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Gas entrapment and evolution in prealloyed
aluminium powders
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Delft University of Technology, Rotterdamseweg 137, 2628 AL Delft, The Netherlands

Part of a comprehensive research programme involving different aspects of degassing of powder
metallurgy (P/M) aluminium alloys carried out in the P/M Group of the Delft University of
Technology, is reported. The fundamental aspects of moisture and gas evolution during degassing
of a porous billet are described in a semi-quantitative manner using a kinetic approach. During
degassing of Al-20Si-X P/M alloys, at temperatures up to 550 °C, the partial pressures of moisture
and hydrogen were within the range 10~ % to 10~ 7 mbar. The thermodynamics of gas desorption is
mainly influenced by temperature which is the critical degassing parameter. It appears that the
diffusion of aluminium through the oxide layer can explain, to a large extent, the kinetics of
degassing of aluminium powders. A shift in the release of moisture and hydrogen towards higher
temperatures is due to the presence of MgO in the surface layer, compared to the situation when
only Al,O3; builds the oxide film. Thermodynamical data indicate that the reaction of magnesium

with water vapour proceeds more intensely than that between aluminium and water vapour.

1. Introduction

In terms of industrial applications, high-strength
Al-Si-X powder alloys form a rapidly expanding field
where some important property improvements have
been achieved. However, production processes and
techniques can still be improved. In pursuit of these
improvements, special attention has been focused on
high silicon content powder metallurgy (P/M) alumi-
nium alloys where the properties at high temperatures
are an important goal [1-4]. In the application of
these aluminium alloys to automotive parts, such as
pistons, some properties have been well characterized
but many details of the production process, which are
still not very clear, require further investigation as in
the case of surface reactions during the vacuum
degassing of powders before consolidation.

An oxide layer is formed on the powder particle
surface during the production, which is amorphous
and initially ductile. This layer shows a strong tend-
ency for hydration reactions when exposed to humid
environments. Such hydration reactions lead to the
presence of both chemically bonded (i.e. primarily
as hydroxides Al,0,°3H,0, or oxy-hydroxides) and
physically adsorbed water and oxygen at the powder
particle surfaces.

The vacuum degassing, prior to consolidation by
hot working, is an important step in the processing of
P/M aluminium alloys because it removes moisture,
adsorbed hydrogen and oxygen, decomposes hydrated
oxides and supposedly transforms the ductile alumi-
nium hydroxide into brittle crystalline y-alumina [5].
With inadequate degassing the product can be porous
and blistered, and the break-up of the surface oxide
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film is insufficient to give a good bonding of the
particles during hot consolidation. Degassing also
minimizes the possibility of additional oxidation of
the powder during subsequent processing.

Although degassing, prior to consolidation and
subsequent hot working, has been considered for
many years as a fundamental step in the processing of
P/M aluminjum alloys, only over the last 5 years has
a rapid development of this processing step taken
place with the increased production of high-strength
high-temperature aluminium alloys. The use of a de-
gassing step, during the processing of alloys using
ceramic particles and fibres as reinforcements, has
been reported [6—12]. Practically all the results in-
volving the degassing step, during the processing of
P/M aluminium alloys, so far reported in the literature
refer to the following systems: Al-Cr-X, Al-Cu-X,
Al-Fe-X, Al-Li-X, Al-Mg-X, Al-Ni-X and
Al-Zn-X. Only a few of them, including those written
by the present authors [4, 13-16], concern the. very
important Al-Si-X system.

It must be noted that since the famous work about
kinetics of degassing of aluminium powders published
by the Soviet researchers Litvintsev and Arbuzova
[17] in 1967, all of the work subsequently published
has been essentially based on that paper. The majority
of the reported results are based on a strict production
engineering approach, without describing the funda-
mental aspects of degassing [18—67].

The work reported in this paper is a part of a com-
prehensive research programme involving different
aspects of degassing of P/M aluminium alloys carried
out in the P/M Group of the Delft University of
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Technology. The general approach of this research
concerns surface properties of powders [68], condi-
tions of gas entrapment during atomization and sub-
sequent evolution during processing, the relationship
between degassing conditions, subsequent processing
and properties of the products.

Some fundamental aspects concerning gas entrap-
ment and evolution, such as the relationship between
surface composition and chemical reaction, are pre-
sented in this work. A semi-quantitative description of
the process has been given using a thermodynamical
and kinetical approach.

2. Theoretical background

Interactions of powdered metals with elements of the
surrounding gas atmosphere are important processes
in powder metallurgy. They are responsible for de-
sired, as well as for undesired, changes of physical or
mechanical properties of metallic powders. Hydrogen
and oxygen and water vapour are of specific interest,
because they can be present in condensed phases as
components of compounds or as interstitially dis-
solved atoms, and in the gas phase as components of
permanent gases. The pick-up of these gases has been
recognized as a fundamental problem during atom-
ization and subsequent post-atomization handling
and storage of aluminium and its alloys [35, 36].

