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ABSTRACT

The microstructure of Al ion-implanted at room temperature with 17 at.% 0
has been characterized with TEM. The alloy has extremely small (1.5 - 3.5
nm) oxide precipitates whose crystal structure is interpreted to be a
disordered version of v-Al903 having a fcc lattice of 02- ions‘w‘ith Al3+ ions
in ‘random interstitial sites. The small sizes can account for the
exceptionally high strength of as-implanted‘al‘loys: 2500 - 3300 MPa. Larger
precipitates are found when the alloy is annealed 1/2 hour at 550°C, which is

consistent with its somewhat lower strength: 800 - 1600 MPa.
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1. Introduction

Ion implantation into metals [1] can form near-surface alloys with solute
concentrations far‘above equilibrium soiubilities. The phases of the
implanted layers are frequently metastable. If kinetics permit precipitatién
to occur, the particles are usually small and dense in number. These novel
microstructures éan produce alloy layers with superior mechanical broperties.
All these special features are‘found in Al implanted with 0.

Previously, nanoindentation of Al implanted with 5, 10 or 20 at.$ O and
annealed at 550°C showed it to'bé much harder than pure Al [2]. Furthermore,
finite—element‘me;haﬁicél modeling of the indentation indicated that the
implantéd layer hésia very high flow stress: 800 - 1600 MPa, for 20 at.% O.
This alloy contaiﬁed a high density of small +v-Alp03 precipitates 4 - 10 nm
in diameter. Conventional precipitatioﬁ hardening theories applied to this
very refined microstrﬁcture‘quantitatively account for the high strength [2]}.

More recently, as-implanted Al alléys with 20 at.s O haﬁe been found to
have an even higher flow stress of 2500 - 3300 MPa [3). The strengths of the
implanted alloy layers are seen to be exceptionally high when compared to the
Al alloys listed in Fig. 1. Pure Al has a very low yield stress of 40 MPa,
while even that of 7075-T6, a high-strength aerospace Al alloy, is only 500
MPa: The strength of the as-implanted alloy even exceeds that of hardened
440C bearing steel.

Here we characterize‘ﬁhe as-implantéd microstructure and compare it with
that after annealing at 550°C. The as-implanted alloy has very small oxide
precipitates (1.5 - 3.5 nm in diameter) which are a disordered version of the
7-Al1203 phase found after annealing. The smaller sizes can quantitatively
account for the increased stiength of the as-implanted alloy.

A‘pure Al foil with large grains (>~100 pm) was implanted with

1.5x1017 0/cm? at 50 keV, followed by 5.7x1016 0/cm? at 25 keV. The foils
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were clamped to the specimen holder, and implantation was done with currents
< 2.7 pA/cmz. This sequence was calculated to produce a near-surface alloy
with a concentration of 20 at.% 0. Rutherford backscattering 2.0 MeV “He
indicated a slightly smaller value, 1741 at.% O, which extended to a depth of
0.11 pm, This concentration greatly exceeds the vanishingly small solid
solubility of b in Al (<3x10'8 ag.% [4]). ‘DiSkS were puncﬁed from the foil
~ and back-thinned by jet electropolishing for fransmission electron microscopy
(TEM) exémination, or were aﬁnealed 1/2 hour at 550°C and then examined.

2. Microstructure of Annealed Alloys

It is useful to discuss the annealed alloy first, since the crystél
structure of its precipitates is clearly idenfified. Bright-field images
show very ﬁottled Al diffraction contours with small white areas (~10 ﬁm),
(thch suggest that a second phase is preéent. "Electron diffraction patterns
have additional, less infense reflections midway between those of fcc Al, as
shown in Fig. 2a) for a <100> zone axis. Tilting off the axis reduces the
intensity of the Al reflections and allows other oxide reflections to be
resolved beside them at a slightly larger radial distance; the two spots are
seen in the enlarged (3x) insert of Fig. 2b). Other patterns show
reflections elongated in <111> directions, which suggests that the particles
are thinner in these directions. All the additional reflections are
accounted‘fof by identifying the precipitates as +v-Alp03 and aligning its
cubic axes with those gf the fcc matrix., This metastable phase has been
previously identified in O-implanted Al [5,6].

Two sets of precipitates are identified by using two different imaging
methods. First, bright-field imaging in weakly diffracting areas (away from
Al diffraction contours) shows a high areal fraction of particles, whose
contrast can be enhanced by imaging slightly out of focus. Figure 2c) shows

an underfocussed condition with a white edge appears around the particles;



the edge‘becomes dafk in overfocus. This contrast variation is opposite Eo
that of cavitiés,‘and implties that thére is stronger electron scattering in
particle areas than in matrix areas of‘the specimen. The stronger scattering
could 5e due to surface relief’associated with the particles, implying that
ghey are close to the surface. However, some particles appear to overlap
each cher,,and particle number is feauced in thinner specimen areas: these
two features suggest that the particles are distributed in depth. The
strongervscatte;ing~might then be due to the'higher total-atom‘deﬁsity of
Al903 (1.082x1023 at./cnd) relative to fcc Al (0.602x1023 at./cm3). Thus the
deﬁth'of these 10 - 25 nm particles in the implanted layer is not clear..

