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Magnesium diffusion, surface segregation
and oxidation in Al-Mg alloys

C.LEA, C. MOLINARI*

Division of Materials Applications, National Physical Laboratory, Teddington,

Middlesex, UK

Auger electron spectroscopy (AES) has been used to follow the surface segregation behav-
iour of magnesium at the surface of Al—Mg alloys in the temperature range up to 600° C
as a function of time. The evaporation rate of magnesium from the maghesium-rich
surface has aiso been measured. The combination of the competing processes of segre-
gation and evaporation has been treated theoretically and compared with the experimen-
tal measurements. The measured equilibrium surface enrichment of magnesium fell from
a factor of 24 at 100° C to 12 at 200° C. At higher temperature the evaporation rate
exceeded the segregation rate and the surface layer became magnesium-depleted. The data
also lead to a low-temperature determination of the diffusivity of magnesium in
aluminium. The same Al-—-Mg alloys have been heat-treated, within a similar time—
temperature regime, in air. The oxide films have been composition—depth profiled using
AES with ion sputtering, and measurements of the rate of oxide growth lead to infor-
mation about the diffusivity of magnesium through the oxide films.

1. Introduction
Undesirable effects such as tool wear, poor
adhesion of applied organic films, staining, etc.,
occur during the fabrication of Al-Mg alloys.
They are all related to changes in the composition
and structure of the metal surface occurring during
production heat treatments. In general, if such
alloys are heated in vacuum, magnesium is depleted
from the surface layer because of its surface
activity and more ready evaporation, while if
heated in air, the oxidation of magnesium is
energetically preferred, producing a magnesium-
rich oxide and consequently again, the possibility
of a magnesium-depleted surface layer of the alloy.
Besides the commercial implications, the behaviour
of the surfaces of Al-Mg alloys is of particular
interest since the two pure metals have such differ-
ent evaporation rates in vacuum while, in air, they
follow different oxidation rate laws.

This paper concerns the kinetics of diffusion of
magnesium in Al-Mg alloys, through the lattice

and the grain boundaries, to segregate at free sur-
faces. The kinetics of surface segregation vary as
the magnesium-rich surfaces are allowed to oxidize
or the magnesium is allowed to evaporate.

The nature of the surface composition and
structure of Al-Mg alloys, rolled and heat treated
in air, and their importance in subsequent fabri-
cation has recently been treated elsewhere [1]. In
that work the oxidation was considered of the
alloys in their production, as-rolled state. In this
complementary work, the segregation, evaporation
and oxidation kinetics have been measured under
precisely defined conditions and surface state. In
this way an understanding of the precise physical
laws which govern the behaviour of the alloys will
be achieved enabling optimum procedures to be
defined within industrial practice.

2. Materials
Two Al-Mg alloys have been used, nominally to
the Aluminium Association specifications 5657
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TABLE I Composition of the alloys (wt %)

Alloy Al Mg Zn Cu Fe Si Mn total others
5657 bal. 0.76 0.02 0.04 0.10 0.10 0.0035 < 0.05
5252 bal. 241 0.02 0.07 0.10 0.10 0.0055 < 0.05

and 5252 with 0.8 and 2.5wt% magnesium,
respectively. The analyses of the alloys is given in
Table [.

The materials were in the form of 0.5 mm thick
sheet, cold rolled and annealed with nominal UTS
values of 215 and 235 MPa, respectively, for the
low and high magnesium compositions. Coupons
of about 1cm? were cut and polished with emery
paper followed by diamond down to 0.25um and
ultrasonically cleaned in ethyl alcohol. The sample
microstructure was examined by similar polishing
of transversely mounted material with an etch in
17% HNO3;—3% HF acid solution to produce grain
contrast. A typical microstructure exhibited an
average grain size of 50um.

