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A study has been performed of the oxidation and degassing processes of aluminium-ba.sed 
alloy powders. Oxidation and hydration of gas-atomized metal powders take place during in- 
flight solidification and cooling to room temperature, during collection and keeping in the 
powder collection box and during transport and storage before consolidation. Under the 
atomizing conditions, oxidation cannot be prevented. In contact with humid gases (air) the 
oxide layer on the powder surface takes up water vapour which is physically or chemically 
bound. A literature study shows that the oxide layer on atomized aluminium powder is 
amorphous and has a thickness of 2-10 nm depending on the atomizing conditions. The 
amount of water in the powder is sufficient to form a completely closed hydroxide layer on the 
outer surface of the powder. The thickness growth of the oxide layer is governed by cation 
diffusion. Degassing experiments were carried out by heating canned powders in vacuum. The 
partial pressures of evolved water vapou r and hydrogen were registered as a function of tem- 
perature at a constant heating rate. Two different alloy powders were used: the first air 
atomized and containing 1% magnesium (AI-20Si-3Cu-1 Mg-5Fe), and the second 
(AI-9Fe-2Mo-IZr) magnesium-free powder, atomized by nitrogen. Much work has been done 
on degassing, but most of it is directed towards industrial applications. The quantitative theor- 
etical description of the degassing phenomenon is still lacking. A new approach aiming at 
narrowing this gap is presented by employing Wagner's theory of high temperature oxidation 
of metals. The diffusion coefficient of aluminium cations through the amorphous aluminium 
oxide layer has been determined in the degassing temperature range by using the experimental 
data of Hayden et aL The diffusion coefficient of aluminium cations through the AI203 layer 
has also been evaluated from the degassing experiments. The values obtained directly from the 
degassing experiments are in reasonable agreement with those derived from the oxidation 
results. It has been concluded that extrapolation of the results obtained from diffusion experi- 
ments at high temperatures in aluminium oxides towards the temperature range of degassing 
cannot explain the formation of hydrogen during this process, even if the surface diffusion 
coefficient (much higher than lattice diffusion coefficient) is taken into account. 

1. I n t r o d u c t i o n  
Recent studies on gas entrapment and evolution in 
rapidly solidified aluminium alloy powders have high- 
lighted the role played by the oxide film during 
degassing [1, 2]. Hence understanding of the phe- 
nomena of the oxide layer formation and permeability 
at the particle surface becomes very important. In the 
aluminium-oxygen system the partial pressure of oxy- 
gen in equilibrium with AI203 is very small and far 
below the range attainable in protective gases or in 
vacuum systems (oxides of aluminium such as AI203 
require an oxygen partial pressure of only 10-14s atm 
at 100~ and 10 - 3 9  atm at 900 ~ Therefore, even at 
very low residual oxygen pressures, oxidation will 
always take place and the powder particles will be 
completely covered with an oxide layer. The thickness 

of this layer will be determined by the available 
amount of oxygen and by the kinetics of the oxidation 
process. Important variables are the atomization 
conditions (air atomization or inert gas atomization), 
time of flight and temperature history of the particles 
during atomization, conditions in the powder collec- 
tion box after atomization and conditions of storage 

a n d  transport of the powder before degassing and 
consolidation [3]. 

The oxidation of aluminium has been proved to be 
a very complicated process, which is, as yet, not fully 
understood although much research has been carried 
out. Hayden et al. [4] investigated the initial stages of 
the oxidation of aluminium at temperatures between 
20 and 550 ~ and oxygen pressures of 10-9--10-2 torr 
(1 to r t=  133.322Pa). Two oxidation stages were 
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identified. A fast initial stage was found to correspond 
to chemisorption and incorporation of oxygen in the 
metal surface and the formation of a thin amorphous 
oxide layer via nucleation and growth with a thickness 
of about 0.3 nm. The formation rate depends on both 
temperature and oxygen pressure. At room temper- 
ature this stage does not go to completion within 
reasonable measuring times. At elevated temperatures 
this stage ends after some minutes. The fast formation 
stage of a closed amorphous oxide layer is followed by 
a slow thickening stage. At 230-330 ~ a logarithmic 
thickening was found. A layer thickness of 1.5-3.0 nm 
was reached. At temperatures between 330 and 530 ~ 
the oxidation kinetics were parabolic. Thicknesses of 
1.5-4.5 nm were obtained in ~ 5000 s. An activation 
energy of 113 kJmo1-1 (+_5 kJmo1-1) for the thick- 
ening rate was determined. The mechanism was ascri- 
bed to cation diffusion through the amorphous oxide. 

At temperatures above 450 ~ and longer oxidation 
times, crystalline A120 3 is formed by a nucleation and 
growth process at the aluminium metal surface under 
the amorphous oxide layer. 

2. Oxidat ion and hydration of atomized 
powders 

2.1. Oxidation 
Carney et al. [3] investigated the oxide formation 
of gas-atomized powder. The oxidation process was 
divided in three stages: (1) in-flight solidification, (2) 
powder in the collection box and (3) exposure of 
powder to air. 

2. 1.1. In-fl ight solidification 
The atomized droplets with a diameter less than 
200 gm (median particle size about 20 gm) are rapidly 
cooled by the atomizing gas. The cooling time was 
estimated by Estrada et al. [1.1 to be 10-5-10 -3 s (for 
particle diameters of 5-100 tam and a gas velocity of 
100 ms- l ) .  

