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High Temperature Oxidation of Extruded Aluminium Alloys
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\BSTRACT- High temperature oxidation (HTO) of aluminium and the corresponding surface
blisters originate in the reaction of water vapour with the surface at temperatures above 300 °C. The
naper starts with an overview of the literature from the last decades. Some flouride salts can be used
' control HTO. TGA experiments on the volatility of the salts and on the reaction between vapour
nroducts from the salts and the aluminium surface are presented. The sensitivity of aluminium
products for HTO is dependant upon the sub-surface structure of the material. This is demonstrated by
several examples.
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1. INTRODUCTION

High temperature oxidation (HTO) of aluminium, often referred to as hydrogen blisters, originates
from the reaction of water vapour with the surface at temperatures above 300 °C. It may occur during
“olution heat treatment in a furnace that has a relatively high moisture content. The reaction may lead
-, sub-surface blister formation through a mechanism described below. These blisters can be a quality
problem that needs to be resolved in the production plant. High-strength extruded products such as for
zerospace applications are particularly sensitive to this phenomenon. High temperature oxidation is
therefore a familiar problem within this industry.

The paper describes experiments on the mechanism of HTO, and on the mechanisms behind the
prevention of HTO using fluoride salts. These salts are sometimes used in production plants, but the
< of these volatile fluoride salts should be minimised because of their toxicity.

2. LITERATURE REVIEW

The phenomenon called High Temperature Oxidation (HTO) of aluminium, often referred to as
“ydrogen blisters, doesn't include all oxidation reactions of aluminium, as might be expected from the
name. It is limited here to the reaction of water vapour with the aluminium surface and the resulting
Jlistering phenomenon. Indeed, in aluminium production plants reaction with water vapour is by far
"< dominant type of high temperature oxidation mechanism. We will follow the common practice in
ine aluminium industry to use the term HTO to indicate High Temperature Oxidation of aluminium
nrough water vapour and the resulting blister formation.

2.1 Blister formation
It has been postulated already in 1952 by Kostron [1,2] that HTO oxidation originates in the
“action of water vapour with the surface at high temperatures and that the basic mechanism can be
1ivided into the following steps: (1) The water molecules dissociate at the surface giving rise to
rface oxidation and hydrogen formation. (2) The hydrogen atoms penetrate the surface and are
{issolved in the metal (as proton + electron). (3) Diffusion of the protons into the metal. (4) Going out
f solution at an adsorption site within the metal. and recombination as molecular hydrogen. (5) Gas
ressure builds up and may lead to formation of visible blisters. The evidence supporting this
nechanism has accumulated in the literature [3-17,20,21].
It is important to note that blister formation can only occur when suitable recombination sites for
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the hydrogen atoms are present in the metal. Impurities, oxide inclusions, intermetallic phases and «!
like may act as recombination sites [5,9-11,14-17]. In combination with differences in surt.:
chemistry (particularly the influence of Mg), this forms the basis for the major differences
susceptibility to HTO observed between different alloys and different production routes. In gener
the high-strength wrought alloys of the 2000 and 7000 series are the most susceptible [4,12,14,16] -
extrusions are more susceptible than forgings or rolled products. Low-strength alloys and alclad she
and plate (two sides) are in practice virtually immune to HTO blister formation. Even so. a ma
difference in sensitivity to HTO is found even between 99.9% and 99.999% purity aluminium [1]
The process of HTO can be aggravated by the presence of ammonia or sulphur compounds. eithe:
the furnace atmosphere or present as an impurity on the metal surface.

2.2 Kinetics

The kinetics of HTO blister formation was studied by observing the amount of blisters s
function of humidity, temperature and time [5,9,10,12-17] and in more detail by Ibe et al. ar
Stojanova et al [8,20]. These authors studied hydrogen diffusion and the recombination at .
artificially introduced defect. An artificial blister was created which initially is free from gas. 11
depth and size of the blister are fixed. In a humid atmosphere (humidity corresponding roughly
"ambient" factory conditions) and at high temperature the blister will fill with hydrogen due to H T
The internal pressure was calculated from the known creep behaviour of aluminium and the size ot i1
blister and on the basis of this, the amount of hydrogen in the blister was determined. Using t
technique the authors found the activation energy for hydrogen accumulation due to HTO to be abe
140 kJ/mol, which is close to the activation energy for creep of high-purity aluminium at hi:
temperatures. This substantiates the conjecture that creep is the rate-controlling aspect of p«
formation by HTO. Others have studied the flux of hydrogen through an aluminium foil with a watc
containing atmosphere on one side of the foil [21]. In this study, the activation energy for the hydroge
flux through the foil is surprisingly low, 25 kJ/mol, which is even much lower than the activati
energy for hydrogen diffusion in high-purity aluminium, 60 kJ/mol [11].

