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Abstract

High resolution transmission electron microscdgiREM) with nanometer-scale
energy-dispersive X-ray (EDX) was employed to inigege the transformation
mechanisms of the GP zonre n' — n precipitation sequence of AA7050, an
Al-Zn-Mg-Cu alloy. Serial in-situ HRTEM frames realed that separated nucleation
of ann' precipitate occurred elsewhere as the adjacetitZ6Re dissolved. Evidence
from HRTEM coupled with EDX showed that in-situ teation of a new, precipitate
(one form ofn) took place, wherein it gradually developed frohe toriginaln'
precipitate via a similar hexagonal structure vdifierent compositions. The in-situ
transition product was composed of two distinctiggions; one was identified a5

and the other, ag
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1. Introduction

AA7050 Al-Zn-Mg-Cu alloy is widely used in theerospace industry owing to
its light weight and high strength. Its mechanipabperties mainly depend on
nano-scale precipitates such as fine GP zonesnamulecipitates to improve the
strength [1-5], andy precipitates to improve the corrosion resistarice6f 7]. The
corresponding model of precipitate hardening has lexplored in previous works [4,
8]. The precipitation sequence [2, 4, 9-14] of stgsurated solid solutior> GP
zones— 1' precipitates— n precipitates is well known. However, the precise
transformation mechanisms of GP zoresy' andn' — n precipitates have not been
elucidated.

During natural ageing treatment, the matrixhwstuper-saturated solute atoms
easily transformed into GP zones [15, 16]. In 19B8,discovery of GP zones in two
aged aluminum-copper alloys (95AI-5Cu and 96Al-43wt%, respectively) was first
reported separately by Guinier [15] and by Pre¢idj in their X-ray investigations.
Strongly elliptical streaks along <004 >directions in Laue diffraction patterns were
attributed to the segregation of Cu atoms on {10@hes in the early ageing stage of
Al-Cu alloys [15, 16]. Since then, these solutdtriclusters in early aged
aluminium-based alloys have been generally knowBunier-Preston (GP) zones. In
the 1950s, the models for the arrangement of cogpens in GP zones were developed
by Gerold [17] and by Toman [18]. Gerold proposednadel of a Cu-enriched
single-layer embedded in the {001} planes of thenatrix in the Al-Cu alloy [17], and
calculated the displacement of the adjacent plénoes measurements of the relative
intensities of streaks on X-ray diffraction pat®rAs the theoretical and experimental
intensities matched, Gerold’s model [17] on thetriigtion of copper atoms was
presumed to be justified. In contrast, Toman’s ag#ion led to a gradient copper

distribution model in which the copper concentnatipadually fell off over 10 atomic
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planes symmetrically from the center layer of theez[18]. This assumption of the GP
zone with a copper gradient model was found tortseasonable because it resulted in
a loss of lattice coherence near the center o&fReone [19]. Furthermore, the copper
gradient model was found to fail to predict thetrad intensity connected to the GP
zone. Nicholson and Nutting [20] first used transsion electron microscopy (TEM) to
investigate the structure of GP zones in the adedufalloys. Their work reported that
under the electron beam along the [10@bne axis, parallel thin-layer structures of 3 -
4 A thickness in the edge-on configuration of GRemowere resolved. This evidence
strongly supported Gerold’s monolayer model [17heTdevelopment of high
resolution transmission electron microscopy (HRTHMS further brought about the
highly detailed analysis of GP zones in Al-Cu adfloyhe remarkable HRTEM images
in the work by Chang [21] explicitly reveal two & of GP zones. The GPI zone is
made of a single layer of Cu atoms, which havenake place of Al atoms on a
{111} o plane. The GPII zone consists of two such Cu lageparated by three {111}
planes of Al atoms. In Rioja and Laughlin’s work2]2the streaking-features of
electron diffraction patterns have been identifiedbe consistent with the different
periodicity of Cu atoms in GPI and GPIl zones. thar GPI zone, the streaks appear to
be sharply continuous along <1Q@directions, caused by the monolayer of Cu atoms.
For the GPII zone, the streaks along <1Q@#rectionsare no longer continuous but
have maxima at ¥<10@pin the corresponding diffraction pattern, reflagtithe Cu
planes being spaced four {1QQ}planes apart. Recent TEM works [23-26] have
studied the evolution of GPI precipitates in Al-Efg and Al-Zn-Mg-Cu alloys. The
morphology of GPI precipitates in those multi-coment aluminium alloys has been
reported to be spherical, unlike that in Al-Cu goAs for this aspect, more work is
needed to elucidate the effects of different atigyadditions on the evolution of GP

Zones.



