherency/semi-coherency by an almost exact inter atomic rows distance match
along the interphase boundaries is a prerequisite for interfacial energy minimization [33,34].
Fig. 5 (b) shows the (210)4; || (0001), interface of the Al lattice / n-phase under the coinciding
zone axes [001]4; || [2110],. A coordinate system is applied with respect to n-phase direction
indices, in which [0110], - x and [2110],, - y axes are parallel to the interface plane and 90° to
one-another, respectively. Considering a rigid crystal case, and for the x-direction the spacing
between planes containing high linear density (or equivalently low linear density) Zn atomic
columns of the MgZn, structure, we have di.10y; = 0.452 nm, which exactly matches the Al
atomic columns spaced with d-value of 2.5*d;.20)a1 = 0.451 nm as illustrated in Fig. 5 (c). The
precipitate is rotated 26.5° from the {100}, planes in order to achieve a minimum d-value
mismatch between matching planes as illustrated in Fig. 6 (a). A large d-value mismatch
requires a large angle of rotation of the matching planes in order to compensate for the
differences in the interplanar spacing [35,36]. For full characterization of the interfacial planar
misfit, the misfit was calculated for the y-direction. In order to achieve maximum atomic
matching, the coinciding lattice sites in which periodically the atoms fall onto almost the same
positions should be maximal or the periodic distance over which it occurs should be minimal
[37,38,39]. Considering rigid atomic positioning of n;3 and the Al lattice along the y-direction,
Zn atoms are successively spaced along low linear density Zn atomic columns with the unit



cell parameter of the MgZn, phase, 2d(>.1.10yy = @; = 0.52 nm and along the high-density Zn
with d(2.1.10yy = 0.26 nm as illustrated in Fig. 6 (b). The Al atoms are spaced with d1)a; = 0.404
nm. Considering that for Al atoms every 5" d(oo1)a1 = 2.022 nm will fall near to Zn atoms of
8d(2-1-10;y = 2.1 nm (low or high density columns, respectively) the interface rigid model was
relaxed to 2.043 nm along y-direction, 1% expansion of 5dgo;)a; and -2.7% contraction of 8d».;-
10y as illustrated in the fully relaxed model in Fig. 6 (c). Relaxation of the model introduced
interfacial dislocation in the Al lattice after 5d(oo2)a interplanar spacings along the y-direction,
as seen in Fig. 6 (c). Interfacial dislocation spacing will periodically relax the strain generated
by the increased misfit every 10d(po2)ai. Zn atoms along the high-density Zn atomic columns
and Al atoms over low density Zn atomic columns will experience the highest shifts upon the
relaxation, as clearly seen in the relaxed interface model.

Directional misfit may explain the thickening ledges which are not fully grown along the y-
direction and the fully development along x-direction. The higher number of incomplete ledges
along the y-direction may be related to the high misfit between the (002),; and (2110),, planes.
Meanwhile, the absence of stepped ledges along x-direction can be due to the perfect fit
between planes perpendicular to the x-direction. The absence of stepped thickening ledges
along the x-direction is confirmed in several (100),; zone axis images of ;3 seen in Fig. 2.
Meanwhile the presence of multiple step ledges on 13 is confirmed in images taken along
(120)4; zone axis as seen in Fig. 4.

Misfit dislocations at the 13 relaxed interface is due to relaxation of increased strain generated
by the misfit between the precipitate and matrix atomic planes perpendicular to the y-direction.
Interfacial dislocation cores should serve as nucleation centers for thickening ledges and at the
same time preventing ledge growth along the y-direction parallel to the interface plane. The
later will be impeded by the periodic distribution of interfacial dislocations and their generated
strain fields. The moment the ledge will grows more than 2 successive interfacial dislocations
along the y-direction, a new interfacial dislocation will be generated on top of the thickening
ledge, which in turn will serve as a new nucleation center. It can be assumed that after
nucleation of the thickening ledges on the (0001),,3 interface, they grow faster parallel to the
(120)4; direction (x-direction) than to (001)4; direction (y-direction). This assumption is
strongly supported by the relaxed interfacial model shown in Fig. 6 (c) and the observed results.
The directional misfit should affect the directional growth rate of the thickening ledges, which
will be highest in the direction of the lowest misfit. The relaxed interfacial model falls into
good agreement with the multi-step thickening ledges observed along the y-direction as seen
in Fig. 4.