Extrapolation of the results of the parabolic thick- 
ness growth of the oxide in high-temperature oxida- 
tion experiments on aluminium alloys to these very 
short times gives thickness values far below 0.1 nm. 
So, although some oxidation must be expected during 
cooling of the droplets on thermodynamic grounds, 
only the first fast stage of formation of an amorphous 
layer can actually take place. This is especially true 
for atomization by argon or nitrogen gas in which 
the partial pressure of oxygen is only about 
10 -4 10 -5 atm. 

At temperatures below ~350~ the thermodyn- 
amic conditions for the reaction of aluminium oxide 
with water vapour become favourable El, 6, 7] 

AI203 4- x H 2 0  --* A1203(H20)x (1) 

Therefore, this reaction may be expected to take place 
during atomization in a (humid) air stream. Atomiz- 
ation by inert gas, with its very low water vapour 
pressure is unlikely to cause this reaction. 

2. 1.2. Powder in the collection box 
In the collection box the powder is at room temper- 
ature or at slightly elevated temperature. In a gas- 
atomization installation the gas atmosphere will be 
inert and free of water vapour. As the partial pressure 
of oxygen in the atmosphere will still be above the 
equilibrium value the oxide formation will proceed at 
a low rate. After air atomization the conditions for 
further oxidation are more favourable, while water 
vapour present in the collection box can also be 
adsorbed. The mechanism of oxide formation at room 
temperature on a clean metal surface can be described 
by Cabrera and Mott's theory [5-1 for the growth of 
very thin oxide films. To form an oxide film, metal ions 
must be removed from the crystal lattice and com- 
bined with oxygen ions adsorbed at the metal surface 
in order to create a new oxide lattice. The transport 
from the metal lattice is hindered by a strong potential 
barrier at the metal surface and promoted by an 
intense electric field which is established between the 
adsorbed oxygen ions and the underlying metal, caus- 
ing removal of individual metal cations from their 
metallic region to interstitial positions in the oxide 
film. As the thickness of the oxide increases, however, 
the electric field strength diminishes very sharply. At a 
certain limiting thickness, the field strength is insuffi- 
cient to overcome the potential barrier for removal of 
the metal ions. This limiting thickness is taken to be 
about 2 nm for aluminium at room temperature. 
When this thickness is reached the oxidation effect- 
ively stops. 

The theory described is only applicable while the 
powder temperature is below about 260 ~ Above this 
temperature the thermal energy of the aluminium 
ions is sufficient to overcome the potential barrier for 
leaving the metal lattice and entering the oxide layer. 
Hence, above this temperature the oxide film growth 
will be controlled by the transport of either aluminium 
ions or oxygen ions through the oxide layer. As 
mentioned before, the diffusion of aluminium ions 
may be rate determining for the growth of the initially 
formed amorphous oxide layers. 

2. 1.3. Exp o su re  o f  the p o w d e r  to air 
When the powder is exposed to humid air during 
transport or storage before consolidation, the oxida- 
tion will proceed until the limit set by Cabrera and 
Mott's theory [5] is reached (assuming that this limit 
was not reached during atomization). Also water 
vapour will be bound at the surface of the powder, 
either as A120 3"(H20)x or as physically adsorbed 
water. 

2. 1.4. Experimental evidence of the oxidation 
As an investigation of the oxide layer on the powder 
particles can only be carried out after completion of 
the atomization process it is very difficult to separate 
the three stages described above. 

Carney et al. [3] investigated high-purity argon gas- 
atomized powders of different aluminium alloys. Spe- 
cial precautions were taken to prevent contamination 
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by air during transport from the powder collection 
box to the electron spectrometer (ESCA) in which the 
oxide thickness measurements were carried out. The 
layer thicknesses found varied from 0.7-2 nm, which is 
below Cabrera and Mott's limit ([5], previous section) 
for natural oxidation in air (~  2 nm). In industrially 
produced aluminium alloy powders, thicker oxide 
layers are found. Zhou et  al. [8] found, for an 
AI -Fe -Mo-Zr  powder produced by nitrogen atomiz- 
ation, an average oxide layer thickness of about 5 nm, 
which is in agreement with (corrected) earlier results of 
Estrada et al. [1] who, for AI-Si-Cu-Mg powders, 
found values of the oxide layer thickness of air- and 
argon-atomized powders of ~ 7  and 3 nm, respect- 
ively. From the oxygen content of Osprey preforms of 
the same material, an oxide layer thickness on the 
sprayed droplets of about 1 nm was estimated. 

All these thickness values are in the range of the 
amorphous oxide layer thickness found in slow oxida- 
tion experiments [9]. 

2.2. H y d r o g e n  c o n t e n t  of a t o m i z e d  p o w d e r  
From Estrada et  al. I l l  and Zhou et  al. [8], the total 
hydrogen contents of atomized aluminium alloy pow- 
ders were determined. Estrada et al. found 24.5 p.p.m. 
H in air-atomized AI-Si -Cu-Mg powder, while Zhou 
et  al. give the value of 19.8 p.p.m. H in a nitrogen gas- 
atomized AI -Fe -Mo-Zr  powder. These values are far 
higher than the maximum solubilities of hydrogen in 
solid and in molten aluminium (0.035 and 0.7 p.p.m., 
respectively). This leads to the conclusion that practic- 
ally all hydrogen in the powder is bound in the oxide 
layer as hydroxides or as adsorbed water vapour. A 
comparison with the total amount of oxygen (about 
0.2 wt %), the thickness of the oxide layer (5-7 nm) 
and the "surface area of the powder (0.3 0.2 m 2 g-1) 
given in References 8 and 1 leads to the conclusion 
that the amount  of hydrogen is just sufficient to 
saturate the outer layer of the oxide with water. 