In Al-Zn-Mg and Al-Zn-Mg-Cu systems, the GPIneowas presumed to be a
Mg-rich region with fewer Zn atoms regularly arradgn the {100}, habit planes [25,
27, 28]. The morphology was claimed to be somewpaerical (size < 3 nm) based
on evidence from transmission electron microscdBM) [23-26] and 3D atom probe
tomography (3DAPT) [26]. However, this shape is latfwl because the amount of
solute atoms on the {10@Q}habit planes is insufficient to form a spherehe early
stage of the low-temperature ageing treatment.spherical images should probably
be ascribed to the cross-section of a GPI zoneshwilias not in edge-on configuration.
Therefore, the GPI zone is presumed to have a-jkatenorphology. The growth of a
GPI zone involves vacancies and solute atoms of [Rgy 28]. After a slight
heat-treatment, the accumulation of Zn atoms plewsEcause the migration energy
of Zn-vacancy pairs is close to the formation eperfjthe Zn-rich zone [29]. As a
result, a Zn-rich GPII zone forms. However, it Heeen indicated that the plate-like
GPII zone generally forms on the {1kl }habit plane [25, 27]. The GPIl zone then
evolves directly from the GPI zone; however, trassbility has been challenged due
to their incompatible habit planes, namely, theQ}l{)— {111} habit planes from
GPI zones to GPIl zones [26, 30, 31]. One is fotoesliggest that after numerous GPI
zones on {100} planes dissolve, different Mg-depleted regions{bhl}, planes
gradually turn into Zn-rich GPII zones. Previousrk#[25, 32] claimed that a GPII
zone accumulated adequate Zn content on {{1i3bit planes and developed in{o
precipitates. However, the mechanismsnbfdeveloping from a GPIl zone of
developing from the Al matrix have not been conén

The plate-liken' precipitates are recognized as having a hexaganadture[2,
11, 12, 33] with a space group R6mc [31, 34] a nominal composition of

Mg,Zns,Al,. (x = 2 to 4)[31, 34] and an atomic ratio of Zn/Mg smaller than 1.5



[26, 30] However, previous work§ll, 12, 33]have indicated variable lattice
parameters off' precipitates. On the basis of Auld and Couslamdisk [33] and the
first principles calculation (Vienna Ab-initio Siration Package, VASP) by
Wolverton et al[35], n' precipitates possess lattice parameters of &6400m, ¢ =
1.303 nm= 6d(111),, where @111, is the lattice spacing of th€l11),, plane.
Additionally, n' precipitates possess four variants on {llHjabit planes for their
corresponding orientation relationships2, 31] as presented in Table 1. TEM
observation along the [IO];]. /I110],, zone axis reveals two edge-on
configurations (i.e.y'; andn'z). Their orientation relationships betwegrprecipitates

and the Al matrix can be respectively expressed as

(0001), // (111), and [10D],. // [110], :

(0001). // (111),, and [10_1)]11.2 //1110],, . The other two variants of phases (i.e.,

n's andn'y) are observed as ellipse-like morphologies aldmsg [ﬂO_D]n. /1'[110],,
zone axis, as shown in Fig. 1.

Then' transformation inta is well established [5, 9-11, 32, 36], and 11 s/pé
n have been reported [9, 10, 36]. However, the letanechanisms of the transition
involving 4 variants ofy' — 11 types ofq are intriguing. In the present study, these
eleven types off precipitates are proposed to be classified intw §youps according
to their habit planes, as illustrated in Table 2s&l on the nomenclature used by
Degischer et al. [9], the (0001) basal planegipfi4, ng, andn11 (designated as Group
1) and those ofi2, n3, andnio (designated as Group 2) are parallel to the (l18hd
(11’_L)AI habit planes, respectively. Tihg ns, andn; (designated as Group 3) and the
ns (designated as Group 4) grow on th&1() planes parallel to the (I}, and
(112)AI habit planes, respectively. They have an HCP wiread9-11, 32, 36, 37]

with a space group BB&mc [10], an atomic ratio of Zn/Mg higher than 12%, and
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approximately stoichiometric Mg4r{9-11, 37]. According to the VASP calculation
[35], n precipitates possess lattice parameters of a 640rBn, ¢ = 0.828 nm»
4d(111) 5. Under TEM observation along the [110]zone axis, hexagonal or
octagonal-shaped; and plate-likeng have been observed owing to the habit plane
(0001)1//(110)q| [11, 37]. Theny precipitates are possibly allied with the evolntif
thens.z (ns, M6, andny) precipitatesThe c-axes of thgs.7 precipitates are all rotated
with respect to the c-axis of, phase [9, 11, 37]. The differences of orientation
relationships betweens.; andn, are characterized by the axis-angle pairs [0001] /
11°, 15°, and 25° [37], respectively. It is presdm#at the evolution ofys;
precipitates originates from the rotation @f, probably resulting from the
accommodation of the internal stresses arising fragfAl matrix interfaces.
Additionally, then;; phase, though seldom reported, has been found-é&xist with

N1, N4, @andng in the Al matrix [9].