Conclusions

Transmission electron microscopy imaging, electron diffraction and scanning transmission
electron microscopy were employed for characterization of nanoscale precipitates in a number
of Al-Zn-Mg based alloys. A new orientation relationship was identified between the n -
MgZn, precipitate and the Al matrix in alloys mainly aged at > 150°C. The 1,5 orientation
relationship is (0001), Il (120)4 and (2110),, Il (001)4, plate on {120} . Projection of the
precipitate interface along two aluminum zone axes revealed that the thickening ledges were
significantly stepped along the direction with the highest misfit. Relaxation of the interface



model build upon acuired images falls into good agreement with experimental results and fairly
well explains the anisotropy of the growth rate of thicknening ledges along diferent directions.
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Orientation relationship

Morphology
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Tab. 1 The 12 reported orientation relationships of MgZn, phase with Al matrix sorted
according to their orientation relationships. Morphologies are indicated. The notations used

according to Gjennes et al. |7].



Fig. 1 (a), (b) TEM images along [001] 4, in the ZM31 alloy peak-aged at 200 °C for 1.000 min
and corresponding electron diffraction given in the insets. (¢) TEM image along [001],; in the
ZM42HC alloy over-aged at 200 °C for 400 min and (d) its corresponding electron diffraction
in which the blue arrows indicate rows of spots along [210],;. White, black and blue arrows
show precipitate interfaces bounded by {100} ), {110} o; and {120} 5; planes, respectively.



(010}

Fig. 2 (a) [001]4 HAADF-STEM image of precipitate in ZM33SC alloy peak-aged at 150 °C
for 1,000 min with (b) corresponding FFT. (c), (d) Smart aligned [001],; HAADF-STEM

images of precipitate in ZM42 peak-aged at 150 °C for 400 min and corresponding FFT given
in insets.



Fig. 3 (120)4; zone axis (a) electron microdiffraction (b) selected area electron diffraction (c)
simulated kinematic electron diffraction and (d) bright field image in alloy ZM42 over-aged at
150°C for 10,000 min.



dropz)Al

[001]

Fig. 4 (a), (b) Smart aligned HAADF-STEM images of edge-on precipitates on {210} 5, plane
in the [120],; axis in alloy ZM42 over-aged at 150°C for 10,000 min and (c) corresponding
FFT of image (b).
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included. (b) Noise suppressed IFFT image of the 1;3/Al interface. (c) Schematic illustration
of the atomic configuration along the interface. The table indicates periodic distance of atoms
along the column parallel with the observation direction, d (nm) and the height of atoms off
the basal plane, z (nm).



(a) (c)

O Me (9 - [0110],
©Q Zn
O Al

"(v) - [2110],
20.43A

() - [0001],,

o

8.94A

/_t Oq 04
(0001), || (ZT0),, o %o
A (s] (o]
& 0,%0.°
dosaom [210]4 0 04 [21004

(z)
[oo0 1],I 11210,

mgocmmooommm
Q09 0RC00000000000000
COO00C000000000000a)
COOBO0000000000000MD
mgowoammm
© ©COO0OCO00000C000M

& E05000000000000000® ¥

T
2
\
\
o. o
oo o
o o
o
oo °
9y
©60 0 00 © 0D 0 OEEEE0EEE000000000® I

[120]4 |BaE O » [001]4)
geg ’18 08085000
; — 860840 886888
o QIR o000 0000000000000000
i il ©0g%0g g8gsesss
1.:,Q; o 00000 0000000000000000
0-0% 30002000 ogogoﬂoaogogogog
= (z) - [0001], (z) - [0001], § 000 (
S d'dtzq-m}q 0009000 B g 8 g 8 g B g 8
W ; asion ©0.00 0 | £0000000000000000
(2-1-10) x) - [01 i(]]11 (y) - [zii(]]11

(¥)-[2110], ) -[01i0],

Fig. 6 (a) lllustration of plane matching between {010}, and (0110),, planes. For achieving
perfect match between Al and MgZn, planes, (0110), planes are tilted ~26.5° from {010} A,
planes. Consequently, the interplanar matching misfits along the x-direction is reduced from
~11.9% to ~0.12%. Indicies are based on the hexagonal unit cell reference of MgZn, phase. (b)
Kagome net arrangement of Zn atoms [40] and inter-atomic spacing between succesive Zn
atoms along low and high density Zn atomic columns (y-direction). (c) The fully relaxed
interface model along [2110],, [0110],, and [0001], directions.
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