3. Auger electron spectroscopy

Auger electron spectroscopy (AES) enables
analysis of a surface layer between about two and
ten atoms thick, depending upon the inelastic
mean free path (imfp) of the characteristic Auger
electrons emitted. When used in conjunction with
argon.ion sputtering which strips off surface atom
layers during the analysis, composition—depth
profiles through the surface region can be built
up. Both the peak intensities and the peak energies
of the Auger electron spectra of aluminium and
magnesium are sensitive to chemical environment
and the peaks representative of the metals are
clearly different from those of their oxides. As a
measure of the relative quantities of aluminium
and alumina, the L,3VV Auger lines at 68 and
52 eV, respectively, could be used, but these peaks,
having very low imfps [2] are very sensitive to sur-
face contamination and the initial stages of oxide
film formation. The determination of the relative
amounts of aluminium and alumina from the high
energy KL,L, Auger lines at 1396 and 1378¢V,
respectively, is more difficult because of the over-
lap of the associated plasmon peaks, but is less
sensitive to contaminants adsorbing during the
analysis because the analysis is averaged over some
seven atom layers instead of two. In general, there-
fore, the high energy Auger lines have been used.
For magnesium -and magnesia the corresponding

KL,L, Auger lines occur at 1186 and 1174¢V,
respectively.

Auger electron spectra were obtained with a
10um diameter 3keV electron probe across a
matrix of points on the sample surface. A rela-
tively small probe was used to obtain a large num-
ber of spectra from each sample rather than a
defocused probe, in order to negate effects of
local topography. By scanning the probe, a low-
resolution scanning electron micrograph could
be obtained which could be used to later identify
the analysed area after removal of the sample from
the spectrometer, in a scanning electron or optical
microscope. Composition—depth profiles were
obtained by combining the AES analysis with
sputtering of the sample surface using a 3keV
argon ion beam, rastered across the sample surface,
with a dynamic argon pressure of 5 mPa.

Quantification of the Auger electron spectra
was effected through the use of spectra from
samples of pure aluminium and magnesium ion
etched in situ and of thick oxide films of Al,O3
and MgO grown on these standard samples. Spectra
were translated into atomic % according to stan-
dard quantification procedures. For magnesium
adsorbed at the surface of alumina as a monolayer
segregant the area coverage of magnesium is given

by 3]

IMg/Ii.}Ig
Omg = == (1)
Mg = OMmeal AR
where
0 _ Mvg(Fag) €08 0(1 + ryg(Fng) @
MeAl anMg 1+ 7a1(Emg)

In this equation NMF) is the imfp which is given
empirically by [2]

538
NE) = v + 0.41(eE)"? monolayers  (3)

E is the energy of the Auger electrons, a the
atomic size defined by

3 atomic weight

B Avogadro’s number X density

here equal to 0.285 nm for magnesium, and § is the
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angle of emission of the Auger electrons from the
surface normal. The r(E') are backscattering factors
which arise to account for the Auger electron
signal from backscattering processes. [y; and fy,
are the measured peak intensities from the sample
surface and Iy and Iy, the relative standard inten-
sities from pure samples of the bulk elements.

In the case under consideration here, the bulk
material contains a significant amount of mag-
nesium, so that although segregated magnesium
will adsorb at the free surface atomic layer, there
will be a magnesium concentration in- the under-
lying layers at equilibrium with the bulk. This
must be taken into account when quantifying the
spectra.

If the sample can be considered to be homo-
geneous to -a depth greater than the imfp an
equation analogous to" Equation 1 may be
derived [3]

XMg IMg/I;\;Ig
Xa1 MeAL L/l @

The absolute imfp is no longer a requisite and
the matrix factor is given by

1+ ryg(Enig)
1+ rai(Bug)

where the symbols are as before. Backscattering
values have been taken from the Monto Carlo cal-
culations of Ichimura and Shimizu [4].

By using these procedures it is possible to
quantify accurately the spectra in terms of at%
and to average the analysis over a large number of
points across the sample surface.

Fygar

a_ME]I.S (5)

aal

4. Heat-treatment in vacuum

4.1. Time dependence of magnesium
segregation

The solution of the diffusion equation for solute

segregation to a free surface of a dilute binary

alloy gives the surface concentration of solute

C!t (atomsm™) after a time, ¢, as [5]

ct—c? 1 Dr fc( pr\"”?
=5 = gl —exps55erfc| 55
C.—C? * P o2d?

