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Abstract

The combined use of APFIM and TEM has provided an improved understanding of the precis®
mechanisms involved in precipitate nucleation in selected alloys based on the Al-Cu syster.

Nucleation of the phases 8, Q and T7 has been studied and it is shown that certain trace elements
may stimulate these processes by

by providing a sequence of clustering events during quenching
and/or at the early stages of ageing.
Introduction

Although a generalised thermodynamic description of precipitate nucleation in atloys has beed
available for many years, compé}ra&ively litle is known about the actual atomic processes inVOl"cd‘
Moreover, uncertainty also exists concerning the role of trace elements that can cause M ©

changes in the response of some Al alloys to age hardening by modifying the nucleation a7
growth of certain precipitates. This situation is changing, however, through the combined use 0
cransmission electron microscopy (TEM) and atom probe field ion m,icroscogpy (APFIM).

This paper describes the application of these techniques to investiga mechanisms by which
single or combined additions of Sn, Mg, Ag and Li stimulate nucle%ui‘gr:}:)ef precipitates during the
early stages of _agemg'of alloys based on the Al-Cu system. Special attention has peen paid © the
nucleation of fine, uniform dispersions of the phases 8' (Al,Cu), Q (Al,Cu) ar;d T (AlzcuLi) n
the following three alloy systems: (1) Al-Cu-Sn, (2) Al‘CU-Mg-A’g and (% 5 i Cu-Li-Mg-A g-Li-Zr-

Experimental Degail

Small chill castings of alloy 1 and 2 were prepared fr . . . ) then
homogenized and fabricated to plate by ho? ro{)ling. T}?;n n(})lzr%ﬂlgf‘égr); “:;ti%iré?]lso ?Tlll((:)‘;' ‘;’f;z s Al
4wt%(1.7at%)Cu-0.06Wt%(0.01a1%)Sn. To improve the probability o% detectin ‘Ag in the atom
probe, an A1-4.5wt%(1.9at%)Cu-0.3w1%(0.3at%)Mg-0.7wt%(0.2at%) A %llo having

somewhat higher Ag content, was used for APFIM, whereas the well oh & teris):ah (1-3] Al-
4wi%(1.7a1%)Cu-0.3wt%(0.3a1%)Mg-0.4wt%(0.1at%)Ag alloy w g'ar?:;EM 4 1 ments
Alloy 3, known commercially as Weldalite™ 049, was kindly as used in fe p by IR,
Pickens of Martin Marietta Ltd. Rods of 5 mm diameter wercyrgggl?ilrl\z(cil 1;:1(11) 1(211;ng%

i m
diameter in order to prepare specimens for APF : A 0.5 m
make thin foils for TEM. Specimens were solllrl\fi'o?‘i‘r;{:gtenal was used for rolling to sheet to

minutes at 525°C. They were then examined after under an argon atmosphere for
N . B . COld . " ) e an
immediately A'gelnlg‘e}t elei\:ated temperatures in oil baths‘fv'%tg‘s(}g?[xggl%\fnd df‘elr (‘lgf)ngl‘ilglﬁ?g in
zi\zlr%sttacg::régtd(fiz)ugg ifvcggiegéﬁﬁee‘é‘jl‘losgo which was added a few?lf(r);se (?fL W'\lt)er First, @
: .OPTO uce a . E il . al
p‘ohshlgl%1 V:ﬁf Xe}:}r}gcl)&neq tL:slmg alternating current at tsl?:?z\,n?:i%llzhke Zhape after wy;“i};sf;[tle
lsewhere (4], Field i with low temperature cooling capacity was used which s b o describe
e set;)v 'erf:l Se.‘ Jeld on lénages were observed with He as the ima Fl:n which h;SKee:d o
g; lesggivircsperefongzg uunCéZ? ii;gg-éOKTin an ultra-high vacuumgof gl(%al% ?orr al?hough some
voltage) was 15% and a pulse frequenC;'ofhleogil‘};c Vj;z;c‘tliora (Elz_xttlio of pulse fraction to dc smndlilng
to be approximately 5 x10-3 ions per puls sed. The evaporation rate was controt¢
(;lectropqllshxng at ~12V in a solution of 3p3 %cﬁiaotr;;;;ersn gglr TEM were prepared by twin jet
in a Philips CM12 instrument operating at 120 kV anol cooled to ~-30°C and examin®
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Alloy 1: Al-Cu-Sn

