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Plastic instability related to 
grain-boundary failure in an 
A I -Zn -Mg alloy at low temperatures 
MUTSUMI  ABE, A K I R A  F U J I W A R A  
Control Research Laboratory, Kobe Stool Ltd., Kobo, Japan 

The strength and ductility of an A I -6  wt % Zn-1.2 wt % Mg alloy at low temperatures 
have been investigated by varying the grain size, the amount of grain-boundary 
precipitate and the nature of the precipitates in the matrix. Pronounced grain-boundary 
embrittlement has been observed at temperatures below -- 100 ~ C in alloys age-hardened 
by GP zones and especially in coarse-grained alloy specimens, but was not observed in 
over-aged specimens. From the condition for plastic instability related to the grain- 
boundary micro-cracking, the temperature and structure dependences of the ultimate 
tensile properties are expressed by; 

(o i - -  O 0 )/O i = e u /n  + C, 

where oi is the instability stress (true ultimate tensile strength), eo the 0.2% proof stress, 
eu the uniform elongation, n a constant found to be about �89 and C a constant related to 
the work-hardening rate of the matrix. 

1 .  I n t r o d u c t i o n  

From studies on the mechanical properties of 
aluminium alloys at cryogenic temperatures [1 ,2] ,  
it is known that the strength of pure aluminium 
increases with decreasing testing temperature [3] 
whereas the elongation or the reduction of area at 
low temperatures is much reduced due to grain- 
boundary embrittlement [4]. The tensile pro- 
perties of age-hardened aluminium alloys at low 
temperatures, however, have not been system- 
atically examined in relation to the structural 
factors such as grain size, the amount of grain- 
boundary precipitate and the nature of the 
precipitates in the matrix. 

The present work aims at clarifying the 
relation between the above structural factors and 
properties such as the ultimate tensile strength and 
the uniform elongation in an A1-Zn-Mg alloy at 
low temperatures. 

2. E x p e r i m e n t a l  p rocedure  
The Al -Zn-Mg alloy used in this investigation 
was prepared from high purity materials by semi- 

continuous casting in a mould l l 0 m m  x 
180 mm x 400 ram. The alloy compositions were 
6.20wt%Zn, 1.20wt%Mg, 0.006wt%Fe and 
0.005 wt % Si. The cast ingot was homogenized 
at 450 ~ C, scalped, and hot-rolled to 15 mm thick- 
ness. Tensile specimens having effective gauge 

measurements of 25 mm x 7 mm 6 were milled from 
the strip. The solution heat-treatment was carried 
out at 450~ in air for 30 min, unless otherwise 
noted. The grain size was controlled by annealing 
at 500~ for various periods, and subsequently 
the specimens were solution heat-treated at 400 ~ C 
for 10min in a salt bath. Ageing treatments em- 
ployed in this work were as follows; 

Heat treatment A: 

500 ~ C (t) ~ 400 ~ C for 10 rain -+ water quenched 

-+ room temperature for 1 week -+ 70 ~ C for 1 day 

With this heat treatment, specimens with controlled 
grain sizes are age-hardened by GP zones. 
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Heat t reatment B: [ [ [ I 
450 ~ C for 30 rain -+ 200 ~ C (t) -+ water quenched l W,Q.-~ RTx I week ~ 70"C x 24 h 

-+ room temperature for 1 w e e k - + 7 0 ~  for 1 day 50 O d =0 .09ram 

k @ O.12mm 
con- ~ The amount  of  grain-boundary precipitate is ~-  l ' b  tD 

0 .20ram " N  
E . \ �9 031ram 

20 

trolled by varying the quench4nterruption period 
at 200~ subsequent to the heat treatment at 
450 ~ C. 

Heat t reatment  C: 

500 ~ C (t) ~ 400 ~ C for 10 rain ~ water quenched 

180 ~ C for 1 day 

Over-aged specimens having various grain sizes are 
obtained by  this heat treatment.  

After these treatments,  tensile tests were made 
on an Instron-type machine at a strain rate 2.0 x 
10 -2 rain -1 at room temperature ( a i r ) , - - 4 0 ~  
(methanol),  --  100 ~ C (Difron), --  150 ~ C (Difron- 
12) and - - 1 9 6 ~  (liquid nitrogen). After the 
tensile test, the fractographic examination was 
performed by  a scanning electron microscope. 