The second method, dark-field imaging; iiluminates both sets of
vprecipiﬁétes. Imaging can be done with either the‘y-phase ordering
feflections located between the intense reflections of fcc Al or the stronger
reflections adjacent to those of Al when the sample is tilted off axis. An
imagé taken with the adjacent reflection indicated in Fig. 2b) is shown in
Fig. 2d). The matrix image illuminated with the Al reflection is weaker than
that of the oxide particles seen in this area. A few large, bright particles
(up to 25 nm) apparently belonging to the first set are readily seen; theif
number is reduced from that in Fig. 2c¢) because of the tilting. However,
close examination also shows a dense distribution of less—intense,‘smaller
.particles. The second set of‘smaller particles seen in this and other dark-
field images are 2 - 8 gﬁ. The ranges of size make it hard to distinguish
the two particle sets and imaging the second set is difficult in dark field,
but a high density of particles as small as ~2 nm can be identified.

Thus the annealed alloy contains 7-Al903 precipitates with a broad,
bimodal distribution of sizes, 2 - 25 nm, which includes that previously
reported for 20 at.% Al (4 - 10 nm). Proximity to the surface may have

influenced the large precipitates. The 7y-Alp03 structure [7] consists of a



fce subiaftice of 02- ions wifh Al3t jons in interstitial sites. The Al‘3‘+
ions occupy an orderéd set oflllll) planes, and this ordering doubles the fecc
celi size to produce a cubic cell with ag =‘O.79O rm.  This vaiue is only"
2.5% less thah twice that of Al (2;0 = 0.8098 nm), which gives a high degree
of coherency between the matrix an& the small oxide particles, as discussed
p#eviously (6]. The ordering and doubled cell size producé‘the isolated
reflectioﬁs seen between those of Al.

3. Hicrostructﬁ:e of As-Implanted Alloys‘

Oxide precipifates are also preéent in the as-implanted alloy, bﬁt do not
produce readily observed reflections in any zone-axis diffraction patterns,
such as the <100> pattern in Fig. 3a) (comﬁare with Fig. 2a)). The absence
vof the isolated reflection indicates that the oxide is not chemically
orde:ed. Howeverf when the specimen is tilted off an axis, additional
diffuse reflections are‘seen' The patterﬁ in Fig. 3c) was obtainéd by
tilting the specimen ~5° off a <100> zone axis. Weak, diffuse refleétions
are seen beside‘the‘sharp Al reflection of reduced intensity on either side
of the bright row; the 3x enlarged insert'in Fig. 3c) shows both. A diffuse
reflection is seen at the position of each Al reflection when the specimen is
appropriately tilted off any axis., No other reflections are observed.

The diffuse spots are dug to very small oxide precipitates with an fcc
structure, Tilting off axis reduces the Al intensity, but low-intensity
relrods in three-dimen;ibnal reciprocal‘space still intersect the Ewald
sphere and produce sharp, weak spots in the diffraction pattern, as
illustrated schematically in Fig 4. Tilting reduces the oxide intensities to
a lesser extent than those of Al because the reflections are very broad in
reciprocal space due to the small particle size.

The precipitates ave readily detected as small‘white spots against the

dark, strongly diffracting Al matrix in the bright-field image of Fig. 3c).




Larger particle‘s like those in the annealed sample were not found in this
alloy. Dark-field imaging allows them to be sized more accuratély, and can
be done in two ways. A ‘weak-beam image can be obtéined by tilting‘ ‘the
incident electron beam to shift tHe strong reflection seen i‘n Fig.‘ Sb) to the
central axis; this ihage is shown in Fig. 3d). Many dislocations which
result from lattice displaceménts during the ion implantation are seen with
their cores illuminated, and a high density 6f the very small o#ide particles
is seen between them. Secondly, imaging Qith a diffuse;spot and the Speéimen
tilted ~5° off axis as in Fig. 3b) produced Fig. 3e); the‘ Al image
iiluminated in tHis area: is‘very weak.  Examimation of all the images
indicates that most of the precipitates in the as-implanted alloy are 1.5 -
3.5 nm in diameter. It ié possible that smalle;: particles are also present
-but are nét detected due to ovérlap with other barticles and inétrument
resolution (—6.7 nms.‘
4, Discussidn‘ |

The smayller precipitate $izes in the as-implanted alloy imply a higher
number density‘than in‘the annealed alloy, which is consistent with its
»ﬂigher streﬁgthJ In fact, the observed sizes give quantitatiﬁe agreemenﬁ
| with the flow stress when all the oxygen is presumed to have precipitated and
a dispersion strengthening model is used, as discussed elsewhere [3,8]. A
second mechaniém, coherency strengthening, appears unable to account fully
for the stréngth of the éé-implanted alloy, unless the lattice misfit between
the disordered precipitates and métrix has 1ncreaséd sighificantly beyond‘the
2.5% for ordered y-A1203 and féc Al [3,6].

Several features indicate that the anneal at 550°C produced significant
precipitate evoluﬁion. The appearance of the ordering reflections indicates
Al3+ motioQ within the precipitates. The oxide reflections at the fcc

position are significantly sharper in the annealed alloy, which indicates
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that the average precipitate size is larger, as confirmed by imagiﬁg. ‘The
precipitates in the as-implanted alloy (1.5 - 3.5 nm) are not nearly as large

as the first set (10 - 25 nm) in the annealed alloy, and even the second,

smaller set (2 - 7.5 nm) appears larger than those in the as-implanted alloy. '
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