(6)

where C.,, asssumed constant, is the bulk solute
content (atomsm™>) away from the surface, D is
the solute lattice diffusion coefficient (m?sec™")
and d (m) is the solute monolayer thickness at the
surface, taken as the atomic size. The surface con-
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centration of solute at time ¢, C7, is related to the
time varying bulk solute content immediately
below the surface, C’y, by a, the surface enrich-
ment ratio. This is the ratio of the concentration
of segregant atoms at the surface to that in the
bulk. At equilibrium Cye, = C,, and hence C; =
aC,.. This time dependence of C! (plotted, for
universal application, as a function of Dt/a’d?) is
shown in the V' = 0 curve of Fig. L.

From Fig. 1 it can be seen that C? reaches 90%
of its equilibrium value after a time fo = 30a’d*/D.
From measurements which will be described later,
for the Al-0.8Mg alloy, fgo ranges from about
800h at 100° C to 1 msec at 600° C.

In general, when a binary alloy is heated in
vacuum one -or other of the components will
preferentially deplete by evaporation. Over the
temperature range of interest here, the vapour
pressure of magnesium is more than nine orders of
magnitude greater than that-of aluminium. Hence
magnesium will evaporate, limiting the rate of
build-up of its surface enrichment. The effect of
evaporation on the kinetics of surface segregation
may be evaluated [5] as the difference between the
rate of diffusion from the atom layer just below

the surface and the rate of evaporation, R
(atomsm™?sec™)
aCt aCkH
d— = D|-—= -R 7
at aZ 220 ( )

This assumes that evaporation of the aluminium is
negligible and that, since the chemical potential of
the magnesium just above the surface is equal to
that just below the surface, by applying Raoult’s
law, the rate of evaporation is proportional to the
bulk solute content in the atom layer under the
surface, namely C?_,.

The rate of evaporation, R, may conveniently
be expressed in terms of a dimensionless par-
ameter, V, such that

_ VDCl,
T dd

25ec™?

atomsm”~ (8)
The predicted effect of varying V on the kinetics
of surface segregation is shown in Fig. 1. With
evaporation, the segregation level passes through a
maximum before falling asymptotically to zero as
a result of competition between the two mech-
anisms of a diffusion-limited segregation rate from
a depleted zone and an evaporation rate dependent
upon the segregation level. By expressing R as in
Equation 8 the set of curves in Fig. 1 has universal
applicability.
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Figure 1 The time dependence of the segregation level at a free surface in vacuum for a series of evaporation rates (after

Lea and Seah [5]).

4.2. Rates of evaporation
In order to test the curves of Fig. 1 it is necessary
either to measure V experimentally or to describe
it from thermodynamic data. Experimental
measurements are described in Section 4.4,

The equilibrium vapour pressure, p, of a dilute
solute, here magnesium, more volatile than its
matrix is related to the vapour pressure of pure

solute, po, by
B AG
D = poexp RT

where AG is the free energy difference between
the solute in the dilute alloy and in the pure bulk
state, at temperature 7. To a first approximation
p varies as the solute content below the surface,
assuming Raoult’s law is obeyed:

p = poCizyg

If p is expressed in Pa, the rate of evaporation of
solute from the surface is [6]

R = 264 x 10%p/(wT)"? atoms m™?sec™?
9

where w is the atomic weight of the solute. By
combining Equations 8 and 9 the temperature

dependence of V' may be determined, enabling com-
parison of Fig. 1 with experimental measurement.

4.3. Experimental procedures

Specimen coupons, polished and cleaned were, in
turn, mounted to form one face of a hollow cube
constructed from the same Al-Mg alloy as the
specimen, itself attached to a universal motion
device within the vacuum system of the Auger
electron spectrometer. The hollow cube sur-
rounded a directly heated tungsten coil of suf-
ficient wattage to enable the Al-Mg specimen to
attain temperatures in excess of 600° C by radiation
from the coil. Temperatures were monitored using
a 40pm diameter chromel—alumel thermocouple
fixed to the outer surface of the sample. The tem-
perature was controlled by the thermocouple to
better than +3°C at equilibrium by switching
only a small part of the coil current. Initially, heat
was applied to the specimen holder at maximum
power in order to raise the sample temperature
as rapidly as possible to that required. The time
taken to reach 200° C was about 30sec and to
600° C about 3 min. Auger electron analyses were
possible at elevated temperatures without dis-
tortion of the spectra.
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To measure the rate of evaporation from the
specimen surface and to identify any species evap-
orating as well as the magnesium, a copper flag
was mounted a short distance from the exper-
imental surface of the sample. This flag was one
end of a rod which formed a direct vacuum feed-
through, and its end outside the vacuum chamber
could be cooled using liquid nitrogen. This
increased the sticking probability of evaporating
species on the copper flag to close to unity. The
copper rod, mounted on a wobble stick, could, by
suitable adjustment, be moved such that the flag
could be both ion sputtered clean and surface
analysed by AES.