This environmental degradation of almost all P/M
metals and P/M alloys in specific environments (both
gaseous and liquid) with catastrophic brittle delayed
failure at stresses, well below the normal engineering
design values, has become an increasingly acute prob-
lem; a natural result as temperatures and pressures
rise, alloy complexity increases, environments become
more agressive, strength levels and applied stresses
increase, and in general, demands on performance
become more severe.

In order to understand the problem of gas entrap-
ment in powders, a better knowledge of the produc-
tion techniques and environmental contamination is
essential, especially those techniques connected with
gas atomization [68, 69], and the subsequent handling
of the powders.

2.1. Powder production by atomization
Although this production technique has already been
described in detail in previous papers [68, 69], it is
necessary to extend this description in some aspects.
Atomization involves the formation of powder from
molten metal using a spray of droplets. Both elemental
and prealloyed powders can be formed by such pro-
cesses. The flexibility of the approach, coupled with its
applicability to different alloys and easy process con-
trol, make it an attractive alternative. A main feature
of atomization is the general reliance on fusion-based
technology. This reliance provides flexibility in both
the feedstock, melt purification and alloy chemistry.

2.1.1. Gas atomization

Gas atomization is a two-fluid process involving the
interaction of the liquid metal and the atomizing gas,
which may be of sub- or supersonic velocity.
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The metallic charge is melted either in an open
furnace or in a vacuum induction melter and when the
desired temperature of the molten bath is reached, the
liquid is tapped into a tundish having a nozzle at its
base. The melt must be superheated over the melting
(liquidus) temperature. The liquid alloy flows through
the nozzle as a continuous stream into the atomizing
chamber below [70-72].

Atomization is produced by the kinetic energy of
the atomizing fluid which most commonly is air, nitro-
gen, helium or argon [73]. The liquid-metal stream is
disintegrated by rapid gas expansion out of a nozzle.
The number and geometry of gas/metal configura-
tions are unlimited; however, the main idea is to de-
liver energy (from a rapidly expanding gas) to the
metal stream to form droplets. Fig. 1 [74] shows
a typical schematic diagram of a vertical gas atomizer
with a vacuum induction furnace, and Fig. 2 [70-72]
shows representative gas-atomization configurations:
(a) a two-jet configuration, and (b) an annular-ring
configuration.

For reactive metals, a closed, inert gas-filled cham-
ber is used to minimize oxidation. Gas atomization
can be performed totally under inert conditions, there-
by maintaining the integrity of high-alloy feedstock.

There are several interrelated processing and mater-
ial variables involved in gas atomization, among
them gas type, residual atmosphere, melt temperature
and viscosity as it enters the nozzle, alloy type, metal
feed rate, gas pressure, gas feed rate and velocity,
nozzle geometry, and gas temperature. A big problem
with gas atomization is the entrapment of gas in the
powders. If the gas is insoluble (argon for example),
the gas becomes part of the final product. The gas
pores are sealed in hot extrusion but reform gas
pockets on high-temperature re-exposure [73].

See and Johnston [75] have examined the breakup
of the liquid-metal stream during gas atomization,
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Figure 1 A vertical gas atomiser with a vacuum induction melter
[74].



Figure 2 Representative gas-atomization configurations. (a) Two-
jet configuration: a, jets; b, liquid-metal stream: ¢, gas stream;
d, atomized powder. (b) Annular-ring configuration: a, ring orifice;
b, liquid metal reservoir; ¢, liquid metal stream; d, gas stream
[70-72].

Figure 3 The three stages of liquid-metal stream disintegration in
gas atomization. (a, liquid metal stream; b, focal point of gas
streams; ¢, atomized powder; d, gas jets [75].

showing that the overall process consists of three
stages (Fig. 3):

1. primary breakup of the liquid stream;

2. secondary disintegration of the molten droplets;

3. solidification of the particles.

In accordance with the model developed by
Dombrowski and Johns [76], for the disintegration of
aliquid sheet (Stage 1 in Fig. 3), See and Johnston [75]
showed that the vacuum created around the metal
stream, coupled with stream acceleration, leads to
expansion of the metal stream into a diverging cone
shape which is hollow. The hollow stream thins out
and breaks into ligaments and sheets of thin liquid
metal. The thin sheets and ligaments, of low surface
tension, at high velocity, break into droplets of a wide
range of powder sizes (Fig. 4).

It is important to note that actual atomization
occurs above the point of focus of the ‘gas stream
(Fig. 3); this is because the vacuum created around
the metal causes the liquid metal to expand into a hol-
low conical configuration of molten metal. Actual
atomization then occurs at the circumferential peri-
phery of the cone. The formation of a metal powder by
gas atomization can then be described by the drawing
shown as Fig. 5. :

The following remarks may be made.

{a) As small, thin unstable sheets flying through
space, they reform into round particles by folding,
trapping the atomizing gas internally.

Figure 4 Model of the disintegration of a liquid sheet: a, stable
sheet; b, growth of waves on sheet; ¢, fragmentation and forma-
tion of ligaments; d, breakdown of ligaments into drops. After
Dombrowski and Johns [76].
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Figure 5 The formation of a metal by ga$ atomization [74].