Importantly, n, precipitates are commonly recognized as the sdauge
precipitates after thg' precipitates in Al-Zn-Mg alloys [9, 11, 36, 4&specially in
TEM observation along the [110Q]zone axis. Owing to the orientation relationship
betweem; and the Al matrix, which is similar to that betwieg and the Al matrix [5,

7, 20, 26]m2 precipitates may have lower formation energy ttreat of other types.
For n2 and n3 precipitates, they grow along different directiona the same

(0001) habit plane, which is parallel to @4, and relatively rotate about 30° along

the pole of the habit plane, leading to _[(D]%]ZJ/[HQO]%// [110], [9]. The slight

difference in orientation relationships betwegsn and nz precipitates eventually
results in a higher number densitympfprecipitates and a lower number densityof
precipitates within the Al matrix [9, 11, 36, 43]4A standing question is why there

is a large number density difference in theandns precipitates. Additionally, thgo
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precipitate grows along the non-close packed daecnamely, [I!I)O]nm// [134],,

resulting in a lower number density in the Al matriThe ng precipitate, which
possesses a _(2)]A| habit plane similar to that of the T phase [44]suiggested to be
the nucleation site of the T phase at the highemagtemperature. The existence of
nio and mi1 precipitates has been expressed in diffractionteps, but the
corresponding morphologies have yet to be indicfed1, 39].

In previous works [9, 11, 36, 42, 43], the precipitate has been the most
commonly observed of the eleven types\girecipitates. However, no investigation
of then' — ntransition mechanism has been reported. The pregert aimed to
elucidate this aspect. The phase transformatiqorexdipitates is generally controlled
at the nucleation stage. The transitions of diffetgpes of carbides in alloy steels
have long been explored in previous works [45-82; nucleation mechanisms have
been supposed to involve separated nucleation assitui nucleation. After the
dissolution of metastable precipitates, the matrstantly becomes a super-saturation
of solute atoms again, and then a new differerttiyetured precipitate can separately
nucleate elsewhere within the matrix. This has besled separated nucleation [46,
47, 49, 52], and TEM observations have providedcgtpexamples [46, 47], such as
the formation of a MC carbide after the BC carbide dissolves in ferrite matrix in
Cr-Mo-C alloy steels. On the other hand, a newiprede gradually develops from
the pre-existing precipitate, and these two préaips can be found to be still
connected during the transition. Finally, the cosipon and lattice of the original
precipitate are replaced by those of the new omés mechanism has been called
in-situ nucleation [45-48, 50, 51], and TEM obséimas have also provided a typical
example [48], such as thesM carbide— M-C; carbide in the ferrite matrix of Cr-C

alloy steels. These two nucleation mechanisms hawe been demonstrated in



previous works on aluminium alloys [10, 53-57]. Aeypious work [53] presumed that
the Q phase forms after the GP zone dissolves entinelyhe Al-Cu-Mg alloy;
however, in the same work [53], a series of TEMestigations with variable ageing
times did not examine the same area in the alumimhatrix to confirm the separated
nucleation during the transition of GP zoresQ. On the other hand, the transition
of Q — 60 in an Al-Cu-Mg alloy [54] and that 06" — 6 in an Al-Cu alloy [55, 56]
have been thought to occur with in-situ nucleatian, 6 originated fromQ in the
Al-Cu-Mg alloy and 6 originated from6' in the AI-Cu alloy, respectively) rather
than separated nucleation. The transitionQof— 0 is still arguable because the
EDX mapping was obtained from individual partickdsQ and 6 [55], rather than
two connecting particles. As for the transition @f— 6, another investigation [56]
showed the simultaneous existence of individuakpé&asmall-angle X-ray scattering
(SAXS) and the wide-angle X-ray scattering (WAX3dfes. However, the results
could not determine whether the contribution cofnes the two separate’ and 6
precipitates or from the connect&i6 precipitates. For the AA7050 alloy, the
detailed transformation mechanisms of precipitdtage not been studied closely.
Although previous works [10] presumed that these mwcleation mechanisms (using
the terms reversion and partial reversion) occuinduhe transition of GP zones1ib
phase, no direct evidence has been provided. atecklworks [10, 58, 59], the term of
reversion [10, 59] represented that tifenucleated after the GP zones dissolved
completely; i.e., the so-called separated nucleat@n the other hand, the term of
partial reversion [10, 58] denoted that partial @Zies dissolved as ney formed
from the pre-existing GP zones; i.e., the so-calesitu nucleation. However, those
works [10, 46, 47] neither presented the specitdMTmicrographs to confirm the
nucleation mechanisms nor confirmed which kindsGéf zones (i.e., GPI or GPII

zone) transform int@' precipitates via which kinds of nucleation medbars. The
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equilibrium n precipitate was thought to nucleate within Al gsaior near grain
boundaries [43]; however, it remains an issue tdioo whether separated nucleation
or in-situ nucleation takes place during the tramsi of n' — n. Although the
transition sequence of' — n is well known, the detailed mechanism is worth
exploring. The present study aimed to employ eesesf in-situ HRTEM to elucidate
the related transition mechanisms.