3. Experimental results 
3.1 .  H e a t  t r e a t m e n t  A 
Fig. 1 shows the temperature dependence of tensile 
properties such as 0.2% proof  stress, ao, and 
engineering ultimate tensile strength, a b , for speci- 
mens containing GP zones in the matrix,  as a 
function of grain size. As is seen from Fig. 1, the 
temperature dependence of ab varies with grain 
size; at temperatures be low--  100 ~ C for the coarse 
grain size ab is much reduced. Fig. 2 shows the 
temperature dependence of  the uniform elong- 
ation, 5u, the elongation at the onset of  necking, 
and also of  the local elongation, 61 the apparent 
elongation from maximum load to fracture. It is 
found that  6u shows a maximum at about  
--  100 ~ C and also that 6u for the coarse grain size 
become small at low temperatures as is the case of  
the engineering ultimate tensile strength. In order 
to illustrate the low temperature embrit t lement,  
the temperature dependence of the instability 
stress, oi, the true stress at the onset of  necking, is 
shown in Fig. 3 as a function of  grain size. It can 
clearly be seen from Fig. 3 that the transition from 
ductile to brittle fracture occurs at temperatures 
between - -100  and - -150  ~ C. It is also found 
from the fractographic examination that  the 
apparent ratio of  the inter-granular fracture region 
[5] increases with decreasing test temperature and 
with increasing grain size. 
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Figure 1 Temperature dependence of the 0.2% proof 
stress, %, and the ultimate tensile strength, Orb, as a 
function of grain size (heat treatment A). 
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Figure 2 Variation of the uniform elongation, 6 u and the 
local elongation, 61, with the testing temperature in heat 
treatment A. 
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Figure 3 Effect of grain size on the temperature de- 
pendence of the instability stress, ai, obtained from Figs. 
I and 2. Note the drastic change of a i at--150 ~ C in the 
coarse-grained specimen. 

Figure 4 Temperature dependence of % 
and a b as functions of the amount of 
grain-boundary precipitate (qUench: 
interruption periods) in heat treatment B. 

3 .2 .  Hea t  t r e a t m e n t  B 
As was previously pointed out [6],  the amount of  
grain-boundary precipitate (GBP) increases as the 
holding time at the quench-interruption tempera- 

ture (200 ~ C) is increased. With increased holding 
time at 200 ~ C, the precipitate-free zone (PFZ) 
usually becomes wide. In order to eliminate the 
effect of  the PFZ width, the specimens were sub- 
jected to the low-temperature ageing at both room 
temperature and 70 ~ C, i.e., heat treatment B, by 
which the PFZ becomes very narrow, as pointed 
out by Cornish et  al. [7]. Fig. 4 shows the tem- 
perature dependence of  a0 and au as functions of  
the quench-interruption period at 200 ~ C in speci- 
mens having a coarse grain size. It is seen that the 
engineering ultimate tensile strength % varies with 
the interruption period. The effect of  the testing 
temperature on Ob is not discontinuous; quite dif- 
ferent from that for specimens subjected to heat 
treatment A (Fig. 1). The ultimate tensile strength 
increases smoothly at lower temperatures. 

Fig. 5 shows the temperature variation of  the 
uniform elongation, 8u, and the local elongation, 
81, with the amount of GBP for the same speci- 
mens as in Fig. 4. In comparison with Fig. 2, it is 
seen that 6 u does not show a maximum but de- 
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Figure 5 Variation of the elongations, 8 u and 81, with 
the experimental temperature (heat treatment B). 
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creases with decreasing temperatures and with in- 
creasing amount of GBP. From the ultimate tensile 
properties such as ab and 5u shown in Figs. 4 and 
5, the temperature dependence of the instability 
stress is determined (Fig. 6). 

3.3.  Hea t  t r e a t m e n t  C 
The temperature variation of tensile properties 
with grain size in specimens containing over-aged 
precipitates is shown in Figs. 7 and 8. It is seen 
from Fig. 7 that the strength ob or oi increases 
steeply but monotonically with decreasing tem- 
perature, while the temperature variation of oo is 
very small compared with that of the alloy age- 
hardened by GP zones (see Fig. 1). The grain size 
dependence of % also is very small at the tempera- 
tures studied. It can also be noted from Fig. 8 that 
the uniform elongation 8u increases with de- 
creasing temperature whereas the local elongation 
81 shows a minimum corresponding to the plateau 
of the 8u curve. Unlike for the previous heat 
treatments, the strengths % and oi and the 
uniform elongation 8u increase rather smoothly 
with decreasing temperature. However, the inter- 
granular fracture at the fractured surface increases 
with decreasing testing temperature, and with in- 
creasing grain size, as in cases A and B. 

,--, 450*Cx30min --> 200~ (t) --* 
~l= RTx 1week --~ 70"Cx 24h I I I 

:~ 0 1Stain ] \~[~. 0 �9 ~ cl:O.08mm I 
~" 4 = . r - -  O 1 h - -  .~, [ ~ Z~ �9 AL 0.13 mm / 
u~ ~ - -  iD 4h  , ~ . ~ 4 0 ~ ~  _ ~  FI I I  ~ 0.19mm --'~ 

-2oo -loo o I 1 
Temp. (~ -200 -lO0 o 

Figure 6 Effect of the quench-interruption period (the Temp. ( * C )  
amount of grain-boundary precipitate) on the tempera- Figure 7 Temperature dependence of tensile strengths a o, 
ture dependence of the instability stress. Note the o b and cr i, as functions of the grain size in heat treatment 
difference from Fig. 3. C. 
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Figure 8 Variation of 5 u and ~;l with the testing tempera- 
ture in heat treatment C. Note the increase of 6u with 
decreasing temperature. 

