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Be addition make the oxide film formed on the molten magnesium alloy denser and
tougher, thus the burning of the Mg during melting was suppressed. AES was employed to
study the composition of the oxide film growing on the surface of the molten
Mg-9AI-0.5Zn-0.3Be alloy. It was suggested that the surface oxide film could be divided to
two layers: the outer MgO layer and the inner mixed layer consisting of MgO and BeO.
Both experimental results and theory analysis indicated that the outer layer grew under
parabolic law and the thickness almost kept unchanged during the steady growing state for
the inner layer. © 2001 Kluwer Academic Publishers

1. Introduction ture reached the previously selected value, the original
The applications of magnesium alloy are expandingoxides on the surface of the molten alloy were removed
with a high speed thanks to their low density and manywith a steel spatula to obtain the refresh surface. For
other advantages [1-4], but the burning of magnesiunsample No. 2 to No. 5, which were oxidized at 660
during melting makes the magnesium parts hard to béor various time, the crucibles were removed from the
produced. In order to solve this problem, fluxes or pro-furnace carefully as soon as the previously selected ox-
tective gases have to be used as oxidation inhibitatodation time was reached and cooled in the air. For sam-
[5-8]. However, atmospheric pollution and some othemple No. 1 and sample No. 6 to No. 9, they were oxidized
disadvantages were brought by the above two methodst various temperatures. When the previously selected
so investigators hope to suppress the ignition of Mgtemperatures were reached, the molten alloys on cru-
during melting by means of another method—alloying,cibles were then taken out and poured onto a steel plate;
which has little harm to the environment. thus, these samples have the same long oxidation time.
It was proved that some elements such as Al, Ca The concentration of beryllium was analyzed with In-
and Be could increase the oxidation resistance of Mgluctively Coupled Plasma spectrum machine (Plasma
[9-13]. Generally, small quantity of Be was added to400) produced by Perkin Elmer Company. The real con-
the most common used diecasting AZ91 magnesiungentration of beryllium is about 0.1% in the studied al-
alloy [14]. Keith reported even as small quantities as 3oy, which means the recovery rate of beryllium is 30%
to 100 ppm of Be addition could dramatically reducedor so.
the oxidation of magnesium [15]. However, both the The specimens with the size ofd4 x 2 mm were
structure of the oxide film and the oxidation process orcut from the oxide film samples and cleaned with ace-
the surface of the molten Be-bearing magnesium alloyone. The elemental composition and the depth-profile
are not clear. in the surface oxide film were estimated using Auger
In the present study, the structure of the oxide filmelectron spectroscopy (AES) in conjunction with argon-
on the surface of molten Be-containing magnesium alion sputtering. A PHIS50ESCA/SAM apparatus with
loy and the oxidation kinetic analysis was studied. Fur-standard pressure of10~° Torr in the chamber and
thermore, a simplified model was established to de€ylindrical mirror analyzer were used for AES measure-
scribe the oxidation process on the surface of the moltements. The argon-ion bean voltage and current were
Mg-9AIl-0.5Zn-0.3Be alloy. 3 KeV and 10QuA/cm? respectively.

2. Experimentals 3. Results

The Mg-9Al-0.5Zn-0.3Be alloy was melt with elec- Fig. 1 shows the typical Auger pattern obtained on the
tric resistance furnace and ingots with the sizepof surface of the specimen No. 1 after 1 minute Aput-
80x 50 mm were obtained. The oxide film samplestering. The low energy peaks of magnesium and alu-
shown in Table | were prepared with following process.minum are sensitive to the surface contamination, so
The ingot was remelt in a 100 mm-diameter iron cru-the high energy peaks were used during quantification
cible that was placed in the furnace. When the tempergeerformance. The calculation formula of the elemental
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TABLE | Oxidation parameters of the samples just like an inversed “V”. The aluminum concentration
increases slowly in the inner layer. Based on these ob-