During TEM thin foil observation, the incideetectron beam collides with
atomic electrons of the particles, possibly gemegatthree effects: radiolysis
(ionization), electron-beam heating (phonons) atama displacement (knock-on
displacement) [60-62]. Regarding the radiolysisni@ation) effect [60], metallic
bonds, which are connected to the positive metadiics and free electrons, can
rapidly neutralize after the ionization induced Ieyectron-particle interaction.
Therefore, the effect of radiolysis on metals igliggble. The elevated temperature
due to phonons for Al alloy thin foils has beenimated [62, 63], and the related
information is provided in Supplementary Materialhe effects of radiolysis and
phonons on the metallic TEM thin foils are reasdnalssumed to be negligible. The
primary damage to the metallic TEM thin foils haseb presumed to be caused by
knock-on displacement (i.e., atomic displaceme®®)}§2]. The process of knock-on
displacement takes place due to the direct tramsfdre beam energy to atoms in the
samples, knocking out the atoms and probably crgatacancies and interstitials.
Supposedly, it speeds up atom diffusion and prosoéetain transformations. As the
HRTEM investigation in the present work was perfednwith a Tecnai-F20
Schottky-type field-emission-gun (FEG) 200 kV TEkg knock-on displacement
effect should be taken into account. This phenomesan bring about a reaction of
atomic displacements. Such a reaction occurs wieemtident electron-beam energy

(E) is higher than the threshold electron-beam g@né;) for atomic displacement.
10



The determination of the threshold electron-bearergn (&) depends on the
displacement energy of atoms;h the samples [62, 64-67]. The threshold ensrgie
(Eo) of different elements, such as Al, Cu, Mg, and i@nAl alloys, have been
estimated, as presented in Supplementary Materials.

In the present work, the observations of GRdbhes andn' and n;
precipitates were carried out for a duration ofetiosing a Tecnai-F20 Schottky FEG
200 kV HRTEM with a range of beam currentg),({l0.5 nA < | < 2.5 nA). The
transitions of GP zones n' andn' — 1 precipitates might have been promoted. The
related separated nucleation or in-situ nucleati@ne capably revealed by in-situ
HRTEM images with the fast Fourier transform (FFilffractogram technique and

nanometer-scale energy dispersive spectrometry.

2. Experimental procedure

The chemical composition of the AA7050 alummiualloy studied was
Al-6.25Zn-2.14Mg-2.23Cu-0.05Fe-0.03Si  (wt.%). Théermal history of the
as-received alloy was solution treatment (at 4CZ5for 1 h and water quenched)
immediately followed by two-step ageing treatmeageing at 120C for 8 h and at
165 °C for 1 h. The as-received alloy underwent a tktep ageing treatment,
creep-age forming (CAF) [68], conducted by heatimg alloy to 175C and holding
it for 8 h, with an applied constant tensile stre6$62.5MPa (hereafter referred to as
CAF samples). The TEM specimens were prepared tingudiscs from the selected
samples along their loading direction and thinrtimg discs mechanically to 0.07 mm
before they were twin-jet electropolished in a migt of 33% nitric acid and 67%
methanol at—20 °C with a working voltage of 10 V. The prepared sp&ns were
examined on a Tecnai F20 (200kV) field-emission-geganning transmission

11



electron microscope equipped with the Oxford X-M&0T nanometer-scaled energy
dispersive spectrometer. To investigate the relaggharated nucleation or in-situ
nucleation during the transitions of GP zores)' — n; precipitates, in-situ HRTEM
for a total duration of 60 s observation was comedicand HRTEM frames

(snapshots) obtained for théferent holding times (10 s and 60s) were exaunhine

3. Results and discussion

In this work, all the observation samples wsubjected to the CAF treatments
rather than the early stage ageing treatmentseldrer, the GPI zones presumably had
already dissolved. Besides the GPIl zoméprecipitates ang precipitates were easily
observed in the Al matrix. The edge-on configuradicof these precipitates were
studied by TEM along the [110] zone axis and expressed in terms of distinctive
morphologies and size, as shown in Fig. 2. Smplecipitates such as GPIl zones and
n' phases were observed on thel(ilsectioning planes. Owing to the effect of the
creep forming stress, GPIl zones afidohases did not preferentially grow on the
(111) habit plane. Larger precipitates were usually gecred as). Different types
of n precipitates were observed within the Al matrix @ould be concisely identified
from their configurations corresponding to oriermatrelationships. For exampla;
precipitates possessing a (qu/_().lO)M habit plane were viewed as hexagonal or
octagonal plates on the (1A0plane. Most of the plate-liks, precipitates could be
recognized as the edge-on configuration along1hg)4 habit plane. The rod-like,
precipitates could be recognized as smaller platedhapes on the (11Q)planes
because of the cross-section effect. In this stdloy, microstructure evolutions of
three different precipitates were investigated: IG®he,n’', andnz. On the [110],
zone axis, the edge-on configurations of theseetprecipitates indicated that they

possessed similar {1}, habit planes. The identification of different pbaswvas
12



roughly dependent on their sizes, which increaseth fGPIl zones (3-5 nm) tq'
(5-10 nm) andy, precipitates (15-30 nm) as shown in Fig. 2.