The experimental procedure was to clean by
ion sputtering, first the cooled copper flag and
then the Al-Mg sample. In the latter case the ion
beam was rastered to increase the area of sputter-
ing and so reduce the possibility of surface dif-
fusion of mobile species from unsputtered parts
of the sample surface into the cleaned area during
the heat treatment. Sufficient surface atom layers
were always sputtered from the sample to ensure
that the bulk composition had been reached; the
effect of depletion layers below the surface can
affect the segregation kinetics significantly [5].
The cleanliness of the copper flag and the speci-
men were monitored by AES prior to any heating.

The sample was then raised to a selected tem-
perature as quickly as possible and the composition
of the surface monitored by AES as a function of
time. The spectra were quantified by the proce-
dures described in Section 3 and the composition
of the surface atom layer expressed, as C, in
atomsm™>, Finally, the copper flag was moved in
front of the Auger electron analyser and the
amount of evaporated material quantified from
the spectra.

4.4, Measurement of evaporation rates

The Auger electron spectra from the copper flag
exhibited only copper and magnesium over the
entire temperature range up to 600° C. No alu-
minium or contaminants were observed. In order
to make quantitative measurements from the spec-
tra, Auger peaks from both copper and magnesium
were necessary. Hence for a given geometry of the
Al—Mg specimen and the copper flag and a given
time of heating, upper and lower limits of measure-
ment of evaporation rate are defined; the former
by the thickness of a magnesium layer on the flag
equal to the ifmp of the copper high-energy Auger

2340

peak, namely about 6 atomic layers, and the latter
by the detectability limit of magnesium on copper,
namely about 2% monolayer. The separation and
subtended angle of the flag to the specimen was
well defined and known. The main source of
uncertainty was probably the surface temperature
inhomogeneity of the sample. It has been assumed
that there was no temperature differential across
the sample surface.

The measurements of the evaporation rate, R,
by this method are shown in Fig. 2 for the Al
0.8Mg alloy as a function of temperature. These
were only possible, within sensible times, in the
temperature range 200 to 500° C. The solid curve
is a plot of Equation 9 using standard vapour
pressure data [7]. It can be seen that the general
trend of measurements is as expected and that all
the individual measurements are within an order
of magnitude the theoretical line.

From the experimental measurements of R and
Equation 8 it is possible to derive values for the
evaporation parameter ¥V and hence deduce the
ranges of time and temperature that are applicable
in Fig. 1. Values for « and for D are those obtained
and discussed in later sections, but are called upon
here in order to advance the argument. In the tem-
perature range of interest, 150 to 600° C the range
of V is from 1 to 100, which thus defines the
limits of consideration of Fig. 1.

The significance of V in relation to Fig. 1 is
best illustrated by specific examples. For a speci-
men temperature of 150°C, ¥ is about 2 and
o&?d¥YD takes a value about 1000sec for the Al—
0.8Mg alloy. Hence, at 150° C the surface segre-
gation level of magnesium is predicted to rise to
90% of its theoretical equilibrium value (in the
absence of evaporation) in about 10h but rise
very little more before falling again below 90% C..
after about 160h. Evaporation of magnesium at
this temperature is very slow and the segregation
level is predicted to fall to 50% C. only after some
50 days.