Previoug Work
alr?);cs ‘Egdlllons Of Cd, In and Sn are well known for their effects in modifying ageing in A!FhCllsl
ehavi L These elements reduce or inhibit natural ageing by retarding GP-zone foéman?{hed_in
\ canc(i)r h 3 been attributed to a preferential interaction l?etwgzen the trace clemecnt aqr:o g:lc[xg] din
Cong usifs that woulg normally be available to assist diffusion of the solute Cu ;m:w 6], This
alom j¢ ())nzlS \upPported by calculations that suggest the binding energy between af\;} L’mdy[; 1asn
SeWz}f = €V greater than that existing between a vacancy and d.(‘l‘u fupm ! ,;in j ubénched
lioy, [81()“8 Which show that these trace elements reduce the size of dls]()cfm(;n oop[. dn hl'irdenin
in AL ]. On the Other hand, these trace elements increase both the rate anc extent ! ‘b E
i (?u dlloys ageq o ®mperatures in the range 100 to 200°C [5, 10]. Comparisons betwee

bing s
Phr:stayec'l'm ernary alloys have shown that, whereas these elements suppress theuf)(})lré?;rt&onh?ééh;

i i 1 i i 1-C r
[12], L1, they stimulate 3 finer and more uniform dispersion of the sem p

- Chan SUrs wi alteri ; ure of ©' [11, 12], but opinions differ
C : 8¢ occurs without altering the crystal struct : ’
e}/)ncimm.g the mechanismyg involved, On§ hypotgesis is that the trace elements are al‘)lsorbegi' d'tI' Ll’itst
ok Interfaces resulting in a lowering of the interfacial energy requlredktoxnuc e?é% o This
(desion 10N Was firgy Proposed by Silcock et al. {11} to account for we?a . -rr}F};. ections

}gn‘u;d "p-di fractions") that were observed during the early stages of agem(;g.m (;119\1 {)C }(])(I))Iso‘n
(13] Indirect Xperimental support from calorimetric measurements by Boy and Nichols on
and TEM Observations by Sankaren and Laird [14] who claimed to dege(l:t wP’n:ti; fizglt er?f '?cc Lo
Alternyy or In) Segregates and precipitates in association with the 8' partic e/n*]l?:qrtion te 5 e An
direc] tve Explanation is that the trace elements facilitate herer'ogeneous nucles S falhe
ty at §p (Cd or In) particles [15], or indirectly at the dislocation loops mentioned above (8, 9.

SSUts and DiSClL‘j' . -
Flgure (a) shows“;lr??megrated concentration depth profile, or ladder plot, O?mfnﬁgdﬁﬁf:i l[qflf 31:
Ota] ., SAmples of alloy 1. The diagram shows the number of solute atoms plo ted against the
°T of atoms collected in the APFIM. The slope of each plot cor}gesgon' tsoms 1 local

mo concentration i the sample and it is immediately obvious that tl c rns:uch s are not
Fig, feneousty distributed in the Al matrix. Rather they appear as dlscrgtcfch;tgmms has t%ere n
o evi(‘}e}lcl\goggover., e Tesult suggests that (hose Clu%ircilgirgnca?n;ﬁf)siirsoof Cu atoms were also
Obsewed but thegg r;;ggfgé g)f b%ufeavt/ct??rllrnlfx)r(r’l‘gé(r)g:d not spatially correlated with the Sn clusters.