3. Degassing of  a l u m i n i u m  al loy 
powders  

3.1.  D e g a s s i n g  p r o c e d u r e  
The first processing step applied in this research, for 
degassing measurements is cold precompaction of the 
loose powdered alloy into cans as indicated in Fig. 1. 
The precompaction was carried out on a uniaxial 
hydraulic press with a rigid die. A compaction pres- 
sure of 160MPa was used in order to provide a 
material with about 65% of the theoretical density, 
leaving a proper level of interconnected porosity to 
allow subsequent degassing to occur efficiently. 

Each can contained about 300 g aluminium powder 
after compaction. A cover plate with an evacuation 
tube was welded to the end of the can and the evacu- 
ation tube was connected to a vacuum source. Fig. 1 
shows the arrangement used for degassing a canned 
powdered alloy. A metallic can (1) is shown containing 
the PM compact (2). Metallic pads  (3) are double 
welded at the bottom and at the top of the can. The 
conduit (4) with a filter (5) is welded to the pad of the 
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Figure ] Arrangement used for degassing a canned powdered metal: 
1, metallic can; 2, PM compact; 3, metallic pads; 4, evacuation 
conduit; 5, filter; 6, vacuum valve; 7, gas valve; 8, resistance furnace; 
9, digital pressure gauge. 
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Figure 2 Continuous degassing profile. 
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can and is connected with a vacuum source (turbo- 
molecular pump). Valves (6, 7) are provided so that the 
canned PM compact can be alternately subjected to 
degassing treatment under high vacuum, and then to 
flushing with a depurative gas. The can is placed in a 
resistance furnace (8). The degassing apparatus con- 
tains a set of thermocouples for temperature control 
and a digital pressure gauge (9) to control the flushing 
pressure. The cans, pads, and evacuation tubes were 
made of 6063 (A1-0.4Si=0.7 Mg) aluminium alloy. 

The continuous degassing procedure, as depicted in 
Fig. 2, was adopted. The cans were heated uniformly 
at a heating rate of about 2.5 ~ min-1 under high- 
vacuum conditions up to a temperature exceeding the 
peak in hydrogen evolution. The water and hydrogen 
spectra were recorded using a computerized EQ80F 
Edwards analyser with quadrupole mass spectro- 
meter. The samples, still kept under high-vacuum 
condi]dons, were then cooled to room temperature. 
They were then opened for 24 h to normal atmo- 
spheric conditions. Subsequently, the samples were 
again degassed with analogous parameters as during 
the first degassing, while recording the evolution of 
water and hydrogen. 

3.2. M a t e r i a l  
Two different powders were used during the course of 
this research. The first, A1-20Si-3Cu-1 Mg-SFe 
(ASCM-5Fe), was atomized in air, and the second one, 



A1-9Fe-2Mo-IZr, was atomized in a protective ni- 
trogen atmosphere. An extended description of these 
powders was given in previous papers [8, 10]. 

10-4 

3.3. Resul ts 
It is noteworthy that the liberation curves of moisture 1 o-5 
and hydrogen differ substantially for the air-atomized 
and nitrogen-atomized powders (Figs 3 and 4, respect- 
ively). One can see four well-distinguished peaks on 
the hydrogen liberation curve of the air-atomized 
powder located at the temperatures 175, 290, 335 and 
420 ~ The first three peaks are well correlated with ~ 166 
water liberation crests. ~ 

There is only one clear maximum for water and 
hydrogen evolution in the nitrogen-atomized powder. 
Moreover, the maximum of the hydrogen liberation 
curve is shifted towards higher temperatures. 167 

The results obtained during the redegassing proced- 
ure of the ASCM-5Fe air-atomized powder revealed 
water and hydrogen evolution runs different from 
those obtained during the first degassing of this pow- 
der (Fig. 5). There is only one peak of water and 
hydrogen evolution. The redegassing liberation curves 
for the nitrogen atomized powder had a shape similar 
to those obtained during the first continuous 
degassing of this powder. 

In order to check whether the hydrogen evolution 
from aluminium powders is controlled by diffusion, an 
additional set of experiments was performed on the 
Strohlein H-mat 251 apparatus [1] with rapidly sol- l~ 
idified AI-9Fe--2Mo-IZr powder. Two different tem- 
peratures (300 and 550~ were used and different 

16 8 
100 150 200 250 300 350 400 450 500 550 600 

Temperature [o C) 

Figure 4 Experimenlal results from continuous degassing of the 
ASCM-5Fe air-atomized powder. (�9 H2, (0) H20. 
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Figure 3 Experimental results from continuous degassing of the 
AI-9Fe-2Mo-IZr nitrogen-atomized powder. (�9 Hz, (0) H20. 
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Figure 5 Experimental results from redegassing of the ASCM 5Fe 
air-atomized powder. ([]) H2, ( I )  H20. 

measurement times were adopted (2, 5, 10 and 20 min). 
It is apparent that at 550 ~ the chemical reaction 

(oxidation) which results in hydrogen evolution must 
be very quick after 2 min more than 40% of the total 
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Figure 6 Amount of hydrogen evolved from the sample as a 
function of time and temperature (AI-9Fe 2Mo-lZr powder). 
(�9 T = 550~ (e) T = 300 ~ 

amount  of hydrogen is released and after 5 min the 
evolution of hydrogen seems to be almost completed 
(see Fig. 6). 

4. Discussion 
4.1. Chemical reactions during the degassing 

process 
The degassing was carried out in a high vacuum in 
which the measured pressure of oxygen was about 
10-12 bar. This is far above the equilibrium pressure 
for the oxidation reaction of aluminium 

2A1 + 3 /20  z ~ A1203 (2) 

Thus the oxidation will proceed during the degassing 
process at a rate determined by the diffusion of alumi- 
nium ions through the amorphous oxide layer formed 
during the production and storage of the powder. At 
temperatures below 260 ~ this rate will be extremely 
low (see Section 2). 