NO- Oxidation time (%) Temperature®) servations, the inner layer is considered to be a mixed
1 10 650 layer of MgO and BeO. Under the oxide film, the con-
2 600 650 centrations of all elements are close to their original
i 1288 ggg concentrations gradually.
5 3600 650 According to the above rules, the thickness of outer
6 10 620 layer and inner layer on all specimens were obtained
7 10 680 and shown as the function of oxidation time in Fig. 3.
8 10 710 It should be noted that the mean sputtering rate of
9 10 740 argon-ion on the studied film is hard to be obtained,
so L=Rxt is regarded as the thickness where
(nm/min) represents the mean sputtering rate and
(min) is the sputtering time. As shown in Fig. 3a, the
growing rate of the outer layer is high at first and de-
clines later. Thus, we suppose that the outer layer might
grow under parabolic law. Fig. 3c shows the square of
R A W the outer layer thickness f) as the function of the ox-
Mett186ey idation time. It is suggested thaf is approximately
Belsieny proportional to the oxidation time, indicating that the
akszevy outer layer grows under parabolic law. For the inner
O(510eV) .y . . . . . -
layer, it is shown in Fig. 3b that its thickness increases
- with the time at a fairly slow rate and we could even
Mgt

consider that it keeps unchanged in the long time.

Figure 1 Typical Auger Spectra investigated on the surface of the Fig. 4 shows the depth profiles of specimen No. 6
Mg-9Al-0.5Zn-0.3Be alloy specimen. to 9, which were oxidized at various temperatures for
same long time. Except the thickness, the distributions
of all elements are similar to the previous figures. In the

concentration is [16]: same way, the thickness of the outer layers is obtained
| | and shown as the function of temperature in Fig. 5a.
Cy = _X/ Z _a (1)  This curve is supposed to be an ex_ponential curve, so

& S the InL ~ 1/ T curve was plotted in Fig. 5b. Obviously,

InL is linear to ¥ T approximately, suggesting that the

wherely ansS; denote the peak-to-peak height and thegnickness of the outer layer increases exponentially with
sensitive factor of the element X respectively. the oxidation temperature.

Fig. 2 shows the depth profiles from specimen No. 1
to No. 5 as the function of the sputtering time. It can be
seen, the oxide film growing on the surface of the molten ) ]
Mg-9Al-0.5Zn-0.3Be alloy can be divided to two lay- 4- Discussion , ,
ers: outer layer and inner layer, which are marked byB°th MgO and BeO are n-type oxide according to
dash lines. The outer layer, whose range is from thdh€ Semiconductor chemistry theory [17]. As shown in
air/oxide interface to the position where the oxygenF'_g_' 62 the metalllc cations are excess and existas inter-
concentration begins to decrease greatly, mainly constitidl ions in MgO. During high temperature oxidation,
sists of Mg and O. Within this layer, the concentrations®"€ Mg atom is ionized to one Mg and two elec-

of Mg and O almost keep constant and the concentrafons at the metal/oxide interface, Then, both cations

tion ratio of Mg/O is a little greater than 1, indicating and electrons enter the oxide and become interstitial

that the M@" is excess. This result is coincident with ¢ations Mg" and intersitial electronse Under the

the opinion that MgO is-type semiconductor, in which drlvg ofthe.electrlc potential gradient and chgmm_al po-

metallic cations are excess. tential gradient, both Mg and € move to the air/oxide
The inner layer is from the downside interface of theinterface and react with the absorbed oxygen to form

outer layer to the position where the oxygen concen—MgQ- )

tration decreases to the half value of the outer layer. In F19- 7 shows the model that was established to de-
this layer, magnesium concentration decreases great ribe the oxidation process on the surface of the molten
at first and then increases greatly, just like the alphal'9-9Al-0.5Zn-0.3Be alloy. First of all, some hypothe-
bet “V”. This V-shape distribution of magnesium can SiS Should be emphasized:

be explained as follows. With the depth decreasing, (I) Only Mg and Be are oxidized

the concentration of oxidized Mg decreases, whereas (Il) MgO and BeO don't dissolve each other

the concentration of metallic Mg increase; gradually. (Ill) The oxide grows via the outerward diffusion of
Th_u_s, the overlap of the me_talllc magnesium a_nd _th"metallic cations

oxidized magnesium results in the V-shape distribution

of magnesium in the inner layer. For Be, its concentra- Three stages are believed to be experienced during
tion increases sharply from the outer/inner layer interthe oxidation of the metal; they are absorption stage,
face and decreases after reaching a maximum value amdpid growing stage and steady growing stage.
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Figure 2 Depth profiles on the surface oxides of specimen No. 1 to No. 6.

During the absorption stage, the oxygen moleculesgcomes into the rapid growing stage. In this stage, the
which impact on the surface of the molten alloy with growing of the oxide is controlled by the diffusion of
high frequency, are absorbed on the surface and demeltallic cations that form at the oxide/alloy interface
composed into two atoms. The Mg concentration in thevia reaction:
alloy is so high that it will react with the absorbed oxy- oy _
gen prior to Be. So a thin MgO film will cover on the Mg = Mg™" + 2e (4)

surface of the molten alloy within short time. The lage-scale growth of MgO leads to the depletion
The reactions happen in this stage are: of Mg and the richness of the Be under the outer MgO
layer. This concentration change of Mg and Be will
0, =20 ) change the thermodynamic condition, therefore, BeO
Mg?t 4+ 2e~ + O = MgO (3) migh'g form under the outer layer via the reduction
reaction:
As soon as the thin MgO film covers on the surface
of the molten alloy completely, the oxidation process MgO + Be = Mg + BeO (5)
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Figure 3 Kinetic curve of the surface oxide film.

—a—Be ezomo;al
s, |*O —s—Be|| 680°C,10sec
e I ®1 |0
asf 4 A f— o5 e /‘
i ! >lwd |—v—A
§ ok ) s fo—
o e i £ 04 T
E P : g | ‘\/g\‘/
% #11 R v § 03] | \'
| - 5 [ v
g AN gl ) R
= H S 1 1
R T T
; —, . ]
v—T// !
T T T - e
. ! 0 2 4 [} 8 10 122 W .
Sputteringtime (rmin) Sputtering time (min)
(a)Specimen No.6 (b)Specimen No.7
05 , |7 Be] | 710C 10sec —o—Bef 0, méa
i |——0 | 06 |—e—o0
o.s-k_k“; ——al S o8 ./\: Al
c 0.4/ \, : < \ /’l
2 o4 ; ! 2 o0g | '
o : [ © 04 \.\ & H
8 A E L
03 AN : v S 0 P :
5l e : B
R gl L
L E //// : '\ g E / XJA
R N 74 E . . o1 Vo —
et/ 5 T ey N
YA ; I it S S S
pA MM ; 5 é "‘ '5 é '7 é [ 1 2 3 4 5 'G '7 8 9 0 1"
Sputtering time (min) Sputter time(min)
(c)Specimen No.8 (d)Specimen No.9

Figure 4 Depth profiles on the surface oxides of specimen No. 6 to 9.
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Figure 5 The thickness of the outer layer as the function of the oxidation temperature.
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Figure 8 Diffusion moldel on the surface of the molten.
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Fig. 8 is used to perform the kinetic calculation.
During the steady growing stage, the concentrations
of Mg?* at the outer/inner layer interface and the ox-
ide/alloy interface are believed to be constant. Accord-
ing to the first Fick diffusion law [18], the diffusion flux
in the inner layer can be expressed by:

Molten alloy
i T 3 = D, Mg g

Figure 7 The oxidation model of the molten Mg-9AI-0.5Zn-0.3Be alloy.

