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Stress corrosion behaviour of Al-Zn-Mg alloys 
based upon microchemical surface reactions 
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Divergences between the chemical compositions of the natural oxide layers on pure 
aluminium and of alloys containing magnesium have been shown with the aid of SIMS 
measurements. Scanning and transmission electron micrographs and electron microprobe 
measurements indicate the sensitizing effect of the thermal oxide layer to water vapour 
and this is substantiated by SIMS studies. 

From published data and this investigation a further elaboration of the possible 
explanation for stress corrosion is proposed. 

1. Introduction 
The mechanism of the stress corrosion of A 1 - Z n -  
Mg alloys has been a subject of considerable dis- 
cussion and investigation over the last twenty 
years or more. A number of theories have been 
proposed but at present no mechanism is univer- 
sally accepted. Recently, however, the hydrogen 
mechanism seems to have been growing in import- 
ance [1 -3 ] .  

Technical literature regards the following 
microstructural factors as important for explaining 
stress corrosion fracture: 

(a)the critical dimensions, morphology and 
distribution of precipitates inside the grain or on 
the grain boundaries [4] ; 

(b) the distribution of alloying elements along 
the grain boundary [5, 6] ; 

(c) the variation in width of the PFZ (precipi- 
tate free zone) [7]. 

According to pertinent literature stress cor- 
rosion is connected with the following phenomena: 

(a) the repeated formation and disruption of 
oxide films along the PFZ [8] ; 

(b) the increased movement of dislocations in 
the PFZ along the grain boundary [9] ; 

(c) the increased dissolution of areas along the 
grain boundary [10] ; 

(d) some sort of hydrogen embfittlement 

[1-31.  
It is obvious that the observed microstructural 

factors and the related phenomena are connected. 
By our investigations of the oxide layers we try to 
link some results of microstructural measurements 
with phenomena characteristic of stress corrosion. 

According to Ward and Lorimer [5] the Zn 
content is lower in the precipitate-free zones 
(PFZ) or remains at the level of the grain interior. 
At temperatures where during heat treatment a Zn 
"profile", i.e. a lower Zn content appears at the 
grain boundary or in its vicinity the stress cor- 
rosion sensitivity of the alloy AI-6% Zn-3% Mg 
decreases. 

Doig et at. [6] have measured the magnesium 
distribution in the PFZ of the alloy A1-6% Zn-3% 
Mg. As shown by the magnesium profiles, the 
various heat treatments resulted in an increase of 
the magnesium content in the PFZ as compared 
with the central part of the grains. 

The above changes of  alloying element concen- 
tration of the metal may influence the rate of  
crack formation or propagation because they can 
change either the metal solution from the grain 
boundary zone [10] or the composition and stab- 
ility of the oxide film or both. The verification of 
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the change in the composition and stability of the 
oxide film may be very important as these films 
are the barriers in the interaction between the 
alloy and the environment. As recent evidence 
seems to indicate that hydrogen embrittlement is 
one, perhaps the dominant, mechanism in stress 
corrosion cracking [1 -3 ] ,  the investigations of 
Tuck and Scamans [11] are of great interest. They 
found that hydrogen penetration in alloy A1-4.3% 
Zn-1.5% Mg always occurs along the grain bound- 
aries if the samples are stored at 70 ~ C in moist air. 

2. Experimental part and interpretation of 
the results 

2.1. Investigations of natural oxide layers 
In our investigations we started from the assump- 
tion that the alloying element content of the alloy 
influences the composition of the oxide layer 
formed on it or rather from it and therefore also 
the structure of the layer in its more extended 
sense. If this can be proved on the "macro" scale 
then our conclusions can be applied also to the 
effects of inhomogeneous composition and stab- 
ility of the oxide layer which are due to the micro- 
inhomogeneity of the alloying elements. Since it 
is assumed [12] that in the stress corrosion pro- 
cess the oxide layers in statu nascendi are of 
importance we wished to gain information on the 
newly formed oxide layers as well, especially on the 
influence of the magnesium content of the alloy 
on the oxide layer. This problem was investigated 
by the use of secondary-ion mass-spectrometry 
(SIMS). 

The oxide layers were prepared in situ in the 
investigating device itself. First the oxide was 
removed in ultra-high vacuum from the surface to 
be studied by ion bombardment. The ion dose 
needed for this purpose was about 0.05 C cm -2 , 
therefore the surface of the sample was rather 
rough after this treatment. Fig. 1 shows the mor- 
phology of an ion bombarded surface. 

