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I. INTRODUCTICN.

Precipitation of the B-phase (Mg2A13) in binary Al-Mg alloys
is energeticaily difficult because of the relatively high strain
enefgy associated with the formation of Mg2Al3' (See e.g. refs. 1-3.)
The structure of the B phase is very complex, as there are ~ 1200
atoms per unit cell.(h) Although a G. b. ione stage has not yet
been positively detected‘éuring the aging of Al-Mg alloys, ‘an inter-
mediate B! phase has been observed by transmission electron micro-
scopy.(l’e) However from the kinetics of the early stages of aging it
has been suggested that clustering of magnesium atoms occurs prior

to precipitation. (Federighi, private communication). In view of the

high binding energy betweeen Mg atoms and Vacancies(s) the clustering

probably involves magnesium atom-vacancy complexes»(6) It is expect--

ed therefore that precipitation will occur when a critical Mg-vacancy
ratio is attained in the complex. Such a ratio will depend upon the
heat treatment given to a particular Al-Mg alloy.

(7)

Preliminary investigations involving various guench-age
treatments showed that rapid quenching and aging at 100°C induced
hOmdgeneous precipitation in localized regions of an Al-5% Mg alloy.
Furthermore, punching of dislocation loops from the precipitates was
observed to occur whilst under examination in the electron microscope,
lindicating that the precipitates generate large stresses at the pre-
cipitate-matrix‘interface. In other cases ‘dislocation climb sources

are formed. The present investigation was undertaken to study these‘

effects in more detall.

e o
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A-f’. IT. EXPERIMENTAL . .

Specimens of the Al-5% Mg and Al-6.5% Mg alloys, 0.005 inch
thick, were annealed no less than 12 hours above 500°C, raised té
and quenched from 550°C into brine solution at apprbximately -10°C.
The.specimens were subsequently aged for 100 hours at 100°C. Thin ’
foils were then prepared from the aged bulk épecimens by electro-
polishing in a 20% perchloric acid — ethyl alcohol solution using the standard
window method. All the folls were examined_in a Siemens Elmiskop
1b electron microscope operated at 100kV.

IIT. RESULTS

1. The Quench-Aged Substructure

The dislocation substructure in quenched and aged Al-6.5 wt.
%Mg 1s similar to that previoﬁsly observed in Al-5 Wt. % Mg.(S’ 7, 8)
The dislocation substructure within a single grain can vary appre-
clably over short distances. This variation is greater than that
‘observed over the entire two—inch specimen lengsn. Figure la shows
a typical region containing _arge helices and loops. The density of
vexry small defects seen in.the backgrounda, e.g. at A, is .:. i near
the larger, more stable dislocations, as one would expect if these
were clusters of vacaﬂ;;és, small loops or precipitates. However,
in Fig. 1b, it can 5e seen that prismatic punching has occurre: from
. - these small defects whigh shows that they are precipitates and not
3 dislocation loops.
These brecipitateswere not prgsent in specimens which had been

gquenched and aged at room temperature. This indicates that they are

not impurities undissolved after the homogenization treatment as had
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‘been observed by Embury and Nicholson.(9) The precipitates are thus | i
assumed to be essentially M’gaAl3 (or an intermediate phase). They’ :
gave rise to no anomalous effects in the eleétron diffraction pat-
terns (e.g. streaks or extra reflections) so that no structural
determinations were possible.

The contrast from the small precipitates (e.g. at S Fig 2) is
éimilar to that observed from cobalt particles in Cu-Co alloys(lo’ ll)
and is sensitive to the diffracting conditions. The contrast is thus
typical of that due to coherency strains. From the nature of the
con£rast and from the symmetry with which <110> loops can be generated
from a given precipitaté, it is concluded that the precipitates are
small spheres. The following poinﬁ also indicates that the small
defects are not disloggpion loops. In order to maintain a loop of
radius r = 1004 at I6b°C, the vécancy»supersaturation é/co.must be
~10. One Vould not expect this yalue of excess quenched-in vacanciles
after an annesal of 100h at 100°C, unless the precipitaté is supply-

ing vacancies , for example, during a transformation from B° to B.