The evolution of water vapour during the degassing 
is caused by the desorption of physically bound water, 
in the initial stages of the process, and, later, by the 
decomposition of aluminium hydroxides. At low tem- 
peratures the water molecules are stable; thermodyn- 
amic calculations revealed that there is no dissociation 
of water under degassing conditions, hence there is no 
contribution to oxygen nor hydrogen evolution ori- 
ginating from this reaction. 

The hydrogen evolution during degassing can be 
ascribed to two different sources. 

(i) The liberation of hydrogen dissolved in the 
powder. 

As was argued in Section 2, this is a very small 
amount,  but it may play a part  during the initial stages 
of the degassing. 
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Figure 7 Mechanism of oxidation migration of aluminium cations 
from within the bulk of a powder particle. 

(ii) The reaction of water vapour  with aluminium 
atoms 

2A1 + 3H20  -* A1203 + 3H 2 (3) 

This reaction must take place at the outer surface of 
the oxide layer. Its rate is determined by the rate of 
diffusion of aluminium cations through the oxide layer 
[1] (see Fig. 7). Reaction 3 must compete with Re- 
action 2 for the available aluminium cations at the 
oxide surface. 

4.2. Diffusion in the oxide layer during 
degassing 

The diffusion through oxide layers has been described 
by Wagner [11], based on the hypothesis that diffu- 
sion in oxides may generally be regarded as migration 
processes of ions, whereas migration of electrons 
and electrically neutral atoms or molecules may be 
neglected. 

Assuming that the various particles migrate inde- 
pendently of each other, the average drift velocity, u i 
(cm s-1), of ions of type i in the direction perpendicu- 
lar to the oxide layer may be described by the 
expression 

U i = - - B i { ( 1 / N A ) ( d l J / d x )  + z i e ( d ~ / d x ) }  (4) 

where B i is the mobility of particles of type i calculated 
from electrical conductivity data, N A is the Avogadro 
number, e is electronic charge, �9 is local electrical 
potential, IJ is chemical potential, z is the electrical 
valence of a particle of type i, k is Boltzmann's con- 
stant and T is the temperature. 

For oxide layers thicker than the limiting value in 
Cabrera and Mott 's  theory (Section 2), the second 
term in Equation 4 can be neglected and u i becomes 

U i = ( - -  B i / N A ) ( d g / d x  ) 

= ( - B i / N A ) E d ( g o  + R T l n a i ) / d x ]  (5) 



Equating Bi = D i / k T  (Di is the diffusion coefficient of 
ions i) this becomes at constant temperature 

ui = - Di(d In a i / d x  ) (6) 

Assuming that In a i varies linearly with x, this can be 
approximated by 

U i = Di[(lna m -- lnag)/ho, ,]  (7) 

where a m and a g are, respectively, the activities of ions 
i at the boundaries of the oxide layer with the metal 
and the gas environment and hox is the thickness of the 
oxide layer. 

From Equation 7 the number of molecules migrat- 
ing per unit cross-section per unit time follows 

n~ = ciu~ (8) 

where c i is the concentration of ions of type i in 
molecules per unit volume of the oxide. This gives 

n i = D i c i [ ( l n a  TM - lnag) /hox]  (9) 

For the diffusion of aluminium ions from the metal 
boundary to the oxide surface, a ~  at the metal bound- 
ary can be taken equal to one, which gives 

F/AI = DAICAI ( - -  In agA1/hox) (10) 

4.3. Values of the diffusion coefficients 
The basic problem with the evaluation of Equations 9 
and 10 is the quantitative determination of the diffu- 
sion coefficients to use in these equations. Reliable 
data on the diffusion coefficients in aluminium oxide 
in the temperature range for degassing of PM alumi- 
nium alloys are not available in the literature. 

The diffusion coefficient of aluminium in aluminium 
oxide over the temperature range 1670-1905~ is 
given by [ 12] 

D = 2 8 e x p ( - 4 9 0 0 0 0 / R T )  cm2s -1 (11) 

where T is the absolute temperature and R is the 
universal gas constant (J mol-1). For  the diffusion 
coefficient of oxygen, approximately the same value 
was found. Extrapolation to the temperature range for 
degassing leads,, however, to extremely low values, 
which make the growth of oxides by diffusion virtually 
impossible. Moreover this high value of the activation 
energy for diffusion strongly deviates from the activa- 
tion energies determined for the parabolic growth of 
aluminium oxides, for which very different values are 
given in the literature, for example: Q = l 1 3  
4-5 kJmo1-1 [4], 226 kJmo1-1 [13], 155.6 kJmo1-1 

[14], 95.4 kJmo1-1 [15], 108.8 kJ tool -1 [16]. On the 
basis of these results it is generally accepted that high 
diffusivity paths exist in the oxide layers, which en- 
hance the growth rate. 