(b) For alloys with alloying elements which readily
oxidize to form refractory oxides, Al,O, for example,
the spheroidization into droplets is prevented or hin-
dered and highly irregular powders and rough flakes
form. Thus, the atmosphere in the atomizing chamber
must be protective to minimize formation of thick
refractory oxides.

2.1.2. Some defects in gas-atomized powders
The finer the powder the greater its reactivity with the
various atmospheres it will encounter in subsequent
processing to a fully dense structure. The purity and
type of gas used for atomization or the working atmo-
sphere are therefore very important. Clearly, inert
gases should be preferred. The specific gas will also
play a role in determining the solidification and cool-
ing rate of the powder particles [68, 69].

Alloys based on or rich in elements which oxidize
readily must be processed so as to limit contamina-
tion, which means minimizing surface area for a given
powder lot size. In the case of aluminium alloys, there
is danger of formation of hydrates on the surface.
These hydrates, if formed, must be treated in the
powder state at an appropriate temperature to decom-
pose them. If the hydrate is incorporated into the
hot-consolidated product, swelling will occur on sub-
sequent solution heat treating or during high-temper-
ature service. Oxide contents at levels of several tenths
of a per cent (in aluminium) are not unknown for
a significant number of powder-based alloys produced
in air or in an oxidizing gas [68].
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2.1.3. Gas porosity

Gas porosity (hollow powders) can be extremely detri-
mental to properties. All of the subsonic gas atom-
ization processes tend to produce powder particles
with entrapped gas; this is characteristic of the three-
step atomization processes. In the as-hot extruded or
as-HIPed (hot isostatically pressed) structures of gas
containing particulates, one generally does not see the
presence of trapped gases, but subsequent temperature
exposure for solution heat treatment will cause swell-
ing when the internal gas pressure exceeds the creep
resistance of the alloy at the appropriate temperature
{1s,77]. '

It can be concluded that the atomizing conditions
for powders are the main reason for gas entrapment.
However, one has to recognize that subsequent post-
atomization handling and storage under a normal
environment (in air) can also affect the surface condi-
tions of the materials, mostly due to moisture effects.

2.1.4. Blistering

Surface blistering, illustrated in Fig. 6, is a form of
damage to aluminium and aluminium alloy products,
causing low and erratic yield. The basic cause is the
inflation of internal defects by entrapped hydrogen
when the overlying metal is soft during heat treatment.
The effect is observed after final or intermediate an-
nealing or after solution treatment preparatory to-age
hardening.

The solubility of hydrogen in solid aluminium at
annealing or solution-treatment temperature is so low
[78] that the residual dissolved hydrogen concentra-
tion in industrial products is always high enough to
yield a disruptive pressure (Fig. 7). The incidence of
blistering is therefore largely determined by the nature
and distribution of internal defects.

2.2. Gases in metals
It is known that hydrogen and oxygen dissolve in
atomic form in both liquid and solid metals. For the
monoatomic noble gases (helium, neon, argon, etc.)
one would expect a solubility proportional to the
pressure. It turns out, however, that there is no metal
in which they will dissolve to a measurable degree.
There are two main types of gases in liquid metals:
(i) simple gases, i.e. the single gases like oxygen and
hydrogen which dissolve in the liquid metal in their
atomic form, O and H; (ii) complex gases, such as
H,O, which are formed by the reaction between
elements present in the melt or moisture.

Figure 6 Extruded sample showing surface blistering after heat
treatment.
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Figure 7 Effect of gas entrapment.

Complex gas formation often produces higher gas
porosity levels than if the component gaseous ele-
ments were separately present in the melt. Reducing
the level of oxygen in the liquid metal provides the
best means of control of complex gas solution.

2.2.1. Hydrogen and oxygen in aluminium
2.2.1.1. Hydrogen. It is well known that hydrogen is
the only gas with measurable solubility in aluminium
[78-81]. Its solubility is small related to the solubility
of hydrogen in many other metals. As is the case with
gases in other metals, the problems encountered with
gas in aluminium are due to the great difference in
solubilities of hydrogen in liquid and solid metal at the
freezing point. Values for the concentration in equilib-
rium with the gas at atmospheric pressure reported by
different authors [78, 82—86] are given in Fig. 8.
The smoothed results yield for the liquid

logS = —(2761/T) + 2.768 )
and for the solid
logS = —(2580/T) + 1.399 2)

where S is the solubility (cm?) of hydrogen at standard
conditions per 100g metal. As shown in Fig. 8
[78,82-86], aluminium in the liquid state can dissolve
nearly 15 times as much hydrogen as in the solid
state (0.7cm3/100 gAl, compared with 0.04cm?,
respectively).

The gas absorption and desorption reactions are
frequently thermally activated processes and cannot
proceed at high rates at lower temperatures, e.g. as
a consequence of slow diffusion in the bulk.

Because during the solidification of the atomized
powders the hydrogen (whether atomic or already
recombined to molecular) will be at least partially
trapped in the solidified particles, typically rounded
hydrogen blowholes will form in the subsequently
consolidated metallic powder (Fig. 9).