2. Prismatic Punching

Prismatic punching of loops, which are expected to be of the
interstitial type in view of the Mg2A13 structure,was observed during
examination of the foils in the microscope. A typical sequence is
shown in Fig. 2. The looﬁé are always generated along <110> glide -
cylinders and are bnly visible when the foil is oriented to give
diffraction éontrasto Since the loops glide along the cylinder due
to the stress field of succeeding léops, they must'be of the a/<l10>

kind.
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In Fig. 2b a loop has been punched out from the particle S

~along [101] and a second oné has been emitted in Fig. 2c. in addi-
tion a new row of loops has been generated along [0I1]. A uniform

5 loop row has also beéﬁ created at T (Fig. 2c). Within the accuracy
of measurement, all five loops in row T are the same size (r = 4OR),

whereas the first loop emitted ffom S was smaller than the second.

- This might indicate that some growth of the precipitate or cﬁange in
strain field occurs during punching. In some cases the first loop
punched out is larger than subsequent loops, some examples of which
can be seen in Fié, 3a. In other cases uniformly sized loops are
produced but thére appears to be no fendency for any one kind of
efféct t0 predominate.

The observations of the variations in loop radii are important,
especially with respect to those loops which decrease in size with
distance from the source. A decrease in radius with distance traveled

.is usually assumed to occur because the loops are interstitial and
absorb vacancies, an effect which would be more pronounced with
small loop radil. This cannot explain'the random variation in sizes
of loops observed in this investigation: Thus one cannot conclude
per se that vacancy absorption by interstitial loops always accounts
.for a decrease in loop.radii along the loop row, although all the
loops are expected to be of the inmterstitial kind in the alloy in-
'vestigated here. ‘

| The str@cture adjacent to precipitates becomes complex, Fig. 3b,
as. many aislocatiOnS':are generated. The contrast is probably due

to tangled dislocations e.g. at the precipitate~matrix interface.
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Another observation of interest is the formatioﬁ of a single dislo-

cation loop that apparently remains attached to the particle, Fig.3
at U.. Only the precipitate is visible in Fig. 3a, but in Fig. 3b
a loop is clearly present. The single attached loop is similar in

appearance to those observed for climb sources,(le’ 13) A double

SETIUN .

loop climb source, with the inner attached .loop is shown in Fig. La,
taken ffom a bulk specimen aged at room temperature. Climb sources

are also found in specimens which have been rapidly quenched and aged
above room temperature, Fig. 4b, but thé innermost attached loop is
then usually missing. '~ The stabllity of attached loops in climb sources
will be discussed later. The defect which has generated climb sources
in Fig. U is éimilar in appearance but larger'than those which géner-
ate punched loops in thin foils.

3. The Critical Sheaf Stress for Prismatic Glide

The fact that the precipitates generate prismatic dislocation
loops indicates that high stresées are set up around the particles
aue to a change in volume as they nucleate and grow. As pointed out -
by Bullough and Newman(lh) the final configuration of a row of loops
is attained when the shear stress acting on each loop due to its
neighbors is equal to the:critical Shear_stress required to move a
‘loop. Bullough and Newman derived the following expression for
calculating this criticalfshear stress assuming the loéps to have
copstant radiil -

. = .]Ble

¢ ZDx (I-v)

The dimensionless parameter v is related to the ratio of lobp spacing

to loop diameter, D is the average diameter in a row, v is Poisson's
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ratio, G the shear modulus and b the Burgers vector. Experimental ' é,

values of % , where z = loop spacing, are plotted'in Fig. 5 together'

with the theoretical curve for v = O»OS(lh) which gave the best fit

to our data. Taking v = 0.05 and r = 50A, then the critical shear

stress is found to be 3.4 x lO'hG.

IV. DISCUSSION

Nucleation of Precipitates

/
The influence of dislocation substructure on the distribution

of precipitates in Al-Mg alloys appears to be more complicated than
"1s found in other aluminum alloys° One would expect the presence of’
dislocations to result in the efficient operation of heterogeneous

nucleation such as is found in the Al-Cu and Al-Ag systemsn(l°3) In

 concentrated Al-Mg (9.3% Mg) heterogeneous nucleation has been observed(l3)
in the form of rod-~-shaped precipitates on prismatic dislocation lobps.
However, the precipitates ﬁere relatively small and the loops large.