T A B L E  I Act iv i ty  of a l u m i n i u m  at  the oxide  surface and  the 

diffusion coefficient of a l u m i n i u m  th rough  the oxide layer  calcu- 

la ted  from the ox ida t ion  r e s u l t s - c o m p a r i s o n  wi th  the surface 

diffusion coefficient 

Temper-  Activity, DA~ D~. 

a ture  a~.l (calc. from 1-43) (surface diffusion 
(~ (cm 2 s 1) coeff.) (cm 2 s -  1) 

22 1.69 x 10 -151 1 .13x 10 -3z  4.11 x 10 -45 

100 1.42 x 10 -12~ 2 .17x  10 -28 7.69 x 10 -37 

200 7.55 • 1 0  . 9 6  6.07 x 10 .25 3.17 x 10 -3~ 

300 9.44 x 10 -*~ 1.10 x 10 -22 6.40 • 10 .26 

400 1.93 x 10 -6s  4.35 x 10 -21 6.80 x 10 -23 

500 4.69 x 10 .6o  6.77 x 10 -20 1.19 x 10 - z ~  

takes place in a direction perpendicular to the surface. 
It may be assumed that this columnar growth of 
amorphous matter with many column boundaries can 
be described by a diffusion mechanism which is closely 
related to the surface diffusion along an amorphous 
boundary. The surface diffusion coefficients of oxides 
have been determined by several investigators [17]. In 
Fig. 10 from [17] an estimated value is given for the 
surface diffusion coefficient of aluminium as a function 
of T. From this figure the following formula was 
derived for the surface diffusion coefficient 

DA! = 1.486 x 10- 5 ex p ( -2 2 3  400/8.314 T) cm 2 s-  1 
(12) 

The surface diffusion coefficients for different temper- 
atures are given in Table I. 

4.5. Calculation of diffusion coefficient from 
oxidation results given by Hayden et  al. 
[4] 

In the temperature region between 330 and 530~ 
at a pressure of 10 -4 torr, Hayden et al. [4] found 
a parabolic oxidation rate X 2 =  kt,  in which 
k = k o  e - Q / h r .  For Q the value 113000Jmol  -1 
( _+ 5000 J mol -  1) was given. From Hayden's Fig. 9; a 
value was derived for ko: 4 x 10 -1~ cm2s 1 

X 2 = {4.1 x 10-1~ - l 1 3 0 0 0 / 8 . 3 1 4 T ) } t  cm 2 
(13) 

where t is the time of oxidation. The thickness of the 
amorphous oxide was maximally about 2 nm. 

According to Wagner's theoretical treatment of 
parabolic oxidation [11] k is approximately 

f; k = [ 1 / ( R T ) ]  Didla i (14) 

in which g~ and gm are the chemical potentials of 
species i at the gas-oxide boundary and at the 
oxide-metal boundary. If D~ is taken to be independ- 

4.4. S u r f a c e  d i f fus ion  ent of I-q then 

The oxide layer has been built up from amorphous ki 
nuclei that grow laterally along the metal surface until 

o r  
they impinge on each other, forming some kind of ki 
boundary perpendicular to the metal surface. When a 
fully closed layer has been formed, further growth 

= ( D ~ / R T ) ( g ~  -- gg) (15) 

= ( D i / R T ) R T ( l n a  m - lna  g) (16) 

k i = Oi(lna m - lna g) (17) 
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o r  

D i = ki / ( lna  m - lna~) (18) 

in which a~ is the activity of species i. a~, l can be 
derived from the reaction equation: 

4/3 A1 + 0 2 -'-) 2/3 A120 3 (19) 

for which 

AG = AG O + R T l n K  

c t a ]2/3 ] 
- 1113500 + 205.5T + R T l n ~ - ~ ~ ~  

(kPo=taao J 

(20) 

where K is the equilibrium constant. 
Thermodynamic data were taken from Barin and 

Knacke [18]. The oxygen pressure during the ex- 
periments was 1.0 x 10 -4 torr or 1.33 x 10 -7 atm. If 
aA]2o ~ is taken to be unity, then 

agAl = [ 1 / ( K p o ~ ) ]  3/4 (21) 

When a ~  is taken to be unity, Dal can be calculated 
from Equation 18. The results of this calculation are 
given in Table I. DAI is given by 

DAI = 8.2 x 1 0 - 1 2 e x p ( -  117800/8.314T) cmZs -1 
(22) 

4.6. Di f fusion coeff ic ient calculated from 
degassing results 

The AI-Fe Mo Zr powder fabricated by nitrogen 
atomization contains about  20 p.p.m, hydrogen [83. 
For 300g powder in the degassing can, this is 
6 1 1 0 - 3 g  hydrogen. 6 1 1 0 - 3 g  H is equivalent to 
54 x 10-Sg H 2 0  o r  0 .003  gmol H 2 0  o r  0 .003  x 6.023 
X 1023 = 1.81 x 1021 molecules. These are removed in 
the form of H 2 0  o r  H 2 by the vacuum pump during 
degassing, which takes, at a temperature rise from 
25~ to 600~ at a rate of 2 .5~ -1, about 
13 800 s. The instantaneous pressures of water and 
hydrogen in the system with a volume of ~ 1000 cm 3 
taken from Fig. 4 are given in Table II. The numbers 
of gas molecules are calculated from the pressures, 
using the formula 

n = Vo{(NA/mOI Vo)[(P To)/(Po T)]} (23) 

where NA is Avogadro's  number, Po, To are the stand- 
ard conditions (1 atm, 295 K), Vo is the volume of the 
system, tool V o is the molar volume at 295 K and 
1 atm. 

The number of molecules evolved during the whole 
degassing process can be estimated from 

f l  ~ = x (24) nvdt  1.81 1021 

where n is the number of gas molecules in the system 
at time t, v is the pumping velocity. This can be 
approximated by 

t 
nv- -  = 1.81 x 1021 (25) 

m 

where m is the number of steps for the summation. In 
this equation, n is proportional to the pressure in the 
system and v will be proportional to the square root of 
the pressure (gradient) according to Bernoulli's law. 
Thus 

CEFI 3/2% = 1.81 x 1021 (26) 
m 

in which the constant C is found to be 1.3 x 10 -s. 
The numbers of hydrogen molecules evolving per 

second from the powder are given in Table III. Ac- 
cording to the reaction equation 

2/3A1 + H 2 0  ~ 1/3A120 3 + H 2 (27) 

with 

AG = AG o + R T l n K  (28) 

every aluminium ion coming to the oxide surfaces 
frees 1.5 H 2 molecules. The minimum number of 
aluminium ions arriving at the oxide surface per sec- 
ond at different temperatures is given in Table III. 
Applying Equation 10 

hal -- DAICAI(ln a~A])S/hox (29) 

DA~ can be calculated with CAI = 3.7641 1022 , 
h o x = 5 x l 0 - T c m ,  surface area of the powder 
S = 9.27 x 105 cm 2. 