Ageine i . ) -
Spglglilr?g a 19(.)"C for 1 h. results in rapid precipitation of fine (~5 nm (R'lm}eli)e\;)n cilr?;;:ri(;xli'?b\;elgf
Preci lctal Particles which APFIM analysis aiso indicated to be pure Sn.h $ }: had mionided dios
at Whpi es were oftep found associated with these particles suggesting t att 'C)’d Lto }ge pesiinn
With thCh hEterogeneous nucleation of ' could occur. The Sn particles appcaref' o o ancoherent

0 co € M matrix sipee they were visible only through diffraction and.sm}lct.ur? e‘;( st and
apmrntmst effects Suggestive of coherence strains were observed in ti ting fe‘pThis s s
to tl‘ ent that 1® Sn-particles are in contact with the narrow, incoherent pl'anesh(;Ch o s 8 sim: u
incoh Servation made in an Al-Cu-Zr-alloy by Kanno and Ou [16] in w ot ol !
atomgerent particles of the compound Al3Zr. APFIM was also used to deterr(lenceal nlySes wore
Derf0~ ere Segregated at the 8'/matrix interfaces and separate sele@i aym o; e:ige Rt
for the |, ACross both the coherent broad face of the 8' plates and ac:ros§> the r};' Ao, pfoaching
Peak |, UET analysis are shown ia Fig. 1(c) for the alloy aged 1h. at 190°C, which is ap rodching
fdness (~3h) o5 clear that no Sn has segregated to this interface and the same res as

Obtaip
ed across the broad face of the platelets.

e s dor In
facilbje.reb‘ults dppear to give strong support to the proposal by Kanno et al. [lgg;ggtq?trés(caf[ whicg
.5 Precipitarion of 0' at elevated temperatures by providing heteroge 1S §

01 oceurs, For alloy 1, the actual nucleation process would seem to involve: diately afier
M apid vacancy assi,sted formation of clusters of Sn atoms during, or 1m‘me iately fle
q“enChing. Evidence for the preferential interaction between trace elements and vacancies

[#:]
~1
n
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Figure 1. (a) APFIM ladder plot from alloy 1 in as-
(b) BF TEM micrograph of the alloy aged 1h. at 19(
nucleated at the sites of small Sn-particles (arro
the rim of a 0' precipitate. Sn appears 1o be abse

quenched condition, showing Sn cluster (A)-
)°C showing the ' phase, which appears 0
wed). (¢) Ladder plot from atom probe analysis ©
nt from the particle/matrix interface.

has already been mentioned and it is also relevant ; P . a
exceed that of Cu by at least two orders of magnit:;:j:?%‘]hdt the diffusion rate of Sn in Al may
(ii) Precipitation of Sn particles. y

(iii) Heterogeneous nucleation of ©' at the Sn
incoherent rim or edge of the 6' plates which
the incoherent Sn particles which will

particles. Here it is suggested that it is the
all nucleate, and that this occurs at those surfaces of
allow growth of §' along {001 ) o planes.

Alloy 2, Al-Cy-Meg-
Q Phase

The Q precipitate phase was first observed in artifici ‘ . .

ratios (i.e. low Mg contents) to which small amolu:mctlsagg :iﬁgaglt-’g;xj% aiilo{??- wigh FF;]%hQC;}-]P:i%
e “s.;.t ur.uform dispersion o thi, he’fagonal'ShaPed plates that preci cit [tc ; [li 11) planes:
The crystal structure of © has been described ag monoclinic [20) hl;xaggn:l [g?] orthl)[;hﬂ"""'bic

[3], for which there is now strong experimenta] g
agreement, however, that Q is a distorted form OF%UPPOI‘I [2], and tetragonal [22]. There is gcncrf“l

S : 70 the equilibrium ini ipitates 10
Al-Cu alloys and has the same compositi : precipitate 6 that precipita
with the m{):lrix along the (111} pia?’nc bu??hg‘?{:ziscg)r:isst%}:lgfpfgg [23]. The Q phase is coherc;lg
direct transformation of a supersaturated solid solution (SSSS) around the edges [2]. Where o
normally difficult, and usually occurs heterogeneously, “UClcaﬁoto ;} semi-coherent prccnpuz‘;tean
energetically easy process. It is therefore of special interest 1 n of the Q phase appears to be .
is involved. Accordingly, Al-Cu-Mg-Ag alloys w, understand the actual mechanism tha

after quenching, and after ageing for very short timi?;xlag?)irgd by APFIM and TEM immediately