This indicates that one must be'very careful to choae an aging'trgaimeht:
sultable for the formation of observable precipitate while not allow-
ing the dislocations to climb appreciably. From previous climb
experiments(s) it is now known that the fwo hour-lOOfC annéal used

" by Embury and Nicholson(l3) is not adequate for perceptible disloca-.
fion climb. The grain boﬁndary precipitates shown in Fig. 6 were
observed aftér aging Al-5% Mg for 50 hours at 150°C. Most of the
dislocations had anegaiéé out and precipitation was observed only in

the grain boun@ariéso The formation of the precipitate also gives

rise to high local stresses as evidenced by the generation of dis=

locations, and the precipitates themselves are not readily seen but



-8~ ' UCRL-10968"

rather the contrast.due to their strain fields.

yd
e

A possible case of homogeneous nucleation is shown in Fig. T
where the relationship between dislocations, small angle boundaries
and small precipitates is feadily observed.  The life time for free
vacancies is ~1072 sec at 20°C assuming 108 jumps per vééancys Thus,
after quenching from 556°C into iced brine, the prismatic loops
probably nucleated at room temperature and grew until the unassociated
excess vacancies were out of solution. This micrograph shows that
the free vacancy supersaturation increases with distance away from
the boundary (notice how the loop size and density changes from X tp
Y) and that precipitates form in highest densities about half way
along the denuded zone. This is just where one,woﬁld expect the
concenfration of vacancy-magnesium complexes to be a maximum.. As
shown in an earlier pap;r<51 the total concentration of vacancies
in supersaturated Al-Mg alloys is the sum of free vacancies‘(which
go to form loops) and bound vacancies. In the case of Al-S% Mg
alloy the binding energy was estimated to be ~0.2 eV so that a
large fraction of vacancies are trappéa,by magnesium atoms. In this
case it is then more favorable for precipitation to occur rather than
nucleation of large loops_as this explains the large size of the

loop free zone (~3u). There thus appears to be some critical concen-

tration of vacancies in a Mg-vacancy complex necessary for precipita- -

tion of the small spheres. This is not unexpected in view of the
complex structure of'Mg2A13. Precipitation is thus expected to be
véry sensitive to the Mg atom-vacancy ratio, i1.e., to the quenching

temperature as well as to'the density of permanent sinks. The latter

5
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is also dependenf/up6h the Mg concentration.(s) This explains why
we db not always observe this type of precipitation in alloys of
different compositions but all heat treafed in the same way and
conversely in one alloy'after different quench—agihg treatments. The
fact that these jrecipitates are not observed in areas wﬁere the loop
density is high suggests that in these areas magnesium atoms prefer
to be distributed along dislocation lines.rather'than precipiiate,
in spite of the high supersaturatioh. This idea is also supported by
the result that no heterogeneous precipitation has begn observed under
conditions where matrix precipitation occurs.

From the width of the precipitation free zone in Fig. 8 (xpgo.h“)

a value for the diffusivity D = 11: x‘;t”l - 107

,cm?/sec. is calculated,
which is higher than the diffusivity expected from data available in the
literature. However, this value is reasonable when one considers the
high vacancy supersaturation whiqh is simultaneously eliminated, and‘
suggests that some kind of G.P. zone stage may occur prior to

(6)

precipitation. There 1s some evidence for this from-resistivity
experiments (Federighi, private communication).

Nucleation of Dislocations

The nucleation_of dislpcations from_Mg2A13 particles is expected
to occur in view of the large stresses set up due to the volume changes
accompanying precipitationo The criteria for precipitates to form a
single attached loop (climb source) or to generate a row of prismatic
loops are not obviocus. Some punching of interstiti;l loops may occur
concurrently with the fofmafion of a climb source loop, and only a

small concentraxioh of vacancies would be lost dﬁring annihilation of
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the loop. For example, the particle density associated with foils
showing climb-sources (see Fig. 4b) is of the order of 1043 cm—3, and
if each particle punched out 10 loops, each 40 R in radius, a vacancy
concentration of ~lO_T could completely annihilate all loops, i.e.,
approximately 1000 facanciés per interstitial loop. Therefore, a
sufficient wvacancy supersaturation would still‘be available for
generation of the climb séurce. The vacéncy concentrgtion calculated
from the sources in Fig. 4b is approximately 1o’h. Had the dislocation
at D in Fig. 3b been formed when the matrix still contained a large

vacancy supersaturation, a climb source may have operated.