The aluminium activity, a~,~, obtained from Equa- 
tion 27 is given by 

a~Al = [p142/ (PH20K)  ] 3/2 (30) 

with [20] 

AG O - 315540 + 6 0 T  Jmo1-1 (31) 

The results are given in Table III. 
Other values for nA] and DAI can be obtained from 

Fig. 6 for the temperatures 300 and 550 ~ which are 
also given in Table III. Using the DAI values for 100, 
200, 300* and 550* ~ that are probably the most 

T A B L E  l I  Partial  pressures and numbers of water and hydrogen molecules as a function of degassing temperature 

Temperature PH2O PH2 rIH20 nn2 r~n2o + H2 
(~ (bar) (bar) (mol) (mol) (mol) 

22 l a x  10 -1~ 2.0• 10 12 3.50• 1012 5.07 • 101~ 3.55 x 1011 
100 1.1 • 10 -9 1.6x 10 -11 2.17x 1013 3.16x 1011 2.201 1013 

200 4.0• 10 - s  4.0x 10 -1~ 6.24• 10 TM 6.24x 1012 6.30x 10 TM 

300 5.0 • 10- s 1.3 x 10- 8 6.44 • 10 TM 1.67 • 1014 8.11 • 1014 
400 3.2 • 10-9 5.0 z 10-8 3.5l x 1013 5.48 x 1014 5.38 • 1014 
500 4 .0•  lo 4 .0•  8 3.8211012 3.82z1014 3.86• 1014 

600 2.0 x 10- so 9.0 x 10 9 1.69 x 1012 7.56 • 1013 7.77 • 1013 
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T A B  L E  I I I N u m b e r s  of water  and  hydrogen  molecules  evolving per second from the powder  

Tempera tu re  n.~ o nH~ hal DA] 
(~ ( tools  1) ( m o l s - 1 )  ( i o n s - l )  (cm2s 1) 

22 1.1 x 1015 1 .5x  1013 1 .00x 1013 7 .60x  10 26 

100 6.7 x 1015 9.8 • 1013 6.53 x 1013 6.32 x 10 -25 

200 1.9 x 10 av 1.9 x 1015 6.26 • 10 Is 7.70 x 10 -23 

300 2.0 x 1017 5.2 x 1016 3.43 x 1016 5.43 x 10 -22 

400 1.1 x 10 I~ 1.7 x 1017 1.13 x 1017 2.33 x 10 -21 
500 1.2 x 1016 1.2 x 1017 8.00 x 1016 2.05 x 10 -21 
600 1.2x 10 is 3 .0x  1017 2 .00x  10 iv 5.91 x 10 22 

300* 3.5 x 1017 2.30 x 1017 1.86 x 10 -21 

550* 6.9 x 1018 4.00 x 10 a8 1.09 x 10-19 

* Der ived  from Fig. 6. 
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T A B L E  IV  Recalcula ted  values of DAI and hAl 

Temperature DAI h a l  

(~ (cm 2 s -  1) (mol s l) 

22 1.70 x 10 -20 2.20 • t09 
100 1.68 • 10 .25 1.66 x 1012 

200 3.85 x 10 -a3 3.13 x 1014 

300 1.36x 10 -21 8.61 x 1015 

400 1.67 x 10 .2o 8.12 x 1016 

500 1.07 x 10 19 4.18 x 10 iv 

550 2.29 x 10 19 8.39 x 1017 

600 4.49 x 10-19 1.52 x 1018 

Hayden et al. (Table I) at temperatures above 300 ~ 
With this comparison it must be taken into account 
that Hayden's values were derived from oxidizing 
experiments above 300~ Below this temperature 
region, Hayden et al. found another growth mech- 
anism with a lower activation energy [-4]. 

The values for the surface diffusion coefficient, given 
in Table I, are also of the right order of magnitude at 
the higher temperatures but too low in the temper- 
ature region below 400~ to explain the hydrogen 
formation during degassing. 

reliable (Fig. 8), the expression 

DAI = 2.89 x 10-1~exp( - 80620/8.314 T) cm2s -1 
(32) 

was obtained. Recalculating rlA1 and DAI using Equa- 
tions 10 and 32 gives the results shown in Table IV. A 
comparison of the recalculated DA1 and rtAl with the 
experimental values in Table III shows rather large 
deviations at room temperature and at 500 and 
600 ~ The first can partly be explained by take-off 
effects of the experiment (see Fig. 4). Another reason 
for the high value at room temperature could be the 
liberation of dissolved hydrogen from the powder. The 
deviations at high temperatures are caused by the 
diminishing evolution of water vapour and hydrogen 
at these temperatures (Fig. 4 and Table II), so that 
only some of the aluminium ions arriving at the oxide 
surface are used to form hydrogen. 