Results ar is ion

TEM examination of quenched foils showed th

dnisloca}tiop loops [24] u!at are normally present in 121‘-,12:_; R‘i‘_’éﬂn;: of Ag effectively _glimin_an?d

high binding energy with vacancies which prevens the lattcl}];‘mﬁaaalllgogrsc[gi??n%]' 'ghis ;r:ilgrlzisi;g
ing and co
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oﬁ;o g' the §8s5, A second observation was that APFIM detected the presence of individual clusters
U, Mg and & atoms although no evidence of co-clustering was observed [23, 24].

Aver agein 80°C, both Mg and
8 samples of the A] .5Cu-0. -0.7Ag alloy (wt%) for 15 sec. at 180°C, ga
? hocre found kg be highl? cﬁagg:uugtggdﬁm lr':he; sgame gegion. This is shown in Fig. 2(a), which
g Small segment of an integral concentration depth profile. The ratio of these two elements
on :h@p TOXimately ]| although the count of atoms was insufficient to draw a definite gggc;}us;on
ageinls ;nat:e;. It seems clear tha the rapid co-clustering of Ag and Mg atoms has occg = ragggﬁ
betw € for this shory time and diffusion may have been facilitated through the propose "‘l e S
o AE atoms and vacancice 1 is also clear that, after ageing for 15 sec., no localise

con, :
CeNtTation of Cy ha Occurred at the sites of these Ag-Mg co-clusters.

After ageing gp; : file now reveals that Cu
& this alloy for 3 sec. at 180°C, the concentration depth profile no
O et e T S
; ; images suggested the presence of v g o
phansildef tuon wag inilia]lyggiven ﬁf the notion l:‘hat these were images of a PTOPOSG?h?}}C‘}';;g
Howe, Q, Suggested Tecently by Abis et al. [27] and reported to be the precursor to h aspc e
oth CVEr, a detajleg analysis of the proposed Q' structure suggests that this waslp%t Id e!(; e
(28] I“esu.ns‘ Which are believed to disprove the existence of €', are to be p;b 1sd e2 Bc &20]
Positj n Fig, 2(c), the inset SAED pattern shows diffuse reflections at the }1! Sn o ?19 2010;
Funho > Consistent with those normally associated. with the presence of the ! p ?_ | {{,5 e
fam cTmore, ¢loge €Xamination of BF TEM micrographs revealed the presence o \;Iery lis ot
nyc] °ter) plate-like images, parallel to (111)q. Thus it appears that the 'de af]fc combincl:);
expeﬁued Oom the §SS8 following ageing for as little as 30 sec. at ‘180 C]}Baf's gﬂc!cation o
Place a1 gk S¥idence derived from APEIM and TEM, it secms likely that thi

Ce
At the sites of the Ag-Mg co-clusters.

dlé‘l;f‘lso ime:‘esting t0 observe the location of Mg and Ag at a later Stage th " mf-l? i‘:ll"}fg fic 1‘?'511
direCl?on of tnhthiircga;d, Fig- 2(d) shows an S})Iggr aItcd cong:: rrigtat::io:}'lgfl:ftlesfglémcnts have notslE

¢ alloy after ageing for 2 h at 1 - It may i 1 s reasonable 1o
Bated to hoyp, i between Q and the matrix. It seem
loy . 8 he Mg and Ag o i POV s e et
mogifs.. . JOMMation of 5 modified Vaughan II 6-phase precipitate [29]. In Ch.cf]' b agra[ional
o Mcation Produces fully coherent {111) particle/matrix mtcr_facchw ic di(;roftcd (111)
Paryj ]uon Telationship, as distinct from Vaughan II 6-phase, which has af slight deviation
fmm" ¢/matrix interface and for which there is some experimental cwd?ﬂ]‘;c ? : atigon of the "e"
axig ttl_m o tonal relationship [1). This modification is effected by the slig :2c g?gThis elongation
g Of the tetragonal unit cell of the o phase and results in the .structurep{l "and some Ag atoms
Subgtj readily accomplished if some of the larger Mg atoms substitute f0£3 e

tute for Cy ip the precipitate lattice near the particle/matrix interface [23].