At the upper end of our investigated tempera-
ture range, namely 600°C, the kinetics are by
contrast very rapid, but the evaporation rate beats
the diffusional supply of magnesium to the sur-
face. At this temperature ¥ is about 75 and o*d*/D
about 40usec. Thus, the segregation level at the
free surface of the specimen, C! is predicted to
peak at about 0.8 C., before falling rapidly to zero.
The segregation level however rises to this peak
value and then falls below the detection limit of
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the Auger electron technique in a total time of
only 1 msec.

It is only in a fairly narrow temperature range,
100 to 300° C that curves of the form shown in
Fig. 1 might be experimentally attainable. In this
temperature range for the Al-0.8Mg alloy V lies
between 5 and 20 and the maximum segregation
level occurs within the practical range of measure-
ment, 1 min to several hours. Before the theor-
etical curves of Fig. 1 can be compared with exper-
imental meaurements of segregation levels and
evaporation rates, the diffusivity of magnesium in
aluminium must be ascertained. This was done by
following the kinetics of the approach to segre-
gation equilibrium at temperatures for which the
evaporation rate is negligible.

5. The kinetics of segregation

5.1. The diffusion equation

Experimental measurements of the time depen-
dence of magnesium segregation C} may be fitted
to Equation 6 and provided « is known and evap-
oration is negligible, the diffusion coefficient D
can be found. In practice « is only constant at
low segregation levels, and tends to fall, often
quite rapidly, as segregation proceeds, thus con-
tinuously changing the time scale of Fig. 1 and
consequently changing the shape of the segregation
curve [S]. In the present case, however, of mag-
nesium segregating from Al-Mg alloys, the segre-
gation level remains sufficiently low for the enrich-
ment factor « to be considered constant during the
approach to equilibrium.
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Figure 3 The magnesium concentration in the surface atomic layer of the Al-0.8Mg alloy as a function of time and

temperature.

Equation 6, for short times, approximates to
the infinite solid solution of Fick’s second law [8].
This is because the surface mobility of the segre-
gated magnesium is sufficiently high for the rate of
magnesium mass flow across the imaginary bulk—
surface interface to be described thus. Hence

Cst__.cg 7 (1)1‘)1/2

T

(10)

C.—C° d
Following other workers [9], the experimentally
observed time dependence of the approach to
equilibrium can be compared easily with the r'/?
dependence predicted by Equation 10.

5.2. Surface segregation measurements

Measurements of the surface segregation of mag-
nesium were made for the Al-0.8Mg alloy. Data
of the kinetic approach to equilibrium were access-
ible only in the range 100 to 170°C. At lower
temperatures, the extensive periods of heating
resulted in significant contamination from pro-
longed outgassing of materials in the environs of
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the hot stage, while at higher temperatures the
time for equilibrium surface segregation to be
attained was of the same magnitude as the time for
the specimen to attain the required temperature.
Also, at temperatures in excess of 170° C the evap-
oration of magnesium as already discussed, became
significant. During the period that magnesium
was segregating, only the two peaks used to quan-
tify the aluminium and the magnesium were moni-
tored, but when an equilibrium segregation had
been attained, entire spectra were recorded to con-
firm that no impurity segregation to the free sur-
face had occurred.

The quantified surface segregation data, C! are
shown in Fig. 3 as a function of the time at tem-
perature. At 195° C it can be seen that magnesium
evaporation is significant and C! is, in fact,
observed to fall. At 170° C an equilibrium surface
concentration of about 6.6 x 10*7atomsm™ was
reached after some 20min. This is equivalent to
about 15% of a close packed monolayer. The
samples at 145 and 125°C were left at tempera-
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Figure 4 Measured values of the surface segregation enrichment ratio « for magnesium in the Al—0.8Mg alloy.

ture overnight and for 2 days, respectively, to
attain segregation levels close to equilibrium.
These were measured, as 7.5x 107 and
8.5 x 107 atomm™3, or about 17% and 20% of a
monolayer, respectively. These three measure-
ments are plotted in Fig. 4, in terms of values of
enrichment ratio, @, from a bulk concentration of
5.4 x 10%¢ atomsm ™3 of magnesium. Extrapolation
of these data allows values for a to be estimated
over the entire range of surface segregation
measurements, namely 100 to 300° C, assuming an
Arrhenius dependence upon the temperature, of
the segregation level. Values of « in this tempera-
ture interval range from about 24 to 7.