The presence of gas porosity in the powder is caused
by the large change in gas solubility between the liquid
and solid metal and the difficulty of removing this
relatively large volume of gas at the solidification
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Figure 8 Solubility of hydrogen in aluminium and aluminium alloys
as a function of temperature [78, 82-86].

front. A rapid rate of solidification increases the likeli-
hood of gas entrapment during powder atomization.
Simple gases dissolve in most metals by an endother-
mic reaction so that as the liquid-metal temperature
increases, gas solubility increases. To minimize the
problem, conditions tending to favour hydrogen pick-
up must be avoided.

2.2.1.2. Oxygen. Aluminium reacts with oxygen
either present in the protective atmosphere or formed
by dissociation of water vapour to form Al,O,
4 2
Al + O, = Al O, 3)
3 3
though more complex reactions are also possible, such
as the formation of AlO,_(OH); _,, (with x = 0 to 1.5).
The equilibrium constant, K, of Reaction 3

K, = (po)™' = exp(—AG°/RT) (4

represents the temperature dependence of the terminal
solubility, where pg, is the partial pressure of oxygen,
AG® is the standard Gibb’s function and the other
symbols have their usual meaning. In the alumi-
nium-oxygen system the partial pressure of oxygen in
equilibrium with Al,O, is very small and far below the
range attainable in vacuum systems. Under these con-
ditions only oxidation can take place. Therefore, even
at low residual oxygen pressures in ultra-high vacuum
systems, the metal will be completely covered with an
oxide layer,

2.3. Surface condition of powders after
atomizing and keeping at room
temperature ‘

Aluminium alloy powder particles prepared by atom-

ization contain a hydrated oxide layer with adsorbed

water molecules formed during solidification and sub-
sequent handling which according to the alloy com-
position has been described as an amorphous layer
of Al,0;-2A1(OH); and MgO-Mg(OH), mixtures

covered by a mixture of H,0/0,.

In Figs 10 and 11 an atomic concentration profile of
the surface layer, as determined by Auger analysis, is
given for the powders J1 (Al-20Si-3Cu-1Mg) and K1

Figure 9 Metallic powder showing a rounded hydrogen blowhole.
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Figure 10 Atomic concentration depth profile for the air atomized
Al-20Si-3Cu-1Mg powder J1 [68].

(A1-20Si-5Fe—2Ni) [68]. In powder K1, which con-
tains no magnesium, the oxide surface layer consists of
aluminium (hydro)oxides. A hydrogen profile cannot
be determined by Auger measurements. Powder J1,
which contains 1% magnesium, has a surface layer of
mixed aluminium and magnesium (hydro)oxides. Be-
cause of the large affinity of magnesium to oxygen the
surface layer is highly enriched in magnesium, as can
be seen in Fig. 10.

2.4. Theory of degassing of aluminium
alloy powders

If hydrogen and water vapour have to be removed at
a noticeable rate from solid powders, by vacuum heat
treatments, the corresponding pressures of the gas
species formed at the degassing temperature must be
relatively high. Pressure data of hydrogen and H,O
(and oxygen) are obtained from the degassing experi-
ments. In the absence of reliable data they can be
estimated from the standard Gibbs function, AG®, of
the formation of metal-nonmetal compounds being in
equilibrium with the solid metallic solution. In degass-
ing reactions molecular oxygen is released only from
some noble metals [87]. However, in many cases the
pressure of volatile oxides is several orders of magni-
tude higher than the oxygen pressure. Whether the
optimum degassing temperature should be chosen
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Figure 11 Atomic concentration depth profile for the air atomized
Al-20Si-5Fe-2Ni powder K1 [68].

high or low, depends on the heat of solution, AH®, of
the corresponding gaseous species. If it is negative,
ie. for exothermic reactions, the gas pressure at con-
stant concentrations rises with rising temperature, and
annealing treatments at higher temperatures become
more effective.

The conditions for optimization of degassing treat-
ments are not described completely by equilibrium
data because they can determine only the direction of
the reaction under the conditions chosen and the final
gas content attainable after sufficiently long degassing
times. The kinetics of the processes are also of high
importance. An absolute rate-limiting factor in va-
cuum metallurgical degassing processes is the amount
of gas that can be released from the powder surface
due to the equilibrium pressures of volatile compon-
ents. The maximum concentration decrease of a piece
of material attainable in a degassing treatment is given
approximately by the relation [88].

_ Ipt
Ac =~ 5 (5)
where Ac is the change in concentration of dissolved
species (in at %), p is the gas equilibrium pressure
(mbar), ¢t is the degassing time (sec) and d is the thick-
ness of the material (cm).

Another rate-limiting factor for the degassing of
metals in the solid state is the diffusion of dissolved gas
atoms to the surface [89]. Other effects that can de-
crease the degassing rate drastically are thermally
activated processes on the surface, such as formation
and evaporation of gas molecules.