4. Discussion 
4.1. Plastic instabil i ty and grain-boundary 

embrittlement 
As was shown in the previous section, the uniform 
elongation in alloys age-hardened by GP zones 
(heat treatment A) decreases markedly at tempera- 
tures below -- 100 ~ C (Figs. 2 and 5), at which the 
ultimate tensile strength shows anomalous be- 
haviour (Fig. 1) owing to grain-boundary fracture. 
On the other hand, when the matrix is over-aged 
(heat treatment C), the ultimate tensile strength 
as well as the uniform elongation increase mono- 
tonically at low temperatures, in spite of  the 
similar grain-boundary fracture (Figs. 7 and 8). It 
seems that the ultimate tensile properties are 
affected not only by structural factors such as 
grain size, the nature of  precipitates in the matrix, 
and the amount of  GBP, but  also by the suscept- 
ibility to grain-boundary fracture. 

Fig. 9 shows the grain-boundary cracks ob- 
served in a specimen subjected to heat treatment A 
and deformed by about 10% at -- 150 ~ C. It is seen 
that grain-boundary cracking occurred prior to the 
maximum load in the load-deformat ion curve. 
Such behaviour is also observed in over-aged speci- 
mens. In the presence of  grain-boundary micro- 

Figure 9 Grain~boundary micro-cracks observed in the specimen before reaching the maximum load (about 10% 
elongation) in heat treatment A at --150 ~ C. 
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Figure 10 The relationship between % ,  a i and e u ex- 
pected from Equation 5 for heat treatments (a) A, (b) B, 
and (c) C, respectively. 

cracks, the rate of reduction of the effective cross- 
sectional area bearing the load is expressed by the 
following equation; 

dA/A -- (dA/A)p + (dA/A)v, (1) 

where (dA/A)p shows the reduction rate of the 
cross-sectional area caused by the plastic defor- 
mation, while (dA/A)v is the reduction rate 
owing to the growth of cavities within the cross- 
sectional plane. Here, the effective cross-sectional 
area does not mean the whole cross-sectional area 
of the specimen but shows the cross-sectional area 
actually bearing the load, and is smaller by the 
area covered with cavities. As is seen in Fig. 9, the 
grain-boundary micro-cracks show almost the same 
disk-like shape. 

If the length of these disk4ike cracks is restricted 
to the dimensions of the grain, the thickness must 
increase with increasing strain. Therefore, the area 
of cavities within the cross-sectional plane of the 
specimen increases with strain. Following Ashby 
[8], the area of cavities within the cross-sectional 
plane increases approximately in proportion to the 
strain, i.e., (dA/A)v = - - q ( d L / L ) ,  where q is the 
growth rate of micro-crack within the cross- 
sectional plane and dL/L is the strain of the speci- 
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men. Thus, Equation 1 may be rewritten as 
follows; 

dA/A = -- (1 + q) dL/L. (2) 

When the grain-boundary micro-cracking occurred 
prior to the maximum load, the necking con- 
dition may be obtained from Equation 2 as; 

do/de = (1 + q)o, (3) 

instead of do/de = o for the case of no micro- 
cracking, where o is the true stress and e the true 
strain. If the conventional relationship between 
stress and strain for the specimen containing 
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Figure 11 Stress-strain curves at room temperature and -- 196 ~ C for (a) heat treatment A, and (b) heat treatment C. 

micro-cracks is represented by; 

o = ao + K e n  , (4) 

where Oo is the 0.2% proof stress or the yield 
stress, and K and n are constants, a relationship at 
the onset of necking can be obtained from 
Equations 3 and 4 as; 

(oi -- Oo)/~i = ( i  + q ) e u / n .  (5) 

The plots of the experimental data using Equation 
5 for specimens subjected to heat treatments A, B 
and C are shown in Figs. 10a to c, respectively. 
The dotted lines in these figures represents the 
relation expected from Equation 5 when the con- 
stant n is assumed to be �89 and the growth rate q to 
be 0. Thus, the experimental data may be repre- 
sented by the following equation; 

(Gi -  Oo)/Oi = euln + C, (6) 

where n is nearly constant at �89 and Cis a constant 
independent of the testing temperature for heat 
treatments A and B (Figs. 10a and b). For heat 
treatment C (Fig. 10c), however, Cis not constant 
and depends upon the testing temperature. It is 
thus considered that the constant C is related to 
the nature of the precipitates in the matrix. 

