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Room-temperature forming limit diagram and 
tensile behaviour up to 200°C of an AI-Ca-Zn 
superplastic alloy 
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The forming limit diagram and strain distribution under punch stretching at room temperature 
of an AI-Ca-Zn (superplastic) alloy have been evaluated. Tensile behaviour up to 200°C is 
reported. The fracture surfaces have been examined by scanning electron microscopy and the 
results are analysed to support the failure criterion proposed earlier by Marciniak et al. 

1. In troduct ion  
Moore and Morris [1] have reported structurally 
superplastic flow in an A1-Ca-Zn alloy. However, the 
low-temperature (ambient and up to 200 ° C) proper- 
ties of this alloy, having a microstructure conducive to 
superplasticity, are not known. 

In this paper, the forming limit diagram (FLD) of 
the A1-Ca-Zn alloy at room temperature is deter- 
mined using the method reported by Keeler and Back- 
ofen [2] and Hecker [3]. Strain distribution in punch 
stretching is evaluated. Tensile properties up to 200 ° C 
are reported. Fractography was used to account for 
the differences in behaviour under various testing con- 
ditions. The fracture criterion of Marciniak et al. [4, 5] 
is verified. 

2. Exper imenta l  p r o c e d u r e  
Sheets of the alloy, 1 mm thick, were supplied by the 
Alcan Research Laboratories, Canada. The composi- 
tion (wt %) was Ca 4.87, Zn 4.64, Fe 0.13, Si 0.09, Mg 
0.01, A1 balance. 

When subjected to punch stretching, the as-received 
material shattered. To obtain a microstructure simi- 
lar to that present during superplastic flow, the as- 
received material was soaked at 540 ° C for 30 rain and 
air cooled [6]. The two-dimensional grain size of the 
second phase was 2.0 _+ 0.5/~m. The matrix grains 
could not be fully revealed. As in an earlier study [1], 
the isolated grains that were visible had a size equal to 
that of the second phase. Blanks for FLD measure- 
ments and tensile specimens were cut from these sheets. 

2.1. Determination of FLD 
Blanks of  constant length 100 mm, and varying widths 
of 100, 80, 70, 60, 50, 40, 25 and 15 mm were cut, with 
the length always perpendicular to the sheet rolling 
direction. This enabled the determination of the trans- 
verse FLD of the sheet, which is standard practice [3]. 
Using a screen printing process, the blanks were grid- 
ded with non-contacting circles of  2.5 mm diameter. 
Each blank was clamped securely by a circular draw 
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bead of 60 mm diameter on a double-action hydraulic 
press and stretched over a hemispherical punch of 
25 mm diameter at an average speed of 10 mm m i n i .  
The hold-down pressure was in the range of 1.03 MPa 
(10 atm). 

To obtain a number of strain ratios, several speci- 
mens were tested for each width. Some tests were 
stopped at visible necking; others continued until 
fracture. 

The grid circles became ellipses on deformation. 
The major and minor axes of the ellipses were meas- 
ured using a travelling microscope, with a least count 
of _+ 0.01 mm at a magnification of x 10. The major 
and minor engineering strains were computed and 
plotted against each other. The strain distribution in 
blanks of  different widths was also measured along a 
longitudinal traverse. 

2.2. Tensile t e s t ing  
To obtain the largest negative minor strains in the 
FLD, tensile specimens of dimensions 50mm gauge 
length, 12.5mm width, 1 mm thickness and with the 
axis perpendicular to the sheet rolling direction were 
screen printed with non-contacting circles of 2.5 mm 
diameter. These specimens were tested to fracture at 
room temperature on an Instron machine at a cross- 
head speed of 10 mm min -I . Major and minor strains 
were calculated, as before. 

Tensile specimens with the axis parallel to rolling 
direction and dimensions 16mm x 4mm x 1 mm 
(gauge portion), were pulled to fracture on an Instron 
machine employing different cross-head speeds (0.5, 2, 
5, 10mmmin -I)  and temperatures (25, 80, 130, 
190 ° C). The strain-rate sensitivity index, m, was deter- 
mined at room temperature and 250°C using the 
strain-rate change tests [7]. 