The values found for DAI a r e  in reasonable agree- 
ment with those derived from the experiments of 

4.7. Degassing experiments 
4.7. 1. Nitrogen-atomized AI-Fe-Mo-Zr 

powder 
The degassing curves of this material show a regular 
behaviour. The evolution of water vapour first in- 
creases exponentially with increasing temperature. 
Above 200 ~ the evolution slows down and a max- 
imum is reached at about 270 ~ After a small decline 
up to 350~ another maximum (of Pn2o 7t-PH2) is 
attained at 470~ Above this maximum the HzO 
(H2) production falls off, but still proceeds at an 
appreciable rate at 600 ~ Based on the investigations 
by Litvintsev and  Arbuzova [6] these maxima are 
ascribed to the decomposition of 

A I 2 0 3  " 3 H 2 0  --~ A 1 2 O a ' H 2 0  + 2 H 2 0  (33)  

in the temperature region 170-350 ~ and of 

A120 3 . H 2 0  --~ 7A120 3 + H 2 0  (34) 

in the temperature region 400 600 ~ 
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The evolution of water vapour below 170 ~ which 
shows a secondary peak around 150 ~ can be caused 
by the liberation of physically bound water. 

The formation of hydrogen has already begun at 
room temperature at a rate that is difficult to explain 
by the diffusion of aluminium ions through the oxide 
layer. It was suggested earlier that the evolution of 
dissolved hydrogen could be responsible for the early 
hydrogen formation. Above about 100 ~ the diffusion 
rate of aluminium ions through the oxide layer is 
sufficiently large to account for the evolved hydrogen. 
Below 250~ the water vapour production rises at 
about the same rate as the aluminium diffusion speed, 
so that the ratio of PH2o/Pn~ stays approximately 
constant. Above 250~ the aluminium diffusion in- 
creases faster than the water vapour production and 
an increasing part of the water vapour is transformed 
into hydrogen. 

4. 7.2. Air-atomized AI-Si-Cu Mg-5Fe 
powder 

The results of the initial degassing experiment on the 
air-atomized ASCM 5Fe powder, given in Fig. 3, 
differ markedly from those of the degassing experi- 
ment on the nitrogen-atomized powder A1-Fe- 
Mo-Zr given in Fig. 4. A first effect is a general shift of 
the water evolution curve to lower temperatures of 
about 100 ~ A second effect is the appearance of a 
pronounced maxima in the water evolution curve at 
~130, 230 and 335~ Corresponding maxima, al- 
though shifted to slightly higher temperatures, are 
found in the hydrogen evolution which also has a 
fourth maximum at about 425 ~ 

The water vapour and hydrogen pressures integ- 
rated over the temperature range of the degassing 
experiment are lower than for the A1 Fe-Mo-Zr pow- 
der although the total hydrogen content of the 
ASCM-5Fe powder amounts about 24 p.p.m. [10] 
compared with 20p.p.m. for the AI-Fe-Mo-Zr 
powder [8]. 

The redegassing curves when the ASCM-5Fe pow- 
der was cooled to room temperature after the first 
degassing experiment and then exposed to normal 
atmospheric conditions for 24 h show only one max- 
imum in the water vapour evolution and also only one 
maximum in the hydrogen formation (Fig. 5). These 
curves show a resemblance to the degassing curves of 

the nitrogen-atomized A1-Fe-Mo-Zr powder, al- 
though the maximum of the water evolution curve is 
positioned at a temperature about 75 ~ lower. The 
total amount of water evolved as determined by the 
integration of the summated curves over the temper- 
ature range of the degassing run is larger than that of 
the first run and approximately equal to that of the 
nitrogen-atomized powder in its first degassing run. 

Explanations of the different behaviour of the air- 
atomized powder in the first degassing run can, with- 
out further experimental analyses, only be of a very 
speculative nature. It can be accepted that the oxide 
layer of the magnesium-containing air-atomized pow- 
der has a different structure than that of the magne- 
sium-free nitrogen-atomized powder. The oxide layer 
has been found to be thicker after air atomizing than 
after nitrogen atomizing (thickness about 7 and 5 nm, 
respectively). Auger analysis of the oxide surface com- 
position gave a magnesium content at the oxide sur- 
face of about 20%, compared to 1% in the metal [10]. 
This is caused by the greater stability of MgO in 
comparison with A1203 and by the faster diffusion of 
magnesium through the oxide layer. The four maxima 
in the H20 + H 2 evolution with increasing temper- 
ature can be very tentatively ascribed to: 

(i) desorption of adsorbed water molecules (below 
175 ~ 

(ii) decomposition of A120 3 �9 3H20 to 
A1203" 2.5H20 (200 250 ~ 

(iii) decomposition of A120 3 �9 2.5H20 to 
A1203" 1H20 (260 350 ~ 

(iv) decomposition of A120 3 �9 1H20 (350-450 ~ 
The diffusion coefficients of metal ions through the 
oxide layer were calculated as described in the pre- 
ceding section. The results are given in Table V and 
Fig. 9. 

A comparison with the diffusion coefficients derived 
for the AI-Fe Mo-Zr powder (drawn line in Fig. 9, 
and Table IV) show a satisfactory agreement for the 
temperatures of 200 ~ and higher. The values at 100 
and 1'50 ~ are too large in comparison. A possible 
explanation could be the evolution of hydrogen dis- 
solved in the metal powder. The !arger diffusivity of 
magnesium in the oxide layer could also affect the 
results. The maxima and minima in the hydrogen 
formation are directly related to the maxima and 

T A B L E V N u m b e r s  o f  h y d r o g e n  molecu les  f o r m e d  per  s econd  in the p o w d e r ,  the c o r r e s p o n d i n g  n u m b e r s  of  a l u m i n i u m  ions  c o m i n g  to the 

ox ide  sur face  a n d  the der ived  di f fus ion coefficient,  DAI 

A S C M - 5 F e ,  first run  A S C M - 5 F e ,  s e c o n d  r u n  

T e m p e r a t u r e  nil2 hal D M T e m p e r a t u r e  nil2 
(~ (molecules  s 1) (ion s - 1 )  (cm 2 s 1) (~ (molecules  s -  1, 

hA1 DAI 

( ions  1) ( cm2s  1) 