Alloy 3: Al-Cu-Li-Mg-Ag-Zr
Ditar:
A1~CulfLil? f the T phase

: . dominantly by the
alloys, such al material 2090, are hardened pre
Presence of thi phasi: ‘[?]S L}Lcic%{):;:)etr”g:'ms as thin, hexagonal-shaped platelets on the {111}

Planes, 1y © d it is necessary to apply cold work
(e.g. 50,\CVeVer, nucleation of T is difficult in this system and it is ne : response 1o
hﬂl%ei%) 10 the alloy Prior to ageing (T8 temper) in order to obtain a maximum resp

i i i i rogeneous
Mcleqy; - Such a treatment increases the dislocation density and provides heterog
400N sites 50 tha amore uniform dispersion of Tj is obtained.

i smayy Li alloys, an abnormally
. dmounts of A ded to certain of the these Al-Cu-Li alloys, [ Py
lﬁgl} \PONSe 10 age hggggi :‘;gmtr; ggo%taiﬂcd [30] and a range of so-callcthcIdaggf:dJ:L eCl:Ig:Id'nls
excegd{n alloys have been developed (X2094 and 134209?)) ;h;ﬁ?ﬁnt:ﬁfcgct ;erﬁcy simrivantang
o i rties have be A .
PreCipitation of ?];lriz gig{.;ziizn?lgrtcli’;ﬁgis, each of which forms on a different set of
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Figure 2. (a) Ladder plot from alloy 2, aged 15 sec. at 180°C showing co-clustering of Ag and Mg.
(b) Concentration depth profile following ageing for 30 sec. at 180°C showing that Cu is now
associated with the Ag and Mg co-clusters. (c) BF TEM micrograph and inset SAED pattern from
alloy 2 aged 30 sec. at 180°C showing early stages of Q precipitation. (d) Ladder plot of alloy 2
after ageing 2 h. at 190°C showing Mg and Ag at both sides of the Q platelet. The probe direction in
(a), (b) and (d) was <111>¢.

crystallographic planes [30]. Again the T; is predominant but, in this case, a more uniform
dispersion is obtained without recourse to cold work prior to ageing [32]. It now remains to
account for the mechanism by which Ag and Mg facilitate nucleation of Tj in Al-Cu-Li-Mg-Ag-Zr
alloys aged at elevated temperatures.

Results and Discussion

Figure 3(a) shows the microstructure of alloy 3 in the underaged condition (10 h at 160°C). A high
density of fine pla_ltc_s on the {001} planes, which appear to be 0", is visible together with
occasional Ty precipitates on {111} planes. An APFIM integrated concentration/depth profile
taken in the <001>g dlrcct_lor_l (Fig. 3(b)) shows Li to be associated with the 6" and it is suggested
that a shell of the &' (Al3Li) is attached to the 6" plates in the manner proposed in Fig. 3(c). The
presence of 8" was confirmed aft;r careful inspection of <001>¢ SAED patterns such as Fig. 3(d).
Here, reflections in the L12 positions are visible, together with continuous streaking in the <001>

578



Mg

320 GP & . Cluster
- VoL g
Q.- 300 A B
*G‘J o t 1 l o 1 o
_.G_J' ‘_'_._/I_“ I I
o ' L L
D 260' T p 1 T o !
o ] B T X
2 3 70 : : p —— ) -
0O e
5 B / . L
8 50— -
— . T Vo
L 56 L P b
m N 1] 1]
22 ig_ Vo /i
g 40-_,_1--HF‘. i
Z 35 & i | )

3600 3800 4000 4200 4400 4600
Total Number of lons Detected

(b)

(f) P,
] — 300 ' ;
:gg: ~ 200 5 5/ ol
O 5 & 15(Zr, Li) my,/
101 100 L
5
0= T T T T 1 0.=¥ i 3 ' !