(6)

_ , where D is the diffusion coefficient of M§" in the
As the result of the reduction reaction, the concentragnner layer,C” ,. andC/ ,. denote the concentration

tions of Mg and Be will reach equilibrium at the inter- ¢ intorstitial M+ at the Outer/inner layer and the ox-
face between the outer layer and the inner layer. Th‘f'de/alloy interface respectively.

oxidatior_1 temr_)e_rature_is so high tha_t the apoye tWo No new MgO forms in the inner layer during the
stage will be finished in quite short time. Within the steady growing stage, so it is easy to understand that
inner layer, the concentration of the oxidized magneyhe inner layer will hardly thicken in the later time.
sium decreases and the concentration of the metalligo, the outer layer, it thickens continuously because
magnesium increases with the depth decreasing.  \190 forms on the air/oxide interface continuously. The

_After th_e inner layer forms,i the oxidation process yittsion flux of the outer layer is expressed by:
will come into the steady growing stage. Because BeO

has uniform and dense structure, the interstitiaPg "
is hard to diffuse through BeO oxide, so most of them 3 —_D CMg2+
will diffuse through MgO in the inner layer. That is to 2= 2 X
say, the effective diffusion area under the outer layer

is reduced greatly by BeO and the growing rate of thewhereD is the diffusion coefficient of the interstitial
outer layer declines as a result of the sharply decreasinglg®" in the outer IayerC:l?/I .. denotes the interstitial
of Mg?* from the inner layer. Mg?*t concentration at the air/oxide interface and is

0
- CMgH

()
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about to be zero. Thus, the growing rate of the outeb. Conclusions

layer can be deduced:

d X —C1DCl e K
dt ! X X (8)
k' = —C1D,C! 9

Mg?*

According to above discussions, the following conclu-
sions can be obtained:

1. Be promotes the oxidation resistance of magne-
sium alloy by forming a denser and tougher oxide film
on the surface of molten Mg-9Al-0.5Zn-0.3Be magne-
sium alloy.

Ciandk’ are constant. Integrating both size ofthe Equa- 2. The oxide film growing on the surface of the
tion 8, the kinetic equation of the outer layer can bemolten Mg-9AI-0.5Zn-0.3Be alloy is considered to be

deduced as:
X? = 2k't = kt
k = 2k’

(10)
(11)

dual structure: outer layer (MgO) and inner mixed layer
(BeO+MgO).

3. The growth of the outer layer follows parabolic
law, but the inner layer grows slowly and linearly.

4. The exponential relationship, which is proved by

Equation 10 proves that the inner layer grows undetheory deducing and experimental results, exists be-
parabolicintheory and s accordantwith the experimentyeen the thickness of the outer layer and the oxidation

result shown in Fig. 4.

Generally, MgO grows under linear law during high

temperature.

temperatures [19]. The growing rate is very high and
the structure of MgO film is very loose. While in the Acknowledgement
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decreases the diffusion rate of the outer¥gThere-

fore, the diffusion becomes the controlling factor dur-
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ing oxidation and the outer MgO layer grows under the

parablic law.
If the oxidation timet is kept unchanged ag, then
the following equation will be got.

XZ(T, to) = k(T)to (12)

which indicatesx? is proportional to the parablic con-
stantk. Using Arrhenium formulaD, can be repre-
sented by:

D, = Do exp(— %) (13)

where Q denotes the activation energy aRdis con-
stant. Putting Equations 11 and 13 into 12 we get

2 " Q
X3(T. to) = ~2C1C}y . toDo exp(—ﬁ)
Q
=C —== 14
2 exp( RT (14)
where
Cz = —2C1Cy) . toDo = Const

Making natural logarithm on both sizes of Equation 14,

the following result can be deduced:

1
In X(T, to) = Cg? (15)
whereCs is constant. That is to say,¥is proportional
to 1/ T and the outer layer thickneXsis exponential to
the oxidation temperatur€, which is accordant with
the experimental results shown in Fig. 5.
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