From comparison of Equations 5 and 6, it is 
seen that qe/n ~-- C, i.e., the micro-cracked area qe 

in Equation 5 becomes constant at the onset of 
necking when the matrix is age-hardened by GP 
zones (heat treatments A and B). In other words, 
the necking occurs when the micro-cracked area 
(qeu) within the cross-sectional area of specimen 
reaches the critical value, which is almost constant 
for alloys age-hardened by GP zones irrespective of 
the testing temperature, grain size and the amount 
of GBP. On the other hand, for the over-aged alloy 

(heat treatment C), the critical cracked area varies 
with the testing temperature but not with grain 
size (Fig. 10c). The difference in the critical 
cracked areas based on the nature of the precipitate 

in the matrix is considered to be related to the 
temperature dependence of the strain-hardening 
capacity in the region surrounding the micro-crack 
[9]. In order to verify the influence of the nature 
of the matrix precipitate on the critical cracked 
area, the stress-strain curves at room tempera- 
ture and --196 ~ C for specimens subjected to heat 
treatments A and C are compared, as shown in 
Figs. 1 l a and b, respectively. In these figures, the 
strain is represented by its square root. As is seen 
from these figures, for heat treatment A, the slope 
of the curves K(=  d~/dx/e) is not much affected 
by the testing temperature, while for heat treat- 
ment C the slope increases markedly as the tem- 
perature is lowered, enough to suggest that the 
strain-hardening capacity is much affected by the 
testing temperature in the over-aged alloy (heat 
treatment C). 

4.2. U l t ima te  tensile p rope r t i e s  
Since the linear relationship given by Equation 6 
was obtained at the onset of necking for heat 
treatments A and B (age-hardened by GP zones), 
the true ultimate tensile stress c~ i and the uniform 
elongation eu can be given from Equations 3, 4 
and 5, by assuming the constant n to be �89 (ob- 
tained from Figs. 10a and b), as; 

cr i = Cro/2 +~/[cr~ + 2K2/(1 + q ) ] / 2  (7) 

eu = (1 + q)-I  
x (�89 -- 1/{1 + x/[1 + 2K2/(1 + q)oo 2] }) 

(8) 
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From Equations 7 and 8, it is seen that the stress 
and the strain at the maximum load are represented 
by the 0.2% proof stress, e0, the work hardening 
coefficient, K, and the growth rate of micro- 
cracking, q. It is also understood that the ultimate 
tensile stress, oi, and the uniform elongation, eu, 
decrease with increasing q. It is clear that the 
anomalous behaviour of o i at low temperatures 
shown in Fig. 3 can not be explained if q = 0. 

The low temperature embrittlement shown in 
Fig. 3 is ascribable to the increase in the growth 
rate of micro-cracks, q, since ao and K do not 
increase at low temperatures. In fact, eu decreases 
at low temperatures for heat treatment A and qeu  

is constant at the onset of necking, so that q must 
increase at low temperatures. Similarly, the influ- 
ences of the grain size and the amount of GBP on 
the plastic instability (Figs. 2 and 5) can be ex- 
plained in terms of the condition qeu  being 
constant; the growth rate q increases with in- 
creasing grain size and the amount of GBP. On the 
other hand, in over-aged specimens (heat treat- 
ment C), the temperature dependence of the work- 
hardening coefficient K is responsible for the 
tensile properties such as oi and eu, rather than the 
growth rate q, for the growth rate decreases at low 
temperatures (Fig. 10c). 

5. Summary 
Tensile properties of an A1-6 wt % Z n -  1.2 wt % Mg 
alloy at low temperatures have been investigated 
with particular reference to the plastic instability 
caused by the grain-boundary micro-cracking. The 
results obtained are summarized as follows. 

(1) Anomalous grain-boundary embrittlement 
was observed at temperatures below --100~ in 
the alloy age-hardened by GP zones (heat treat- 
ments A and B), especially in specimens with 
coarser grains. 

(2) When the matrix is over-aged (heat treat- 
ment C), the ultimate tensile strength and the 
uniform elongation increase with decreasing test 
temperature regardless of the grain size, while the 
local elongation decreases. 

(3) A linear relationship between 0.2% proof 
stress, Oo, true ultimate tensile strength, a i, and 
uniform elongation, eu, was obtained as 

(g i  - -  Oro)/O~i = eu//~ + C, 

where the constant n = �89 and the constant C 
depends on the work-hardening rate in the matrix. 
This relationship holds independently of the de- 
formation temperature, grain size, amount of 
GBP (grain-boundary precipitates) and the nature 
of the precipitate in the matrix. 

(4) The anomalous behaviour at low tempera- 
tures has been interpreted from the analysis based 
on the above relationship, with reference to the 
growth rate of the grain-boundary micro-cracks. 
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