According to the theoretical treatment of Litvintsev
and Arbuzova [17], during the degassing of powders
of pure aluminium or magnesium-free aluminium
alloys on heating from room temperature to 550 °C,
the following reactions take place:

(i) removal of absorbed water vapour
Al,O,-3H,0 + H,0,4 — Al,0,:3H,0 + H,0
(6)

(i) during heating in vacuum the hydroxides of the
surface oxide layer react to form several modifications
of aluminium trihydroxide (Al,0,:3H,0) whose de-
composition (dehydration) stages can be represented
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by

Al,0;'3H,0 ——— Al,0,-2.5H,0 (7)
150 to 175°C
Al,04-2.5H,0 —— Al,0,°H,0 8)
310 to 500°C
Al,0;,'H,0 —— y-Al,0, ©)
> 500°C
These transformations take place gradually over
ranges of increasing temperatures as confirmed by the
representations of phase relations in the Al,0,-H,O
system (Fig. 12) and the transformation sequence
Al(OH); — AL, O, (Fig. 13) [90]. There are two routes
the decomposition of AI(OH), can take (Fig. 14) [91].
Our experimental conditions of degassing favour
path a in Fig. 14. These conditions tend to keep water
vapour within the crystal long enough for AIOOH
(boehmite) formation.
When water vapour comes into contact with an
oxide-free aluminium surface, the reaction

2A1 + 3H,0 - ALO, + 3H, (10)

takes place, which is the principle source of hydrogen
evolution. Small amounts of hydrogen may be freed
by desorption from the surface of the powder of ab-
sorbed or solved hydrogen, which occurs at the lower
temperatures.

The situation is complicated, in the case of the alloy
J1, by the-presence of highly mobile and reactive
magnesium in the form of Mg(OH), or MgAl,O,
(crystalline) which are more stable than the aluminium
(hydro)oxides.

Mg + H,0 — MgO + H, 11)
Al,O; + MgO - MgAlL,0, (12)

Dehydration of aluminium is a non-reversible process
but at the same time, we have desorption of water
from the surface (reversible process) and when the
temperature is' high enough (over 400 °C), a stronger
interaction must take place between water and the
alloy probably due to oxide break up releasing hydro-
gen (Equations 10 and 11). In addition to hydroxides,
Al{OH),; and Mg(OH),, physically adsorbed gases
(H,O and oxygen) constitute the powder surface oxide
layer. Considering that a part of the oxygen in alumi-
nium hydroxides is used to form Al,O,, the main
source of the reduced oxygen level may be the phys-
ically adsorbed gases. A part of the physically adsor-
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Figure 12 Phase diagram Al,O,-H,0.



Figure 13 Transformation sequence Al{OH); — Al,O5;.
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Figure 14 Routes for decomposition of Al(OH);.

bed water will also participate to form additional
oxides.

After some thermodynamical consideration, it is
apparent that the principal chemical reactions govern-
ing the degassing process are

1 1
7ALOS3H,0 —» ZALO; + H,0 (13)

4 2
2 1
Al + H0 — 1ALO; + H, (15)
2Mg + O, — 2MgO (16)
Mg + H,0 - MgO + H, (17)

3. Experimental procedure

The powders chosen for investigation consisted of two
lots of rapidly solidified P/M aluminium alloys, atom-
ized in air, based on the hypereutectic Al-Si-X system
containing 20 wt % Si: powder J1 produced by the
Japanese firm Showa Denko K.K., with an average
particle size of 16 to 24um [68], and powder Kl
produced by the West German firm Eckart-Werke,
with an average particle size of § to 16 um [68]. The
powder J1 belongs to a heat-treatable group while the
powder K1 belongs to a non-heat-treatable group.
Experiments were aimed at recording mainly moisture
and hydrogen desorption as a function of temperature.
The chemical compositions of these P/M alloys, as
obtained by atomic absorption spectrophotometry,
are shown in Table I [68],

The oxygen content of the powders was measured
using a Strohlein OSA-MAT analyser by reducing the
oxides on heating them in the presence of carbon [68].

The hydrogen content was measured at 550 °C, by
an H-mat 251 Strohlein analyser using a standard

procedure [92] providing the following results:

H H,
Powder J1 24.58 p.p.m. 27.53em®/100 ¢
Powder K1 13.09 p.p.m. 14.66 cm*®/100 g

The hydrogen content for the air-atomized alumi-
nium powders is 50 to 100 times higher than that for
degassed cast alloys. The threshold value of hydrogen
content for degassed cast aluminium alloys, for gen-
eral applications, is reported to be 0.30 cm3/100 g [92]
while degassed ingots of the highest quality are char-
acterized by even lower hydrogen content, 0.05 to
0.10 cm®/100 g [83]. From these data the conclusion
must be drawn that practically all hydrogen is con-
tained by the oxide layer in the form of chemically or
physically bound H,O, which is reduced, in the gas
analyser, to molecular hydrogen by Reaction 10.