100 3.91 x 1013 2.61 x 1013 6.77 x 10 - z4  125 

150 3.28 x 1014 2 . 1 9 1  10 TM 6 . 5 0 •  . 23  150 

200 2.50 X 1014 1.67 • 1014 5.70 x 10-23  200 

250 6.76 x 1014 4.51 • 10 TM 1.74 x 10 -22 250 

300 4.71 x 10 j5 3.14 x 10 TM 1.37 x 10 22 300 
350 2.26 x 1015 1.51 x 1015 7.49 x 10 -22 350 

400 6.38 x 1016 4.25 x 1015 2.49 x 10 20 400 

420 1.73 x 1017 1 . 1 5 x  10 iv 7 . 1 4 x  10 - z ~  450 

4.44 x 1012 2.96 x 10 a2 8.20 x 10 -25 

6 . 1 9 •  4.12 x 1012 1 . 1 9 •  -24  

7.90 x 10 I2 5.30 x 10 lz 1.74 x 10 24 

9.32 x 1012 6.21 x 1012 2.24 x l0  -24 

1.12 x 1013 7.48 x 1012 3.01 x l0  24 
8.02 x 1014 5.35 X 10 TM 2.50 x 10 22 

2.58 x 1016 1.72 x 1016 9.34 x 10 21 

1.19 x 1017 7.91 x 1016 4.08 x 10 21 
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minima in the water evolution through the equilib- 
rium constant 

K =- pnz/{pl%o(aA,)  2/3} (35) 

from Equation 27. The fast decrease in the water 
evolution after the maxima cannot be fully compen- 
sated by the slower increase of aA1 as a consequence of 
the increasing of the aluminium-ion diffusion with 
temperature. Thus the hydrogen diffusion must fall off 
parallel to water evolution, although relatively less 
because of the increase in aA1 with temperature. 

During the exposure of the once degassed powder 
to (moist) air at room temperature, water is again 
adsorbed at the oxide surface. At this low temperature 
the water molecules will be preferentially bound in the 
simpler forms, first as physically adsorbed water, in 
the more advanced stage as A120 3 �9 1H20 and finally 
as A1203"3H20. This is confirmed by the results of 
the degassing experiment (Fig. 5), where the water 
evolution shows only one clear maximum at 175 ~ in 
the region earlier ascribed to the desorption of phys- 
ically bound water. A second maximum of water 
evolution shown by the maximum of hydrogen forma- 
tion appears at 450 ~ in the region of the decomposi- 
tion of A120 3 �9 1H20. The shift of the water evolution 
curve to higher temperatures may be due to the 
presence of a higher concentration of magnesium at 
the oxide surface, which was transported to the surface 
during the first degassing treatment. The formation of 
hydrogen in the redegassing experiment starts at a 
much higher temperature than in the first degassing 
run. The absence of dissolved hydrogen in the powder 
can be partly responsible for this phenomenon. A 
second reason might be a slower diffusion of metal 
ions in the annealed and slowly cooled oxide layer. 

This is suggested by the low values of the diffusion 
coefficients at the lower temperatures (see Table V 
and Fig. 9) derived from the hydrogen formation in 
the second degassing run. Above 350 ~ the diffusion 
coefficients are the same as in the first degassing run. 

5. C o n c l u s i o n s  
1. Hydrogen in solution in aluminium alloy pow- 

ders after atomization can only play a minor part in 
the hydrogen evolution during degassing. 

2. The oxide layer on the powder particles after 
atomization is amorphous and contains physically 
adsorbed and chemically bound water in a sufficient 
amount to form a layer one molecule thick on the 
surface. 

3. The growth of the oxide layers is governed by 
aluminium ion diffusion through the layers. The diffu- 
sion rate through the layers greatly exceeds the diffu- 
sion rate in massive crystalline aluminium oxide. 
From oxidation experiments [4], values for the diffu- 
sion coefficients of aluminium through amorphous 
A120 3 have been derived for the degassing temper- 
ature range. 

4. Hydrogen formation during degassing is con- 
trolled by the diffusion of atuminium ions through the 
oxide layer to the oxide surface. 

5. Values of the diffusion coefficient of aluminium 
ions through the A120 3 layer have been calculated 
from the hydrogen formation rates during degassing. 
These are in reasonable agreement with those derived 
from the oxidation experiments within the temper- 
ature range of parabolic oxide growth rates. 

6. The surface diffusion coefficients of aluminium 
on AI20 3 derived from data given by Ikuma and 
Komatsu [17] were too small in the temperature 
range below 400~ to account for the hydrogen 
formation during degassing. 

7. The water vapour and hydrogen evolution 
curves for nitrogen-atomized A1 9 F e - 2 M o - l Z r  pow- 
der and air-atomized Al-20Si-3Cu- lMg-5Fe pow- 
der, differ markedly. The degassing curves of the 
AI-Fe-Mo Zr powder show a regular behaviour, 
whereas those of the AI-Si Cu Mg Fe powder ex- 
hibit well-pronounced maxima which, supposedly, 
may be attributed to the desorption of water (below 
175 ~ and decomposition of hydroxides 
(200-450 ~ 

8. During redegassing after exposure to (moist) air, 
the behaviour of the air-atomized powder was similar 
to that of the nitrogen-atomized powder in the first 
degassing experiment. 
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