Regarding they' andn;, precipitates, their morphologies are affected dtyide
misfits. The lattice misfits §) are classified into two types with respect toirthe
(0001) // (11),, habit planes. One is vertical to the (0001) /{}1 habit plane (i.e.,
§'), in the thickness direction of the precipitat@he other is parallel to the
(0001) // (1_11)AI habit plane (i.e.p), along the length direction of the precipitates.
The calculations of lattice misfits were not cont@lan previous investigations [9, 13,
32, 42]. The lage®’ misfit of n, precipitates (about 8 %) was reported by a presviou
work [9], but the relatives® misfit was not indicated. Other works [13, 42]efiy
introduced the value of th8” misfit of ' precipitates (smaller than 1 % [42]; close to
3.4 % [13]), but the relationship of the atomiaagement between precipitates and Al
matrix on the (0001) // (]IDAI habit plane was not provided in detail. Receritig
work [32] evaluated thé” and &P misfits of then, precipitate § = 8.3 % and
& = 5.0 %) according to their atomic model; howevdre tmisfitof & was
estimated only from one direction (i.§1120] /[121],) on the (0001) // (M),
habit plane. Particularly, owing to the configuoatiof solute atoms im' andn;

structures, thé® misfit should be analysed along two directionse arallel to the
[1010] direction, and the other, to tfj¢120] direction (i.e., g7, and 3 1;) on the

(0001) habit plane. Supplementary Figs. la and dowsthe [1010] and [1120]
directions in the atomic models for the interfacéghe n'/Al matrix and then,/Al
matrix viewed along th¢0001] zone axis. According to the orientation relatiapsh
of ' andn; precipitates with respect to the Al matrix, fi€10] and [1120] directions
were respectively parallel to thd110], and [121], directions on the

(0001) // (I1),, habit plane (i.e.[1010] // [110], and [1120]// [121]y), as shown
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in Supplementary Fig.1c. Faf precipitates, the former misfitd{) was extremely

large: |(diooony — 6 Gy, )/6 dumy, | =1(1.303— 1403y 1.40B=7.2%, whereas

the latter two &y, and 8 gio;,) Were relatively small:
1120 |(2 daszoyy — 3 dazay, )/3 Az, | =10.504— 0.496) 0.496= 1.6%, and

P _ _ - £
8010y = |(2 duomyy — 3 Garoy,)/3 duaoy, | =1(0.873— 0.858Y 0.858= 1.7%,
where a = 0.504 nm and ¢ = 1.303 nmibprecipitates [35]. The detailed plots are
shown in Supplementary Figs. 2a and b. Asrfoprecipitates, the former misfiY)

was relatively large:
|(dooory, — 4 iz, )/4 day, | =1(0.828— 0.935) 0.935=11.4% , whereas the

latter two 61,2, and 8y,qyg;,, ) Were relatively small:

81120, = |(2 darzom, — 3 dazay,)/3 daz, I| = |(0.504— 0.496Y 0.496= 1.6%, and

510101 = |(2 duoom, — 3 o), )/3 duroy, | = 1(0.873— 0.858Y 0.858= 1.7%,
where a = 0.504 nm and ¢ = 0.828 nmtgprecipitates [35]. The detailed plots are
shown in Supplementary Figs.2 ¢ and d. In conciysibe lattice misfit ofn'
precipitates was smaller than thatmgfprecipitates, which indicated that thiégmatrix
interfaces were more coherent than thénatrix interfaces. Moreover, the smaller
misfit parallel to habit planes favours the forroatiof the higher aspect ratio
precipitates. These two precipitates were presutndthve a plate-like morphology,
which was consistent with previous work [32].

In low-magnification TEM micrographs, phasentigcation based on the size is
disputable. Complementary to this method, HRTEM roscopy is favourably
employed to identify these precipitates based ol Fhffractograms. These

diffractograms are associated with their shapes sindttures, and the orientation

14



relationships between the precipitates and Al matan be displayed. For instance, a
few atomic layers of a GPII zone on the L)l habit plane are shown in Fig. 3a, and
the corresponding FFT diffractogram in Fig. 3c shasharply continuous streaking
along the[111], direction. The FFT technique was conducted tostigaten' and

12 precipitates in their edge-on configurations, rlg their habit plane (1194 with
the [110}, zone axis, as shown in Figs. 3a and b. For thesekinds of precipitates
with high aspect ratios, the effect of the shamgofaresults in streaking diffraction
spots in the FFT diffractograms. In Figs. 3d andthey FFT diffractograms are
consistent with the simulated diffractograms detifrem the orientation relationships

of nn and 1 precipitates with respect to the Al matrix:

(0001), // (112),, , [1010],// [110}, and (000%) // (111), , [1090], // [110], ,

accordingly. Additionally, the diffraction spotsrfthe different (0002) lattice spacings
of n' andn; precipitates can be used to identify them (i.ggo8l; = 0.355 nm and
dooo2y, = 0.154 nm). Therefore, the streaking spots in the #ifractogram of they’
precipitate are denser than those ofithprecipitate.