2.3. F r a c t o g r a p h y  
The fracture surfaces resulting from the punch stretch- 
ing of  blanks as well as tensile testing were examined 
in a scanning electron microscope. 
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3. R e s u l t s  
3.1. Forming  limit d i ag ram 
The FLD is shown in Fig. 1. Ductility was greater in 
biaxial tension than when drawing was dominant. The 
largest major strain of  40% was seen, when the minor 
strain was 30%. A plane strain of 27% and a maxi- 
mum negative strain of  about 8 % were also recorded. 

3 . 2 .  Strain distribution 
The distribution of strain across blanks of  different 
widths is shown in Figs 2a to h. For  large blank widths 
(>  60 ram), the major and minor strains at the pole 
were nearly equal. For  smaller widths, the two strains 
differed significantly. The type of  distribution of 
minor strain above and below a blank width of 60 mm 
was also different. The distribution of major strain, 
however, followed the same pattern at all widths. 

3 . 3 .  Tensile properties 
Some important properties, along with the values of K 
and n in the equation tr = Ke" where a is the true 
stress, e the true strain, n the strain-hardening index 
and K a material constant, used to analyse plastic flow 
in the material, are given in Table I. (In the tem- 
perature range employed, the strain-rate sensitivity 
index, m, was only of the order of  0.005 to 0.09. Thus, 
the approximation of the equation a = K'e"®", 
where ~ is the strain rate, to ~r = Ke" does not intro- 
duce serious errors.) The variations in the uniform, 
total and post-uniform strains with the experimental 
conditions are shown in Fig. 3. 

With increasing temperature, the uniform strain, n, 
and the strain-rate dependence of  ductility decreased. 
However, a direct relationship existed between the 
post-uniform strain and temperature. In general, n 
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Figure 1 The room-temperature forming limit diagram of 
the A1 Ca-Zn alloy. (O) Safe ellipses, (ID) necked ellipses, 
(e) failed ellipses. 

40 

went through a maximum with strain rate, but at 
80 ° C, n was virtually independent of  strain rate. The 
changes in the value of  K with strain rate and tem- 
perature, on the other hand, fell within a narrow band 
(Table I). 

The strain-rate sensitivity index, m, deduced from 
the relation (at constant strain) of  a oc #" rose from 
0.005 at room temperature to 0.09 at 250 ° C. 

3.4. F r a c t o g r a p h y  
Tensile fracture was concentrated upon because it 
revealed some interesting features. This was not the 
case with fracture surfaces resulting from punch 
stretching, which were somewhat similar. 

3.4. 1. Fracture in punch  stretched specimens 
Here the fracture surfaces appeared similar and Table 
II shows that even the dimple size did not change 
appreciably with a change in the width of the blank. 

3.4.2. Tensile Fracture 
The macrographs shown in Figs 4a and b, correspond 
to different strain rates at 25 ° C. The appearance is 
rugged and similar, indicative of  comparable (low) 
ductility. Fig. 4c, corresponding to a higher tempera- 
ture, reveals a smoother surface and a greater reduc- 
tion in area, characteristic of higher ductility. 

Figs 5a to d (taken at × 1000) correspond to differ- 
ent temperatures, but the same strain rate of deforma- 
tion. Table III gives the relationship between the test 
temperature, dimple size and ductility. 

Isolated dimples were nearly spherical in shape. 
With increasing ductility, the dimples inter-linked and 
acquired an oblong shape. This resulted in (a) clumps 
of  grains becoming surrounded by cavities on all sides 
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Figure 2 Distribution of major and minor strains in blanks of  different widths. Longitudinal traverse: (a) t00 mm, (b) 80 mm, (c) 70 mm, 
(d) 60mm, (e) 50ram, (f) 40mm, (g) 25mm, (h) 15mm. (O) el, (x) e 2. 

and pulling out, and/or (b) an alignment of the dim- 
ples in the direction of  the stress. At all temperatures, 
tear ridges connected the different fracture paths pro- 
duced by the linking of cavities (dimples). The follow- 
ing correlations could be established: (i) ductility 
increased with an increase in dimple size, and (ii) 
the width of the tear ridges decreased with increasing 
ductility. 

At higher temperatures, e.g. 190 ° C, grain-boundary 
sliding was present (Fig. 6). 

The specimens were also examined at higher magni- 

fications of x 1500 and x 3000. These pictures are not 
presented because the details were similar. 

A feature common to both the punch stretching and 
tension experiments, was the presence of shear facets 
due to inclusions [6]. Fig. 7 is an example. 