The accumulation of hydrogen is strongly dependant on the type of surface reaction that occt
[8,12,20]. Blistering only occurs above 300°C, where the dehydration of AI(OH), into AIO(OH) at
surface starts. In the range of 500-550°C the AIO(OH) starts to convert into amorphous- or gam:
ALO,, releasing water and leading to a rapid increase in the kinetics of hydrogen accumulation in
blister. At higher temperatures the reaction of water vapour and aluminium leads directly
amorphous- or gamma Al,O, formation with the release of hydrogen into the metal. As all
hydrogen now goes into the metal and is not partly retained in the monohydrate at the surface. !
hydrogen accumulation in the blister is again increased.

2.3 Fluoride salts

The use of some fluoride salts to prevent HTO is mentioned in the literature [22-26]. Opinions
the amount to be used vary [8,25]. The German Din Norm [25] quotes 0.2-0.5 g of NH HF, pern
furnace capacity whereas Long [8] gives a range of 5-25 g per m® of furnace room for either NH
or NH,HF, salts. The requirement will depend on the total surface area of the aluminium furnace 1o
amongst other factors. Other preventive measures against HTO are possible and several patents in |
direction are given. These methods generally involve an additional processing step with pre-treatin.
of the surface before solution heat treatment, which makes them expensive. An example is disclos<.
apatent [27], describing a surface treatment with a FeCl, solution at pH = 0.5-2, prior to SHT.

3. EXPERIMENTAL RESULTS
Two types of experiments were performed: analysis of formed blisters and TGA analysis of
reaction of vapour products from fluoride salts with aluminium.
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3.1 Blisters .

Samples of hydrogen blisters (HTO) were obtained from round bars in medium- to high-strength
5000 series extrusions after solution heat treatment. These extrusions were made with an indirect
extrusion press.

First it is necessary to establish the origin of the observed blistering. The HTO type blisters can
casily be distinguished from other extrusion blisters (which contain air) and from hydrogen porosity
arising from a too-high hydrogen level in the cast material. When the blister is observed in cross-
scction with a light microscope, the HTO-type blister has a rough inner surface, while the *“normal
_xtrusion blister” has a smooth inner surface. Hydrogen porosity is found throughout the material,
while HTO is found only near the surface [16]. After establishing the blister origin to be HTO, some
blisters were opened with a surgical knife and the inside of the blisters was analysed with an electron
microscope (see figure 1).

With energy dispersive element analysis, the inside of
the blisters was analysed. It was observed that the blisters
contain oxidised areas, the dark spots in figure 1. These
areas are thought to be the sub-surface recombination spots
for the hydrogen atoms.

Careful inspection showed that many of these samples
had layered structures, which were locally pealed-off to
reveal a deeper layer.

Figure 1: One of the HTO blisters opened with a
surgical knife and observed with backscattered electrons
(element contrast) in the electron microscope.
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Structures like this can be seen in the blister (see arrow in figure 1). In addition to this, it was shown
oy element analysis that significant parts of the inside of the blisters were covered with a very thin
oxide layer, even aside from the “dark spots”. A discussion will be given below.

3.2 Reaction of aluminium with gaseous products from fluoride salts

Samples of NH,BF, and NH,HF, were analysed with Thermographic Analysis (TGA) at heating
rates of both 5°C/min and 10°C/min (see figure 2). At 10°C/min, the point of 50% weight loss in the
TG A experiments was 330°C for NH,BF, and 165°C for NH,HF,.
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Figure 2: Thermographic Analysis (TGA) of NH,HF, (left) and NH,BF, (right). _
The reaction between the gaseous products of these salts and an aluminium foil was measured in
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the TGA by determining the increase in weight as a function of time during heating-up at a ratc .
10°C/min. The results show (figure 3) that a minimum temperature of about 300°C is required be
any significant reaction with the aluminium is obtained. The reaction slows down considerably
the build-up layer exceeds about 70 mg/m?, as the layer acts as a diffusion barrier. By analyvsing
resultant foil with X-ray diffraction, it was established that the surface layer on the aluminium consi-
of beta-AlF,.