Afterwards the initial oxide layers were permit- 
ted to form and their ionic spectra were investi- 
gated. 

The oxide layers were formed by exposing the 
surface to different oxygen pressures for different 
time intervals. At the start of the measurements 
we also obtained the ionic spectra of the natural 
oxide layers; these data are also reported here. 

The SIMS investigations were carried out using 
Balzers equipment. The background pressure was 
10 .9 Torr, the pressure of Ar gas was 10 -8 t o  
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Figure 1 Scanning electron micrograph of an ion- 
bombarded surface. 

10 -s Torr during sputtering. The oxygen pressure 
could be varied corresponding to the different 
oxygen doses in a range of 10H to 4 x 104 L. 
(L = Langmuir = 10 -6 Tort sec). After the proper 
oxygen dose had been given, we started the SIMS 
investigation. The Ar § ion beam of current density 
2 x 10 -6 Acre -2 and 3keV energy sputtered the 
sample at an angle of 30 ~ . Further details of the 
measurement are given elsewhere [I 3, 14]. 

Table I gives the compositions of the alloys. All 
alloys were prepared from high-purity materials, 
with the exception of the commercial alloy 
A1-3.2% Zn-2.4% (No. 4). 

Fig. 2 shows a SIMS spectrum. Since sputtering 
was carried out with argon ions we used the 
negative spectrum for detecting magnesium oxide. 

To permit a better survey, we have summarized 
in Table II the secondary ion intensity 24 Mg. and 
4~ values - obtained by argon sputtering - 
of the oxide layers formed in the atmosphere and 
made in situ on the alloys Table I. 

From our investigations we conclude that the 
aluminium oxide layer formed on the surface of 
A1-Mg and A1-Zn-Mg alloys is not a pure 
amorphous A1203 layer but also contains MgO. 
Taking into account the values of the free 
enthalpy of formation the amount of MgO as 
compared with the Mg content is relatively low. 
However, according to our investigations a higher 

TABLE I 

No. of sample Mg (wt %) Zn (wt %) 

1 1 .1  - 

2 2.4 - 
3 4.6 - 
4 2.4 3.2 
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Figure 3 Depth profile of the sur- 
face of an A1-4.7%Zn-1.7%Mg 
alloy, coated with a natural oxide 
layer (i) and a thermal oxide layer 
(2), afterwards stored for 10 days 
at 50~ in 100% r.h. (a) from 
'O+/A1 § X 10 -2 SIMS spectra (b) 
from H+/A1 + X 10 -2 SIMS spectra. 
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Mg content results in a higher MgO content in the 
amorphous oxide layer, i.e. in a layer which is 
more permeable than pure aluminium oxide to the 
entry of  hydrogen or water vapour and promotes 
stress corrosion cracking. 

2 .2 .  T h e  e f f e c t  o f  t h e  t h e r m a l  o x i d e  layers  
As we know, the so-called pre-exposure embrittle-, 
merit of  A 1 - Z n - M g  alloys can be increased sub- 
stantially when a thermal oxide layer is formed on 
their surface [ l ,  16].  Scamans et  al. have used in 
situ hydrogen measurements made directly during 
the rupturing of  the samples to detect with a mass 
spectrometer the hydrogen evolved from the 
samples during rupture. We have repeated their 
precorrosion experiment and obtained SIMS 
spectra of  the precorroded samples to study the 

200 220 24,0 " 
t (mini 

position of  the hydrogen relative to the oxide 
layer and the changes of  microstructure in the 
course of  these investigations with the aid of  other 
electrom beam methods. 

Fig. 3a shows the SIMS profiles of  a natural 
oxide layer [1] and a precorroded sample covered 
with a thermal oxide layer [2],  plotted from the 
secondary ion intensity O + SIMS values. 

Fig. 3b shows the H + profiles for the above 
samples and for the oxide layers on their surfaces. 

The different ion profiles were obtained quasi 
simultaneously by an automatic control system 
which switched the quadrupole supply from one 
mass number to another in every second. Hydrogen 
determination was carried out with the equipment 
and method described in literature [15].  