4 .  D i s c u s s i o n  
4.1. Forming limit diagram 
The presence of  low negative strains, even in uniaxial 
tension, indicates a low r value, where r is the ratio 
of the width strain to thickness strain. This is 
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Figure 3 The effect of  temperature and cross-head speed on (a) uniform, (b) total and (c) post-uniform strains. Tension tests. (o) 
0.5 m m m i n  -I ' (•) 2.0 m m m i n  -1 ' ( ~ )  5 . 0 m m m i n  -I ' (n)  10 .0mmmin  -l" 

understandable because for materials with a micro- 
structure conducive to superplasticity, r is relatively 
low [7]. A reasonably high value of n, on the other 
hand, ensures somewhat better ductility in biaxial 
stretching. In this study, hydraulic bulging (el = e2, 

where e~ and e2 are the major and minor engineering 
strains) was not generally present, perhaps due to the 
presence of friction and some lateral drawing. Other 
contributory causes could have been the lack of  true 
sphericity in the punch, slight tool misalignment 
and/or absence of  exact centring of the blank. Never- 
theless, beyond a blank width of about 80 mm, equi- 
biaxial tension was present at the pole. 

With decreasing blank width (i.e. below 60 mm dia- 
meter of the draw bead), the stretching force in the e 2 
direction decreases (due to inferior gripping) and the 
minor strain at the pole progressively falls. On the 
other hand, drawing in of material increases with 
decreasing width of the blank, causing e~ at the pole to 

Figure 4 Tensile fracture surfaces (a) and (b) corresponding to room 
temperature (25 ° C) and cross-head speeds of 2 and I0 m m  min-~,  
respectively. (c) 190°C and a cross-head speed of 1 0 m m m i n  t. 
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T A B L E  II Average dimple size for blanks of different widths 

Blank width 100 60 40 25 
(ram) 

Dimple size 4 4 4 3 
(#m) 

rise. Then, as seen in these experiments, under identi- 
cal conditions of lubrication (including no lubrica- 
tion), the strain distribution (which is determined 
by the stress state) depends on the geometric factors 
such as punch profile, draw bead diameter and blank 
width [8]. 

By interpolation of the results presented in Figs 2a 
to h, Fig. 8 has been drawn. This way the limitation 
introduced by the discreteness of blank widths and 
non-contacting circular grids could be overcome. Evi- 
dently, Fig. 8 is a convenient way of storing data and 
reveals the effects of blank width and stress state on 
strain distribution. (Extrapolation beyond the range 
of blank widths employed in the experiments, however, 
should be avoided.) 

It is clear from Fig. 8 that the effect of blank width 
on the (e2/e~) ratio is different at the pole and at 2 mm 
from it, compared with points further away from the 
pole, where the curves lie in a narrow band. The latter 
curves converge for a blank width of 60 mm, but are 
divergent above and below this value. Above a value 

T A B L E  I I I  Correlation between test temperature, dimple size 
and ductility (all measurements  corresponded to a cross-head speed 
of 2 mm rain -~ ) 

Temperature Dimple size Total strain 
(° C) (#m) at fracture 

(%) 

25 4.6 20.1 
80 5.9 23.6 

130 7.9 25.0 
190 9.4 27.8 

of 70 mm, the rise in the (e2/el) ratio with blank width 
is less steep. 

The effect of blank width on the (e2/et) ratio has 
already been explained. It should also be noted that 
beyond a certain width (in this case ~ 7 0 m m )  the 
entire draw bead would have made contact with 
the blank and there would be no further increase in the 
constraints or stretching force in the e 2 direction so 
that the (e2 /el ) -blank width plots flatten out. 

As the radius of curvature of  the punch used in this 
study was not large, the physical separation between 
distinct stress states was small. Thus, many curves in 
Fig. 8 lie in a narrow band. The resolution can be 
improved by using punches of larger radii, but then 
more material will be required for the tests. Alter- 
natively, smaller grid circles could be used, in which 
case more accurate instruments are needed for strain 
measurements. 

Figure 5 Dependence of  dimple size on test temperature in tensile tests at a cross-head speed of  2 m m  m i n - l .  (a) 25 ° C, (b) 80 ° C, (c) 130 ° C, 
(d) 190 ° C. 
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Figure 6 Evidence for the presence of  grain-boundary sliding. 
Tensile test at 190°C and a cross-head speed of  10mmmin -~ . 