Vacancy Loop Stabllity

A brief discussion of the vacancy supersaturation requifed to
operate a clim5 source is prompted by the following observation. The
attached inner loop of a source is sometimes present whnen a sample has
beén slowly quenched with no additional aging, bSut never after a specimen
has been rapidly quenched and aged at 100°C or mcre. ' ‘

The vacancy supersaturation necessary to maintain positive climb

of a dislocation with radius of curvature r is,(ls)‘
4
c Gb
in Eo R {én r/v + 2.5} . (7)

' 11 ' |
Taking G = 2.6x10 dyne/cme, b =2.86 A and v = 0.33, the supersaturation

required to maintain loops with several values of r at 100°C and 160°C were

calculéted, and the results are shown in Table I. The inner loop radius
in Fig. ba is ~300 A which, from Table I, would require c/co ~2, and as
previously mentioned a small amount of supersaturation should be present

after only room temperature aging. As more loops are generated by the
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Table I.

VACANCY SUPERSATURATION TO MAINTAIN CLIMB

rA T°C c/cO
50 ' 100 ' 50
160 _ 30
100 100 10
160 T

300 100 | 2.k

160 2,1

1000 , 100 1.4

160 . 1.3

20090 _ 100 1.2

160 1.2
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source, the vacancy concentration within the small volume of matrix
surrounding the precipitate should steadily diminish. Thus, during .
extended aging at 100°C the innermost unattached loop (r ~2OQO§) becomes

much more stable than the attached loop (f ~3OOA or even less), and a

vacancy flux from inside to outside should be set up. Under these

conditions the inside loop should shrink and rejoin the particle-matrix

interface.

V. CONCLUSIONS

1. Homogeneous precipitation in Al—Mg alloys containing 5 and 6% wt. % Mg

appears possible when a critical supersaturation of both Mg'atoms and
vacancies is obtained, e.g., in the zone between colonles of prismatic
dislocation loops and grain boundaries.

2. 'Precipitation is inhibited wh§h the prismatic loop density is high
(high free Vacancy supersaturation) when tﬁe Mg atoms apparently
redistribute along the dislccations probably forming atmospheresf

3. Stresses associated with the formation of precipitates can be relaxed by

rismatic punching of dislocation loops or by the operation of é climb
source. The former predominates when the vacancy supersaturation is
“insufficient to annihilate the'loops, and the climb sources operate
when the vacancy supersaturation is relatively high.

4, The critical shear stress, T, for glide of loops produced‘by prismatic
punching was estimated from the Bulloﬁgh and Newman theory, and was

found to be 3.4 x 1o'b' G. -
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Figure 1.

Figure 3.

Pigure L.

Figure 5.

Figure 6.

~1ha UCRL-10968

Figure Captions'

Structure typical of Al-6.5 wt. % Mg quenched from 550°C into
brine and aged 100h at 100°C;  (a) helical dislocations and
loops with small precipltates, e.g., at A and, (b) Drecipitates
which have generated dislocations by prismatic punching. '
A vunching sequence observed directly in the.microscopg showing;
{a) precipitate at S exhibiting coherency strain contrast,

(b) a single small loop punched out at S, (c) a second larger

lcop and another row at S and a row of five loops at T. Foil

-

prepared from Al-6.5 wt. % Mg after quenching from 550°C into iced

brine, and aging 100h at 100°C.
A punching sequence where, (a) faint precipitate contrast is

visible at U and, (b) a single attached dislocation has been

formed at U. Al-6.5 wt. % Mg quenched from 550°C into iced

brine, aged 100h at 100°C.

Climb sources in Al-Mg alloys. (a) Two loop source containing the

inner attached loop. Al-~5 wt. % Mg, quenched from 550°C into iced:

brine and aged ~1 mo. at 20°C. (b) Showing precipitate contrast

and multiple sources in Al-6.5 wt. % Mg, quenched from 550°C into iced

brine, aged 10Ch at 100°C.
Variation in the ratio of loop spacing (z) to loop diameter (D)
as a function of position (pi). The squares and triangle

represent data from rows T and V, Figs. 2c, 3b, respectively.

Grain boundary precipitate which has punched ocut loops. Al-5 wt.

% Mg quenched -from 520°C into water at 78°C and aged -~~50h &t

150°C.
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Figure captions, continued:

Figure 7. As Fig. 2 showing small asngle boundaries, prismatic loops and” "

precipitates. Note precipitates in the loop~free zone and

=

‘the variation in loop size between X and Y.

~
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(a)

(b) ZN-3956

Fig. 3,
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(b)
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MU-31641

Fig. 5.
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ZN-3954

Fig. 6.



-22- UCRL-10968

ZN-3955

Fig. 7.
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