Magnesium has been recently experimentally
observed to enrich at grain boundaries in Al-Mg
alloys to a level two or three times its concen-
tration in the bulk [10]; this in material quenched
from 350° C. Magnesium is also known to segre-
gate to grain boundaries in Al-Zn-Mg alloys
[11-13]. From work on other systems [14] it is
generally expected that the enrichment of a segre-
gant at a free surface will be somewhat greater
than at a grain boundary; the precise ratio being
dependent upon the vibrational, anharmonic and
site-multiplicity effects on the entropy, and will
be temperature dependent. Surface segregation

levels can also be predicted [14—16] for binary
alloys, for example in terms of the surface energies
of the constituents, their enthalpy of mixing and
the release of strain energy on segregation [16].
The prediction for the surface enrichment of mag-
nesium in Al-Mg lies in the range 1 to 10.

Assuming the segregation layer thickness to be
one atomic layer, such that d is 0.285 nm, the bulk
diffusion coefficient has been determined from the
slopes of the lines obtained by replotting the data
at low times from Fig. 3 as a function of /2 in
Fig. 5. The data are in good agreement with the
low time approximation given by Equation 10.
The diffusional data have been plotted in Fig. 6 in
the form of an Arrhenius plot, a least-squares fit
to which gives a diffusivity for magnesium in the
Al-0.8Mg alloy, in the temperature range 70 to
170° C of

- 117 000
RT

(this study)

1

D = 20x10%exp m?sec”

(an

where R is 8.31441Jmol ' K.

There are considerable data on solute and
impurity diffusion in aluminium [17, 18] and
those for magnesium in aluminium [18—40] have
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Figure 5 Surface segregation measurements of magnesium in the Al1—0.8Mg alloy at low times and low temperatures in

the regime of ¢'/? kinetics,

been compiled and shown by the circles in Fig. 7.
The present work, shown by the crosses, extends
the temperature range at the lower end to 70° C.
The least squares fit to all the data in the figure
is given by

— 125000

D = 0.6 x 107%exp m?sec”’ (all data)

5.3. Segregation and evaporation

We are now in a position to compare experimental
measurements directly with the theoretical curves
of Fig. 1. The time-dependent segregation levels
C! from quantified AES measurements are shown
partially in Fig. 3, the surface enrichment ratio
values, a, in the temperature range of interest, 100
to 300° C, can be extrapolated from the data in
Fig. 4, and the diffusivity, D, can be obtained
from Equation 11. Thus for each measurement of
a segregation level the time, ¢, at temperature can
be expressed in units of a*d¥D and the level itself,
C! normalized to the equilibrium value that would
be attained in the absence of evaporation. All the
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measurements taken are presented in this form
in Fig. 8.

The experimental results are clearly of the form
predicted in Fig. 1 and the mismatch in the data
can be accounted for by uncertainty of the quan-
tification of the AES, as well as the values of V,
aand D,

The assumption by Sun et al. [41] that evapor-
ation beats segregation kinetically at 300°C to
explain their observed absence of magnesium
segregation is shown to be correct. The kinetics
of magnesium loss in vacuum are controlled by
the bulk diffusion as shown by mass spectrometric
studies [42] and are the same as when the Al-Mg
is heated in air. In the first case the magnesium
is lost by evaporation while in the second by a
surface reaction [43]. In both situationsit is the dif-
fusivity of magnesium that is the controlling factor.

6. Heat-treatment in air

6.1. The oxidation of Al—Mg alloys

The oxidation of aluminium and its alloys with
magnesium has been studied at length [1, 44—-47].
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Figure 6 Diffusion measurements for magnesium in the Al—0.8Mg alloy in the temperature range 70 to 170° C.