The comparison of  Figs. 3a and b clearly shows 
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TABLE II 

No. of Dosage Sputtering 
sample current (Ira) 

i atmosphere 1 X 10 -7 
4X 104L * 5X 10 -7 

2 atmosphere 1 X 10 -7 
4X 104L 5X 10 -7 

3 atmosphere 1 • 10 -7 
4X 104L 5X 10 -7 

4 atmosphere 1 • 10 -7 
4X 104L 5X 10 -7 

Secondary ion intensity Secondary ion intensity 
24 Mg+ 40 MgO- 

7.0 x 1'04 1.8 x 10 
7.0 x 10 7 1.1 x 10 
1.4 x l0 s 8.0 x 10 
2.2 x lO s 5.0 x 10 
2.5 x l0 s 2.4 • 10 2 
8.0 x l0 s 3.0 x 102 
5.0 X 104 2.5 X 10 
2.0 X l0 s 4.3 X 10 

*L = Langmuk = l 0  -6  Torr sec. 

that in the sample with the thermal oxide layer, 

there is a strong maximum of hydrogen located 

between the oxide layer and the metal. 

The samples of 0.5 mm thickness, studied with 

the SIMS method, were ruptured on the tensile 

testing machine. Fig. 4 shows the difference in 

fracture surfaces on scanning electron micrographs. 

The sample coated with a thermal oxide layer is 

clearly embrittled. Fig. 5 shows the structure of 

the thermal oxide layer obtained by heat treat- 
ment observed in a transmission electron micro- 

scope. During the formation in situ of crystalline 

oxide phases the priority and importance of grain 

boundaries is very evident. The crystalline oxides 
increase the water vapour permeability of the 

oxide mainly at the grain boundaries. 
As shown by our measurements with an elec- 

tron beam microanalyser [17] a zone poor in 
oxide forming agent (Mg) has appeared in parallel 
with oxide formation. The dimensions of this zone 

are shown in Fig. 6. A difference in structure of 

this zone as compared with the bulk material can 

also increase precorrosion sensitivity. The concen- 
tration of the alloying element was measured from 
point to point along the diameter of the freshly 
cut surtaces. The diameter of the electron-beam 
was 1 ~m. 

3. Conclusions 
From literature data and the results of our own 

measurements the following model for the stress 

corrosion mechanism in A 1 - Z n - M g  alloys can be 
sketched: 

The PFZ composition is different from that of 

the interior of the grain in a twofold sense: it has a 
higher Mg content and a lower equivalent Zn con- 

tent. In the P F Z  the dislocation movement is 
increased under the influence of mechanical 

stresses, probably because of the reduction in Zn 

content. The relatively increased Mg content in the 

Figure 4 Fracture surfaces of the samples which furnished the surface profiles shown in Fig. 3, (a) sample coated with 
a natural oxide layer, (b) sample coated with a thermal oxide layer. Scanning electron micrographs. 
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Figure 5 MgO crystals formed on the surface of an 
A1-3.2%Zn-2.4%Mg alloy at 450~ Transmission 
electron micrograph. 

grain boundary region results in an oxide layer with 
increased MgO content  which is less effective as a 
barrier against environmental influences. Further  

this composit ional and structural .inhomogeneity of  
the oxide layer explains its decreased resistance to 
mechanical stresses and results in increased slip in 

the zone carrying the layer. This is in accordance 
with the experience of  Tuck and Scamans [11] 
that  the penetrat ion of  water vapour through the 
amorphous oxide layer of  A 1 - Z n - M g  alloys 
sensitive to stress corrosion occurs primarily in 
the PFZ. 

This effect can be strengthened by  establishing 
a thermal oxide layer on the alloy surface; then 
the alloying element content of  the substrate 
metal layer near the surface is reduced and crystal- 

line oxides which form primarily at the grain 
boundaries further facilitate the penetrat ion of  

water vapour in the metal. 

C/Co 

1.( 

O.6 

0.~ 

O2 Figure 6 Alloying element de- 
pletion in the vicinity of the surface 
of an A1-3.5%Zn-l.2%Mg alloy 
after 6 hours at 500 ~ C. 

During the water vapour -me ta l  reaction, occur- 

ring immediately below the oxide layer, hydrogen 
is distributed in the sample, part ly between the 
oxide layer and the metal  (see Fig. 3) and part ly 

along the grain boundaries (see Fig. 4), leading to 
intercrystalline fracture. It is well known that 
fracture surfaces of  samples subjected to stress 
corrosion are also o f  an intercrystalline type [8].  
The assumption of  a partially similar mechanism 
for these two fractures seems justfied but  requires 
further proof.  
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