The first processing step applied in this work, for
degassing measurements, concerned cold precom-
paction of the loose powdered aluminium alloys
into cans. The precompaction was carried out on
a uniaxial hydraulic press with a rigid die. The com-
paction pressure of 160 MPa was used in order to
provide a material of about 65% theoretical density,
leaving a proper level of interconnected porosity to
allow subsequent degassing to occur efficiently. Each
can contained ~ 300 g aluminium powder after com-
paction. A cover plate with an evacuation tube was
welded to the end of the can and the evacuation tube
was connected to a vacuum source (turbomolecular
pump connected to a quadrupole mass spectrometer).
The cans and evacuation tubes were made of 6063
(Al-0.45i-0.7Mg) aluminium alloy. For canned pow-
ders, extensive work was succesfully undertaken to
ensure that the vacuum was maintained after the can
had been sealed [93].

The vacuum degassing experiments were carried
out, in the temperature range 20 to 550 °C, in a hori-
zontal furnace heated at ~ 2.5°C min~ . For simpli-
city, a complete degassing analysis of only one of
the powders is presented, namely the air-atomized
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Al-20Si-3Cu-1Mg powder J1, although some import-

ant results of the powder K1 are also included for
comparison. The partial pressures of the released
gases were monitored and analysed during the heating
phase by a computerized Edwards EQ80F residual
gas analyser (RGA). Temperatures in different loca-
tions of the can were simultaneously recorded. The
unit measures total vacuum pressure and analyses the
partial pressures over the mass range 1 to 80a.m.u.
(atomic mass units); the sensor being a quadrupole
mass spectrometer.

It is important to point out the concept of partial
pressure used in this work. Partial pressure is the
pressure arising from a single ion mass value or from
a given gas molecule type. The partial pressure read-
ings shown are the values corresponding to ion mass
values representative of given molecules. For example,
M = 18am.u. peaks are often displayed as arising
from H,O and vice versa, although the fingerprint for
water contains other peaks at 17, 16 and 2a.m.u. The
analyser itself is equipped with twin filaments and is
an improved version of the proven Anavac.

4. Results and discussion

4.1. Continuous degassing

Two samples of different composition Al-20Si-3Cu-
1Mg (powder J1) and Al-20Si-5Fe—2Ni (powder K1)
were heated independently up to 550 °C at a rate of
~ 2.5°C min~?!, under high vacuum. The partial pres-
sures of moisture (H,0) and hydrogen as a function of
temperature were recorded. These degassing products
are evaporated from physisorbed water and decom-
posed hydroxides from the surface layer.

Figs 15 and 16 show the respective mass spectrums
generated by the residual gas analyser. These spec-
trums show the relative amounts of H,O and hydro-
gen evolved and the temperature ranges over which
each is given off. Both P/M aluminium alloys show
similar degassing curves in that a large water and
hydrogen desorption can be noticed with peaks at
different temperatures. As expected, emission of H,O
was dominant at lower temperatures.

From those results it can be seen that particularly
vigorous H,O desorption occurs in the temperature
ranges 50 to 370 and 50 to 300 °C for the powders J1
and K1, respectively. We can say that at those final
temperatures equilibrium is established between the
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Figure 15 Powder J1 (Al-20Si-3Cu-1Mpg) degassed continuously
up to 550°C.
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Figure 16 Powder K1 (Al-20Si-5Fe-2Ni) degassed continuously up
to 550°C. :

rate of moisture liberation and the rate of evacuation.
Thus, 370 and 300 °C represent the temperature thresh-
old of active moisture liberation from the powders J1
and K1, respectively. Above those values the descend-
ing portions of the moisture evolution curves indicate
that most of the water vapour, which is released above
these temperatures, is converted into hydrogen by
Reaction 10.

The release of hydrogen from the powder shows

a quite different pattern as a function of temperature.
Hydrogen production starts at about 70 °C and gradu-
ally increases to a maximum at about 450°C for
powder J1 and 380 °C for powder K1. These maxima
coincide with the strong decreases in H,O partial
pressure. A secondary local maximum in the hydrogen
partial pressure is found at ~ 240°C in J1 and at
~ 220°C in K1. These local maxima correspond to
local maxima in the H,O partial pressure curves. It is
evident from Figs 15 and 16 that the H,O evolution
starts at room temperature before hydrogen release
takes place.

Whereas_ the process of moisture liberation during
the heating of the powders J1 and K1, under high
vacuum, is associated with the phenomenon of de-
sorption and decomposition of aluminium hydroxide
modifications, the evolution of hydrogen over the
relatively wide ranges of temperatures where it was
observed to occur, can only be attributed to the reac-
tion between moisture and aluminium [17] or magne-
sium [94] according to Reactions 10 and 11. As can be
deduced from Fig. 15, the evolution of hydrogen is
particularly dangerous for heat-treatable P/M alumi-
nium alloys (solution heat-treatment temperature
470°C over 1.5h) and P/M materials which serve at
elevated temperature (~ 200 to 400°C), therefore
those P/M materials must be degassed to remove
moisture and hydrogen prior to consolidation and
heat treatment, providing in such a way a non-porous
product without blistering.