In particular the oxidation of the two alloys of
interest here, Al-0.8 Mg and Al-2.5 Mg in their
production, as rolled state has been investigated
recently [1]. Besides being of industrial impor-
tance, a knowledge of the mechanisms of oxidation
are of interest because of the very different behav-
iour of the two pure components. During oxi-
dation, pure aluminium has an initial parabolic
oxide growth, transforming by way of several inter-
mediate stages to one of decreasing rate such that
a protective film of limiting thickness, dependent
upon the temperature (200nm at 550°C), is
formed. On the other hand, the protective oxide
film formed initially on pure magnesium is par-
tially ruptured at about 400°C, leading to oxi-
dation with linear kinetics and, above 550°C,
complete rupture of the film with a much more

rapid oxidation. The rate of oxidation of Al--Mg
alloys depends upon the relative rates of diffusion
of the two metals in the oxide film.

6.2. Experimental procedures

Polished coupons of both alloys were subjected
to heat-treatments of up to 1h in the temperature
range up to 600° C in dry flowing air. The coupons
were then mounted in the Auger electron
spectrometer and composition -depth profiles
obtained, from the oxide—air surface through the
oxide film and the depletion zone, into the virgin
alloy. lon sputtering of the oxide provides a con-
centration profile as a function of sputtering time.
In order to quantify the sputtered depth it is
necessary to known the incident ion flux and the
sputter yield of the sample surface. The ion flux
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different symbol.

of the argon ion gun can be measured with a
Faraday cup but the sputter yield is strongly
dependent upon the species and its matrix and also
probably varies during the sputtering of the oxide
film. The interpretation and quantification of
sputtered depth profiles using Auger electron spec-
troscopy has recently been reviewed [48].

On the sample which had had no heat-
treatment, with a very thin, room temperature
formed oxide film, the Al,396 peak became distinct
from the Alljs, peak after a few minutes of
sputtering. From this point until the complete dis-
appearance of the oxide peak, the intensity of the
Alys¢ peak, Iy, compared to its final maximum
value, L. is given by [2]

1y —Zg
—= = 12
L, exP)\cosﬁ (12)

where z, is the thickness of the oxide film, X is the
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imfp of the Al Auger electrons and 8 is the
angle of collection of the electrons from the
sample, here 42° for the cylindrical mirror ana-
lyser. In this way, using Equation 12 and sputter-
ing through a very thin oxide film a sputtering rate
of 42.5nmh™! was measured for the removal of
the oxide consisting principally of Al,0s;.

Sputtering rates were also measured using
sampes with thick oxides of Al,0; and MgO,
formed at 600°C. The surfaces were partially
masked with a tungsten shield while sputtering.
The thickness of the material removed by the
argon ion beam was determined using an inter-
ference microscope.

For Al;05 a mean sputtering rate of 45nmh™’
was measured while the corresponding figure for
MgO was 39 nmh™". This confirms that magnesia is
slightly more difficult to ion sputter than is
alumina, as was shown by Bach [49] who measured
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Figure 8 Surface segregation measurements of magnesium on the Al—0.8Mg alloy plotted in the form of the universal

scgregation—evaporation curves of Fig. 1.

sputtering yields, with 5keV argon ions, of 0.82
and 0.9 atoms/ion, respectively.

6.3. Concentration—depth profiles

All the concentration--depth profiles through the
oxides exhibited a similar form which is shown in
an idealized way in Fig. 9. The Auger electron
spectra have been quantified in terms of atomic

percentages and the symbols Al and Mg represent
the atomic concentrations of the metals whilst
A" and Mg?* represent the atomic concentrations
of these elements in their oxide state.

On all the composition—depth profiles alu-
minium metal coexists with alumina and magnesia
over a large proportion of the oxide thickness.
Thus, the precise depth at which the oxide—metal

100
Al

50

{at %)

I

Figure 9 A typical quantified compositon—
depth profile through an oxidized sample of

0 100 200 300

Depth sputtered, z (nm)

400

an Al-Mg alloy. The oxide—metal interface
is defined as the depth when aluminium is
50 at %.
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interface exists cannot be unambiguously defined.
In the present case the thickness of the oxide
layer, z, is taken as the mean depth sputtered at
which the aluminium signal, Al, has risen to
50at%. This depth is also close to that at which
the O~ signal is half of its value in the oxide. This
is as indicated in Fig. 9.