In another example of HRTEM presented in Fay. dnder observation of the

@

[110]a zone axis, two edge-on variants of tie(i.e., n,

and nf)) can be seen on

the (1M), and (i11), habit planes, respectively. The corresponding FFT

diffractograms with simulated diffraction patter® displayed in Figs. 4b and c. The

orientation relationship ofn(zl) with respect to the Al matrix is adopted:
(0001) // (111),, and [10D], // [110],, : that of e

(0001)12 /I (111),, and [1()_D]n2// [110],,. In addition, the latter varianhff)) can be

produced from the former varianig )) by a 70.5° rotation (counter-clockwise) with

15



respect to the [f@]jn(l) zone axis. It is appropriate to conclude that eéh&go 1
2

precipitates, which were distributed on {3 habit planes, possibly developed from
the corresponding' variants on the same {1} habit planes.

In metallic TEM thin foils exposed to an electrosam, knock-on displacement
(i.e., atomic displacement) may accelerate atonfugidn and thereby promote
transformations. This effect is triggered whenitiedent electron-beam energy (E) is
higher than the threshold electron-beam energy {& atomic displacement. The
threshold energies gfEfor different elements such as Al, Zn, Mg andi@a 7050 Al
alloy have been estimated (as presented in Tabie Blpplementary Materials), and
they are listed here in ascending order: Mg (91)ke¥Al (150 keV) < Zn (191 keV)
< Cu (396 keV). In this work, it was found that ttransition of GPIl zone— n'
occurred during in-situ HRTEM observation. Fig. Begents three snapshots of
HRTEM images (Figs. 5a-c) with the three corresjpoypdrFT diffractograms (Figs.
5d-f). Figs. 5a-c displays the snapshot-frames RTEHM images obtained over 60 s
in the same area (30 nm x 50 nm) of the thin farhple along the [11Q] zone axis.
Fig. 5b was taken 10 s after Fig. 5a; Fig. 5¢c veken 50 s after Fig. 5b. Comparing
Figs. 5a and b reveals that during a short inteofalO s, the GP{], precipitate
rapidly grew in size, but the other two GPII pre@tes dissolved in the matrix.
Hereafter, GP{l, denotes this specific GPII zone, which first gremthe Al matrix.
As will be seen later, it dissolved after a furtheslding time of 50 s during
observation. A comparison of Figs. 5b and ¢ shdws during a period of 50 s, the
GPll,) zone dissolved in the matrix, and ahphase separately precipitated in the
adjacent region. The identification of phaseslissitated in Figs. 5d-f, which display
the FFT diffractograms obtained from HRTEM moinéde images of GR(J) in Figs.

5a-b , andy' in Figs. 5¢c. Simulated diffraction patterns anewsn in Figs. 5d-f. It is

16



striking that the serial in-situ HRTEM frames deplann' precipitate forming as the
adjacent GPII zone (i.e., GEJ) dissolves, as presented in Figs. 5a-c. The dissol

of the GPII zone (i.e., GR])) led to the super-saturation of solute atoms & Ah
matrix again. This process provided adequate Zmsto nucleate anf phase. Within
the total duration of 60 s during observation iea §ame area within the Al matrix, the
GPIl zone (i.e., GP{])) dissolved, and then ap phase separately precipitated in this
region, where no GPIl zone had existed previowsyshown in Fig. 5c. In Figs. 5d
and e, sharp streaking along tfigl1],, direction in the FFT diffractograms plainly
indicates the GPII zone (i.e., GRJ). The corresponding FFT diffractogram of the
newly formedn' is shown in Fig. 5f, displaying the streakingfrdiftion spots for the
different (0002) lattice spacings, as indicatedabypws. The orientation relationship

of this ' with respect to the aluminium matrix can be apetl and expressed

as(0001), // (111),, and [1010]n. /1 1110],,. It is appropriate to conclude that the

formation ofn' precipitates occurred elsewhere as the adjacPiitZéne dissolved,
and this transformation can be recognized as stghnaicleation.