i
D10 15
2100“ s Mo o i it ﬁ\g‘.k ‘_/_J_—}
:1 5 F£’€Mg

A 1# _'I L|I| ' Ll [' AL .Kll WA 'n i y

ur Gr T T T 1
0 50 100 150 200 250 300 0 1000 2000 3000 4000

Ag
Mg,
|

Total Number of Detected lons (x50) Total Number of Detected lons
Figure 3(a) TEM micrograph of alloy 3 aged 10 h. at 160°C showing 0" on {001} ¢ together with
occasional T precipitates on {111} . (b) Ladder plot from selected area probing of a 6" precipitate
in the <001>¢ direction. Sample aged 10 h. at 160°C. (c) Suggested association of 8" and &'. (d)
<001>¢ SAED pattern showing diffraction effects from 8" and &'. (¢) Concentration depth profile
from selected area probing of a T precipitate in the <111>¢ direction. Note the association of Ag
and Mg. Sample aged 10 h. at 160°C. (f) Ladder plot from selected area probing of a p'/8'
agglomerate along a direction near <001>¢. Note the association of Ag (and possibly Mg) in the &'.
Sample aged 10 h. at 130°C.

directions through the {100} positions and this may be attributed to shape effects from the &'

phase which, from atom probe analysis, appears to be distributed as a thin shell-like coating around
the 0" platelets. Moreover, it may be noted that Gayle et al. [32] have proposed the concept of
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coupled growth of GP-zones and &' to explain the high response of alloy 3 to natural ageing,.
Another concentration depth profile taken from probing a T, precipitate in the <111>¢ direction,
normal to the habit plane, is provided in Fig. 3(e). Again, the sample was from alloy 3 following
ageing 10 h. at 160°C and this data clearly associates Ag and Mg with the T, precipitate particles.
Finally, Fig. 3(f) shows a ladder plot from selected area analysis taken after the alloy was aged 10
h. at the lower temperature of 130°C. Ag and, 1o a lesser extent, Mg are segregated throughout §'
(which in this case has itself nucleated at a p' (Al3Zr) particle, as commonly occurs in Al-Li alloys).

This aspect of the research is at an early stage and any conclusions that are drawn must be regarded
as speculative. One possible sequence of events leading to nucleation of the Ty phase in alloy 3
could be as follows: _ ‘ . ‘
(i) Segregation of Ag (and possibly Mg) occurs in some or all 8' precipitates, which themselves
are known to form as a fine dispersion during quenching, and at an early stage of ageing of
many Al-Li alloys. . . i . |
(ii) The presence of these elements in &' bestows upon this phase the ability to assist nucleation
of T, precipitates SO that they form as a uniform dispersion. Here, some similarity may be
1 Ag and Mg clusters lead to nucleation of @ phase in Al-Cu-Mg-Ag alloys.

d with the way : |
nH(:’lic"er' the sequence of events at the very early stages of ageing has not yet been examined.

|. The technique of APFIM is enabling an understanding of the precise atomic events associated
with :récipilate nucleation in aged Al alloys.

ace elements studied all show a preferred interaction with vacancies during or immediately
Ef'[‘hc Uflching from the solution treatment temperature.

ter qué
. amounts Of Sn (Cd or In) stimulate precipitation of uniform dispersions of the phase 0' in
3. me]loy\' by providing sites, i.c. particles of Sn, Cd or In, at which heterogeneous nucleation
Al-Cu a Contrary 0 earlier suggestions, these elements do not segregate to the 0'/matrix
t_:anﬁocczr(-juring growth of this precipitate.
interface
amounts Of Ag promote precipitation of the Q phase in certain Al-Cu-Mg alloys by

4, Small atom clusters at which nucleation occurs during elevated temperature ageing. These

forming A}%;n igwga[e to the coherent {111} interfaces facilitating growth along {111}, planes.

elements ‘ .
associated with the Ty phase in an aged Al-Cu-Li-Mg-Ag-Zr alloy. Segregation

are i :
SAGHIC o ssibly Mg) has been observed in the & phase that forms earlier in the precipitation
of Ag (an ,sp;’pecu]atcd that this may be a significant factor in the nucleation of T} in this alloy.

process. It1
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