The temperature dependence of oxide thickness
in the range 300 to 600° C is shown in Fig. 10, the
data obtained from depth profiling of samples
heated for 1h at temperature in dry flowing air. It
is possible to calculate the diffusion coefficient of
magnesium in the oxide film by assuming that this
is the process controlling the growth of the surface
oxide. The concentration of magnesium at the
oxide—metal interface is constant and equal to the
volume concentration, since ion sputtering reveals
no depletion layer below the oxide. Also, the
external oxidation is very rapid and the diffusion
of oxygen into the oxide is essentially zero. The
only further assumption is that the concentration
gradient of magnesium through the oxide is
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approximately linear which, to a first approxi-
mation is shown to be so in the concentration—
depth profiles. Hence the solution to Fick’s law
for the magnesium flux

aC
Img = — '5 (13)
is given by "
z5Cs = 2DC.1 (14)

relating the oxide thickness, z,, and the time of
oxidation, #. D is the diffusion coefficient of the
magnesium through the oxide, C,, the bulk con-
centration of magnesium in the alloy and C; the
concentration of magnesium at the oxide surface.
Hence

(15)

and the data presented in Fig. 10 has been
replotted in Fig. 11 to show that In z, is indeed
inversely proportional to the temperature 7 as
predicted from Equation 15. Furthermore,
Equation 15 may be used to calculate the acti-
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Figure 11 An experimental test of Equation 15 for oxide film thickness after a 1 h heat treatment in dry flowing air in

the temperature range 300 to 600° C.

vation energy for diffusion at each temperature,
which should be largely independent of the alloy
composition. These data are given in Fig. 12 from
which the least squares fit gives a diffusion coeffi-
cient D:

— 150000

1.0x 107 ——
x 107 exp RT m

(this study)

where R = 831441 Jmol™ ' KL,

Several measurements have been made of the
diffusivity of magnesium in its oxide [50-54].
These are presented by the circles in Fig. 13 and
described by:

2 1

D = sec”

(16)

—234000 , _,

D = 44x10%exp R msec

(all other data).

The variation in these data is thought to be due to

impurities in the magnesia [55]; the lower limit of
diffusion coefficient being for pure material [53]
while the upper limit is for material with about
0.2% impurities [51}].

Diffusion of magnesium in the thin oxide films
would be expected to be some 100 times greater
than in the magnesia single crystals because of
grain-boundary diffusion. The small grain size of
the oxide film enables about 10% to be grain boun-
daries. The difference increases as the temperature
decreases since the activation energy is only two-
thirds of that for the lattice. This factor is quite
typical of that generally found to relate the acti-
vation energies for grain boundaries and the lattice
[56]. Furthermore, in the present work, Dy, is
measured as the film grows, so there is no poten-
tial barrier at the metal-oxide interface and
material can be carried across that interface very
readily resulting in a diffusivity which may be
many orders of magnitude higher than for the
stoichiometric crystal lattice.
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Figure 12 The diffusivity of magnesium in oxide films grown on Al-Mg alloys.

7. Conclusions

The combination of the competing processes of
surface segregation and evaporation has been
treated theoretically and compared with Auger
electron spectroscopic measurements of the
kinetics of surface segregation and of evaporation
rates in the Al-Mg system, in the temperature
range up to 600° C. In broad terms the agreement
is very good indicating that the mechanisms of
diffusion segregation and evaporation are under-
stood.

The surface enrichment at equilibrium has been
found to be about 24 at 100° C falling to about
12 at 200° C. At temperatures above 200° C the
evaporation rate exceeds the segregation kinetics
and the magnesium enrichment rises to a maxi-
mum before falling to zero. The maximum level
occurs after about 4min at 200°C and about
200msec at 300°C. Thus a surface enrichment
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at temperatures above about 250°C is not, in
practice, observed.

The diffusivity of magnesium in aluminium in
the range 70 to 170° C has been determined from
the segregation data and is in excellent agreement
with the existing data taken at higher temperatures,
all of which are compiled here.

The same Al-Mg alloys heat-treated in vacuum,
have also been heat-treated in dry air in the tem-
perature range up to 600° C. The oxide films have
been composition—depth profile using Auger elec-
tron - microscopy with ion sputtering and the
diffusivity of magnesium in the growing oxide
films determined from the oxidation kinetics.
These data are compared with existing data taken’
on bulk oxide samples.
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