The maxima of hydrogen evolution at 450 °C (pow-
der J1) and 380°C (powder K1) correspond to the
transformation of aluminium monohydroxide into
aluminium oxide. The small maxima at the lower
temperatures 240 °C (powder J1) and 220 °C (powder
K1) correspond to the transformation of A1(OH); into
AIOOH (Fig. 14). The end products of the degassing
process are amorphous Al,O; and crystalline MgO
particles formed according to the reactions described.



above. Because hydroxides are eliminated, degassing
increases the volume ratio between crystallites and
amorphous constituents in the film.

Comparing powder J1 and powder K1 during de-
gassing (Figs 15 and 16), a difference of about 70°C
between maximum temperatures for both the release
of water (370 °C for J1 and 300 °C for K1) and for the
release of hydrogen (450 °C for J1 and 380 °C for K1)
is found. The relatively higher amounts of water and
of hydrogen shown by the powder J1 are attributed,
on the one hand, to its higher surface oxide thickness
(44 nm on average) in comparison with 34 nm on
average for the powder K1 [68]; on the other, as
reported by Estrada and Duszczyk [68], a compari-
son of the chemical composition of the surface oxide
films indicated that the surface layer of the powder
J1 was rich in the more stable magnesium (hydro)-
oxide, (Mg(OH),)MgO, while that of the powder
K1 was nearly pure in aluminium (hydrojoxide,
(Al1(OH);)Al,0,, as shown by their atomic concentra-
tion depth profiles, illustrated in Figs 10 and 11,
respectively.

Solid state degassing depends on (a) a pressure
lower than the equilibrium pressure to enable the
surface reactions to occur, and (b) a temperature high
enough to enable the gas to diffuse to the free surface
of the oxide layers. However, the thermodynamics and
kinetics of the breakdown which are needed in order
to determine a suitable combination of pressure and
temperature, are not known so far.

Because a main objective of our research concerns
the understanding of hydrogen evolution, during de-
gassing of Al-20Si-X P/M alloys, attributed to the
reaction between moisture and aluminium [17] or
magnesium [94], let us consider the fundamental
aspects (a and b) mentioned above.

(a) Surface reactions. A thermodynamical ap-
proach in terms of the free energy change, AG, applied
to some of the principal chemical reactions (Section
2.4) is described below.

Under normal conditions water release takes place
according to the reactions

2 1

where py,0 = latm at a temperature of ~ 81°C
(354 K), and

Mg(OH), — MgO + H,O (19)

where py o =1atm at a temperature of ~ 258°C
(531K). ‘

These results show that Mg(OH), is much more
stable than Al(OH), which explains the higher tem-
peratures for the release of water and formation of
hydrogen in the magnesium-containing hydroxide
layers of powder J1 in contrast with the magnesium-
free hydroxide layer of powder K1.

The combination of water vapour with aluminium
proceeds according to the Reaction 15 whose free
energy is [95] AG = — 75380 + 14.34 T calmol ..

According to the laws of thermodynamic equilib-
rium [96,97]

InK = —(AG/RT) (20)

and
K = [pn,(@a0,)"*1/ [pr0l@a)®?] (21

where K is the equilibrium constant of the reaction,
R the universal gas constant, T the absolute temper-
ature, and g the activity.

After standard calculations [95], the following
relations are obtained

K = 1.09 x 10*!
K 1.52 x 10'8

(forT =
(for T =

100°C)  (22)
500°C) (23)

When these results are compared with the experi-
mental data shown in Figs 15 and 16 it must be
concluded that the activity of the aluminium atoms is
very low at the hydroxide surface layer. Then, if it is
assumed that Al,O; & 1, the activity of aluminium,
as:, must be of the order of 10~%* to 10~ 2%,

The reaction for the conversion of H,O by alumi-
nium described above competes with Reaction 14
for the binding of free aluminium at the powder
surface. The free energy of this reaction is [95]
AG = — 266000 + 49.9 T cal mol~!

and
K = [(aa,0,)**1/[po,(@a)*?] (24)
from which
K ~ 10'** (for T = 100°C) (25)
K ~ 10 (for T = 500°C) (26)

From this result, it can be concluded that:

1. as long as sufficient free oxygen is present in the
system, Reaction 15 for the conversion of H,O will not
take place; and

2. the activity of aluminium, a,;, in the powder
surface must be extremely low. Thermodynamical
data were taken from the work of Barin and Knacke
[95].

(b) Diffusion. Let us consider the diffusion of alu-
minium through an Al,Oj; layer, ~ 40 nm thick [68].
The presence of this oxide layer (barrier) between the
parts participating in the diffusion should affect the
diffusion coefficient. However, as shown by Lundy
and Murdock [98], for tracer 2°Al diffusion the bar-
rier effects at temperatures above 600°C were not
present. At lower temperatures the effects were small
and are not believed to affect significantly the results.
Then, it is possible to use the self-diffusion coefficient
of aluminium also for the diffusion of aluminium
through the oxide layer.