To investigate the transformation and evolutiechanism frony' to n,, a case
study was completed and is illustrated as follofvgiven precipitate was detected by
HRTEM and EDX mapping, as shown in Fig. 6 and Figespectively. On the [110]
zone axis, the FFT diffractogram obtained from rti@ré fringed HRTEM image of
the whole precipitate with the surrounding matas {ndicated by a dotted rectangle
in Supplementary Fig. 3a) is presented in Suppleéangr-ig. 3b. The precipitate was
identified as then, phase via the corresponding simulated diffracti@ttern, as
shown in Supplementary Fig. 3c. However, by usig $maller selected areas (i.e.,
the white dotted frames, Region 1 and Region 3hasvn in Fig. 6a), different FFT

diffractograms were obtained, as shown in Figs.aBd c, respectively. From the
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analyses of corresponding simulated diffractioriguas, Region 1 was identified &s
phase; Region 2, asphase. The orientation relationshimgphase with respect to the

Al matrix can be expressed as: (0()81/)(111)AI and [16D]n2// [110],, . Similarly,

the orientation relationship af with respect to the Al matrix can be shown as:

(0001). // (111),, and [10_10111' /1 1110],,. Under the observation along the [140]

zone axis, these two phases had the samel Yyllhabit plane in edge-on

configurations. A3), andn' possess different lattice constants of ¢, thgtlenof their

corresponding reciprocal lattice vectors are défer i.e., Tﬁh)N'E @(0004)12' and
Ia(lh)All = @(0006)1"' respectively. As illustrated in the simulatetirection patterns in

Figs. 6b and c, this significant difference alohg gm) | reciprocal lattice vector
A

resulted from the existencewf andn' in these two regions.

In addition, an HRTEM image with the correspondi&igX mapping is shown in
Figs. 7a-c. The distribution of solute atoms regddhat more Zn solute atoms existed
in Region 1 1§, phase) than in Region Z'(phase), but Mg solute atoms were
homogeneously distributed in these two regiondjwesrated in Figs. 7b and c. It can
be assumed that two different phases existed sgiven precipitate. Additionally,
EDX analysis (with a probe size of about 1-2 nm$ wmployed to examine the atomic
ratio of Zn/Mg in the nanometer-scaled areas. Igi®tel, the ratio was determined to
be close to 1.7, and in Region 2, it was close3pds presented in Figs. 7d and e. As in
previous works employing 3D-APT [2, 26], the atomatio of ' precipitates was
determined to be in the range of 1-1.3, and th#ted, precipitates to be higher than
1.5. In the present work, the nano-scaled chemiatglyses also provide strong

evidence to suggest that in this given precipifdegions 1 and 2 werg andn' phases,
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respectively. This implied that the Zn-righ precipitate (i.e., Region 1) transformed
from the Zn-depleted' precipitate (i.e., Region 2) owing to the migoatof Zn atoms

in the Al matrix. During the transformation, thiswn, precipitate formed, wherein it
gradually developed from the origingl precipitate via a similar hexagonal structure
with a higher level of Zn. Thereforg,andn, coexisted in this given precipitate during
the transition, and this transformation mechanigm'f— n, can be attributed to a kind
of in-situ nucleation.

The chemical compositions of aluminium allopsl éhe ageing temperatures of the
treatments are particularly pertinent to the dymadiifusion of solute atoms and thus
affect the transformation of precipitates. In aidaif defects such as dislocations near
grain boundaries ar/matrix interfaces could be not merely the diftuspath of solute
atoms but also the nucleation sites fioprecipitates. The present work has closely
explored than-situ nucleation of> from n', but the mechanisms qf— the other 10
types ofn precipitates have yet to be identifiegh andno precipitates have slightly
different orientations with the respectifoas compared tqp. It is presumed that their
distinctive orientations might originate from thelige diffusion [69] induced by
dislocations nean'/matrix interfaces [70]. It is supposed that thésisection ofy'
variants with the {111} habit planes can become nucleation sites, fprecipitates
on the {110},, habit planes. Thereby, tmg, ns, no, andnu precipitates are possibly
developed. The formations q§ to ng might be related te, precipitates as the habit
planes ofns.g, (1210), are parallel to the {111} of Al matrix, which are consistent
with that ofn4 precipitates. This study has only explored thagsggarding thg' —

N2 transformation. Indeed, further investigation lo¢ thucleation mechanisms of the

othern precipitates is needed.

4. Conclusions
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In summary, in-situ HRTEM micrographs accompdnwith FFT diffractograms
clearly indicated the nucleation mechanisms. Oncthesen zone axis, serial in-situ
HRTEM frames revealed that the separated nucleadfoi precipitates occurred
elsewhere as adjacent GPII zones dissolved. Ootties hand, from different FFT
diffractograms and corresponding simulated difiact patterns, the in-situ
transformation of a new precipitate (i.e.y2) occurred, wherein it gradually developed
from the original' via a similar hexagonal structure with differéattice constants of
c. Complementary to this observation, the atomimsaof Zn/Mg detected by EDX
indicated that one was close to thatnbfprecipitates, and the other, to thatmgf

precipitates.
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Figure Captions

Fig. 1. (a) Four variants aof' precipitates marked blue (i.ey; to n's ) grow on
{111}, habit planes, and the observed plane via TEMeg1t0), plane in green. (b)
The intersections between four variants)gbrecipitates and th€110) 5 plane of the

Al matrix are sketched. (c) Along the observatidntlee [110]y zone axis, two
variants ofn' precipitates (i.exn'y andn'; ) are shown as edge-on configurations, and
the others (i.en's andn's ), as ellipse-like morphologies.