We found the minimum requirement of NH,BF, in the factory to be 2 g per m* of furnace roc -
even when release of the dissociation products of the fluoride salt was timed to the fumace |
reaching 300°C.
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Figure 3:  The weight increase as a result of the reaction between an aluminium foil and the
gaseous products from NH,HF, (left) and NH,BF, (right) as a function of temperature
during heating-up at a rate of 10°C/min.

By calculating the total surface area of the aluminium profiles in the furnace load and assumi.
maximum thickness of 70 mg/m’ of fluoride, one can estimate the efficiency of the total procedurc
coating the aluminium surface with AlF, in the furnace. In one particular case, for extrusion protic
with 1.5 m? of aluminium surface area per m’ of furnace load, this efficiency was about 5%.

4. DISCUSSION AND CONCLUSION

High Temperature Oxidation (HTO) can arise during solution heat treatment in a forced
furnace. As a rule of thumb one may state that for a particular aluminium alloy during solution ©
treatment:

HTO BLISTERS = (Sub-surface defects) x (Water vapour partial pressure)

Thus there are three ways of preventing HTO blisters during solution heat treatment: (1) preventior |
significant sub-surface defects and (2) lowering the water vapour partial pressure in the furnace and
treatment of the aluminium surface such that reaction with water vapour is prevented.

4.1 Sub-surface defects

The best way of solving a HTO problem is thus to ensure that significant sub-surface deie
donot arise. In our case this meant looking into the extrusion processing. The clues could be four:
the samples such as shown in figure 1. The blisters observed in this study had large sub-sur .
impurities in the metal, consisting mainly of aluminium oxides (or hydroxides). These defects ¢
related to the indirect extrusion process, in which the surface of the extrusion billet is more lik¢!
flow into the extruded product than with indirect extrusion. Even with scalped billets, as in our «
this may lead to defects. The slightly oxidised layered structures found in our samples indicatcs
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material which had accumulated very close to the extrusion container has flowed into the extrudate.
By lowering the container temperature, this problem could be resolved, thus virtually eliminating the
occurrence of HTO blisters.

4.2 Furnace atmosphere

Lowering the partial pressure of water vapour in the furnace is only practical if excess water
rapour above ambient concentrations exist in the furnace. As the solution heat treatment furnace is of
‘he forced-air type, any excess water vapour will leak away to the environment. Gasses, such as
~eaction products from fluoride salts, will also leak into the environment. In our own furnace, typical
=xponential “decay times” to ambient conditions are of the order of half an hour.

4.3 The use of fluoride salts

Three compositions are reported as being used successfully in production: NH,BF,, NH,HF, and
thirdly the direct application of gaseous BF,. The relevant reactions are:

NH,BF, > NH,F + BF,

NH,F <> NH, + HF

NH, HF, 2> NH, + 2HF
‘he BF, gas reacts with water vapour in the furnace:

2BF, + 3H,0 > B,O, | + 6 HF (note: H,BO, and HBO, are unstable at high temperature)
followed by:

2A1 + G6HF > 2AIF, + 3H,

I'ne AlF, then forms a protective layer on the surface that prevents the reaction of water vapour with
the aluminium.

Prevention of HTO by the use of fluoride salts should be minimised because of the toxic nature of
these salts and their dissociation and reaction products (HF gas!). This minimisation can be
wcomplished by proper timing of the release of the gaseous products of these salts into the furnace.
Ideally, the furnace load should have reached about 300°C before these gases are released, as reactions
1art only above 300°C (figure 3). It has been shown that NH,BF, dissociates at a higher temperature
than NH,HF,, which can be an advantage. The BF, gas has the double function of taking away water
‘apour and the generation of a protective layer. BF, gas, when bought separately, is expensive though.
“oncerning the reaction of BF; gas with water vapour in the furnace atmosphere, it is important to

ote that there is sufficient water vapour in the furnace, even at ambient conditions, for this reaction to
e relevant (air with 100% humidity at 20 °C has 17 g/Nm® of water vapour). A disadvantage of both
"IH.BF, and BF, is that B,O, is formed as a reaction product, which is a solid at all relevant
~mperatures and which will accumulate in the furnace and possibly its immediate surroundings. There
< thus room for improvement in this area.
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