The equation describing the diffusion coefficient of
26Al in aluminium as function of temperature is

Disg = 171exp(— 34000/RT) @7

the constants D, = 171 mm?sec™* and Q = 34 kcal
mol~*! are taken from the work of Lundy and Mur-
dock [98]. The temperature-diffusion data are sum-
marized in Table II. With these values it is possible to
estimate the flux of aluminium through the oxide layer
by means of Fick’s first law

de
- Da (28)

J =
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TABLE II Diffusion coefficients of 2°Al in aluminium

Temperature Dy,

(°C) (mm? sec™?!)
RT 1.97 x 10723
100 2.04 x 10718
200 332 x 10714
300 1.83 x 107!
400 1.55 x 107°
500 4.16 x 1078

where D is the diffusion coefficient (mm?sec™!), and
dc/dx the concentration gradient of aluminium
through the oxide layer (molmm ™% mm 1),

Table III gives the number of atoms of aluminium
diffusing through an oxide layer, 40 nm thick, at
different temperatures. If the mean particle size of the
powder J1 is taken as 24 pm [68], the volume per
particle is 7.24 x 103 um?® which gives 15.8 x 10° par-
ticles in the can (~ 300 g powder at ~ 65% theoretical
density) with a total surface of 28.6 x 10°® mm?2.
Table IV gives the number of aluminium atoms coming
to the surface, per second, at different temperatures.

By means of the generalized gas law (PV = nRT) it
is possible to estimate the amount of molecules of
H,O and oxygen contained in a gas system volume of
~ 1litre, (a) at room temperature and (b) 500 °C.

(a) Room temperature. With pgo (298) =
107° atm and po,(298) = 107 !2 atm, which are taken
from the degassing experiments, we get nyo =
2.5 x 10" mol H,0 and np, = 2.5 x 10'°mol O,,
while 5 x 10° atoms of aluminium are coming to the
powder surface in 1 h.

From these results it is apparent that the affinity of
oxygen for aluminium is greater than the affinity of
H,O for aluminium, which is in agreement with the
thermodynamic data given before. We can also con-
clude that at room temperature no new hydrogen is
formed, and that the hydrogen which appeared must
have been solved or absorbed in the powder.

(b) Elevated temperature (500 °C). The number of
atoms (102!) of aluminium coming to the powder
surface at 500 °C in 1 h is more than enough to tie up
2.5 x 10'° molecules of oxygen. Bearing in mind that
only 4 x 10'° aluminium atoms are necessary to tie
up this number of oxygen molecules the rest can be
used for the reaction with H,O.

The total number of H,O molecules present origin-
ally in the system was 3.6 x 10?2 which means that
Reaction 10 can go to completion at 500°C in a
couple of hours. Between 150 and 300 °C the number
of aluminium atoms arriving at the surface becomes
sufficiently large to bind the oxygen atoms and the
formation of hydrogen can start (Fig. 16), whilst at
about 400 °C all H,O is transformed to hydrogen.

Thus, it is apparent that the temperature is the
principal parameter which influences the degassing
behaviour. It appears, from this semi-quantitative ap-
proach, that the diffusion of aluminium through the
oxide layer can explain, to a large extent, the kinetics
of the degassing of aluminium powders.

It appears, from the thermodynamical data, that
MgAL,O, and MgO are more stable than Al,O,.
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TABLE IIT Flux of aluminium atoms through an oxide laver of
40 nm

Temperature Jar

(°C) (at. mm "Zsec™!)
RT 492 x 1076

100 5.10 x 1071

200 8.30 x 103

300 4.57 x 108

400 3.87 x 108

500 : 1.04 x 101¢

TABLE IV Number of aluminium atoms coming to the surface

Temperature (at. sec™ )
(°C)

RT 141 x 10°
100 146 x 10°
200 237 x 10°
300 131 x 1012
400 111 x 104
500 30 x 1016

Thus magnesium can reduce Al,O, to form MgAl,O,
or MgO depending on the relative abundance of the
elements. It can be said that after the initial formation
of a thin layer of amorphous Al,O;, magnesium dif-
fuses through that layer until the surface is completely
covered by crystalline MgO. Because the alloy K1
does not contain any magnesium, its surface oxide film
is predominantly rich in Al,O;. This indicates that,
according to thermodynamics, the strong effect of
magnesium as an alloying element is the main reason
for the shifting of both the release of moisture and the
release of hydrogen toward higher temperatures.

5. Conclusions

1. The fundamental aspects of moisture and gas
evolution during degassing of a porous billet can be
described in a semi-quantitative manner using a
thermodynamical approach.

2. During degassing of Al-20Si-X P/M alloys, at
temperatures up to 550°C, the partial pressures of
moisture and hydrogen were within the range 10™* to
10”7 mbar (1 bar = 10° Pa).

3. The thermodynamics of gas desorption is mainly
influenced by temperature which is the critical degass-
ing parameter.

4. It appears, from the semi-quantitative approach,
that the diffusion of aluminium through the oxide
layer can explain, to a large extent, the kinetics of
degassing of aluminium powders.

5. A shift of the release of moisture and hydrogen
towards higher temperatures is due to the presence of
MgO in the surface layer compared to those when
only Al,O, builds the oxide film. It has been proved,
by a thermodynamical approach, that the reaction of
magnesium with water vapour proceeds more intensely
than that between aluminium and water vapour.
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