Fig. 2. The TEM micrograph taken from the CAF sasmgbng the [11Q] zone axis.
The GPII zonep' andn, were in the edge-on configurations of their (ki habit
planes. Other types qfprecipitatesi{; andns) appeared to be elliptical.

Fig. 3. HRTEM micrographs obtained along the [AL@pne axis in Al matrix of the
CAF sample: (a) GPIl zone witli, and (b)n,. Corresponding FFT diffractograms:
(c-e), obtained from the lattice images of thesedhdifferent precipitates. The
orientation relationships of' andn phases with respect to the Al matrix can be
illustrated as follows: (0004) // (111)s and [10D]n' // [110]y; (00012 // (111)a
and [10D]n. // [110]y. (In FFT diffractograms, the cross lines stem frone
mathematical Fourier transformation.)

Fig. 4. (a) Two variants af, phase are displayed in a HRTEM micrograph obtained
along the [1104 zone axis. (b) and (c) Corresponding FFT diffrgcamns with

@

simulated diffraction patterns were analysed festhtwo variants of; phase, i.e.n,

and ngz). The corresponding orientation relationsfnipn(zl): (0001), // (111)a and

[1010]n2// [110x;; that forn: (0001)2// (111)x and [10DJnz// [110]a.

Fig. 5 (a-c) Serial frames of TEM micrographs web¢ained in the same area of the
CAF sample along the [110]zone axis. Frame (b) was taken 10 s after frarjie (a
frames (a-b) indicate that in the duration of 1the,GPl|,) precipitate rapidly grew in
size, but the other two GPII precipitates dissolvetthie matrix. Frame (c) was taken 50
s after frame (b); frames (b-c) display that a8@ss, the GP|], precipitate dissolved in
the matrix, and am' phase separately precipitated in the adjacenbmedd-f)
Corresponding FFT diffractograms were obtained ffames (a-c) to identify GRY),
andn’, respectively. Simulated diffraction patterns als illustrated in (d-f). (GR(},
denotes a specific GPII, which first grew in themdtrix and then dissolved after a 50
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s duration.)

Fig. 6 HRTEM micrograph and FFT diffractograms wstmulated diffraction patterns
to illustrate the in-situ transformation frohto n, in a single precipitate. (a) HRTEM
image taken for the examined precipitate along[1i€]y zone axis. The examined
areas: Regions 1 and 2. (b) and (c) FFT diffraciogr with simulated diffraction
patterns for Regions 1 and 2, respectively. In 8edi, the identifiech, precipitate
adopted the orientation relationship: (00§1/) (111)s and [10D]ny// [110]n; in
Region 2, the identified' precipitate possessed the orientation relatigngD01)'//
(111)x and [10D]n'// [110]y.

Fig. 7 EDX mapping showed the in-situ transfornratioom n' to n, in a single
precipitate. (a) The HRTEM micrograph of the inisjtton, transformation. (b-c) The
distributions of Zn and Mg atoms in Regions 1 anfize) The atomic ratio of Zn/Mg,
close to 1.7 in Region 1 for timg precipitate, and a lower atomic ratio of Zn/M@,1in
Region 2 for they' precipitate.
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Table 1 Four variants of precipitates.

Orientation relationship

(0001). // (111,

[1010],. // [110],

(0001), // (111),,

[1010],, // [110],,

(0001), // (111),

[1010],, // [110],,

(0001, // (117)

[1010],. // [110],,




Table 2 The eleven types of orientation relationships between n and Al matrix.

Type* Orientation relationship M or phology Ref.
1 (0001), /7 (110),, [1010],]1// [001] ,, Hexagonal or octagonal plate [9-11, 38, 39]
4 (0001), //(110) [Izio]rul/ [111] ,, Rod [9-11, 37, 39]
9 (0001), //(110),  [1120], // [001],, Plate [9, 10, 39, 40]
11 (0001), /1(110),  [1010], //[111], Not indicated [9, 10]
2 (0001), //(111), [1010], //[110],, Hexagonal or rounded plate  [9-11, 36-39, 41]
3 (0001), //(111), [1120], //[110]  Hexagonal or triangular plate [9-11, 39]
10 (0001), 1/ (11T), [1100], //[134],, Not indicated [9, 10, 39]
5 (izio)ns I (111),,, [30@2]n5// [110] ,, Rod
6 (1210)% I (111),, [2021]%// [112],, Rod [9-11, 37]
7 (1210), //(110),  [1014], //[110],, Rod
8 (1210), //(112),  [0001] o/ 131 Rod [9-11]

* The notations from n; to 1y, are used by Degischer et a. [9]. The morphologies of 1; to ng have been
observed along the <110>,, zone axis; those of 1o and ny; have not been identified by previous TEM
investigations.
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