Thus, the nature of the curves depicting the strain 
state is influenced by the punch to grid circle diameter 
ratio, blank width to bead diameter ratio and lubrica- 
tion. (In this study, only the blank width to bead 
diameter ratio was varied.) Evidently, this aspect of 
the study is useful in knowing the extent of ductility 
available when the material is subjected in service at 
room temperature to different stress states. In par- 
ticular, unlike the case of highly ductile materials [9], 
the FLD of the A 1 - C ~ Z n  alloy in the positive e~-e 2 
space does not rise steeply, which indicates that the 
stress state affects ductility only marginally. The over- 
all ductility level (at room temperature) for all stress 
states is limited. 

4.2. Tensile properties 
The effects of strain, strain rate and temperature on 
tensile ductility are similar to what is seen in many 
systems. This aspect needs no further discussion. In 
this material, yield-point elongation was present. 
Therefore, both the lower and (initial) upper yield 
points have been reported. The strain-hardening index 
(n) was calculated in the range beyond yield-point 
elongation up to maximum load. At the higher tem- 
peratures, the lower yield point was of the order of the 
UTS. (As n decreased with increasing temperature, the 

Figure 7 A shear facet (indicated by an arrow) seen in a blank of  
width 100 mm, fractured at room temperature by punch stretching. 
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Figure 8 Dependence of  the (e?/e t ) ratio on blank width, at fixed 
distances (mm) from the pole (o) (v) 2, (zx) 4, (E:I) 6, ( ~ )  8, 
(va) 10, (ca) 12. 

load maximum was seen practically at the beginning 
of flow.) 

From Table I, it is possible to choose a safe operat- 
ing stress at a given temperature, by assuming a 
suitable factor of safety. 

4.3. F rac tog raphy  
In fracture induced by punch stretching, the dimple 
size was not affected much by the blank width, which 
could be traced to the limited effect of the stress 
state on ductility. The small differences in ductility 
are perhaps due to the known dependence of crack 
initiation and propagation on stress state. 

In this alloy, cracks initiate by the fracturing of 
inclusions and/or by decohesion along a particle- 
matrix interface [6]. The width of tear ridges decreased 
with increasing ductility because sudden failure by 
plastic deformation (which leads to tearing) that con- 
nects different fracture paths becomes less important 
when greater crack lengths can be tolerated on account 
of enhanced ductility. With increasing temperature, 
the strain-rate sensitivity index (m) also increases 
(see above). This increases the internal necking resis- 
tance of intercavity ligaments, which again will decrease 
the tendency for tearing. 

4.4. Failure criterion 
As fracture first appears perpendicular to the direction 
of major strain, a longitudinal traverse reveals the 
limiting strain distribution obtainable in a blank. 
Therefore, for verifying the hypotheses regarding the 
onset of fracture, longitudinal traverses (to estimate 
strain) should be employed. 

Marciniak et al. [4, 5] have postulated that an 
inhomogeneity lying perpendicular to the direction 
of greatest principal stress develops into a groove, 
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Figure 9 The major and minor strains near 
the pole in a punch-stretched blank of 
width 50ram. Each square represents an 
ellipse (see text). 

in which deformation becomes concentrated (leading 
to fracture), once a condition of plane strain, i.e. 
de2 = 0, is reached. 

This hypothesis could be verified in blanks of dif- 
ferent widths. The procedure is illustrated in Fig. 9, 
which corresponds to a blank width of 50 mm. In the 
figure, an ellipse is represented by a square, with the 
one at the pole denoted by a star. The distance (ram) 
from the pole of other ellipses is shown in the boxes. 
The squares are numbered in the "row x column" 
notation and the symbols s, n and f are used to denote 
the "safe", "necked" and "fractured" ellipses. Each 
square is divided into four quarters. The "northern" 
and "eastern" quarters give, respectively, the length of 
the major axis (ram) and the percentage major strain. 
The "western" and "southern" quarters present the 
length of the minor axis (mm) and percentage minor 
strain, in that order. 

The following points can be made about the minor 
strain gradient. 

(a) Within an experimental accuracy of _ 1%, the 

4 0 -  

3 0 - -  

2 0 - -  

10 - 

minor strain experienced by the necked ellipses n22, 
n23 and n24 was identical. The safe ellipses s12, sl3 
and s14 (present adjacent to the necked ellipses) have 
also suffered an equal (but lower) minor strain. 

(b) In column s13 to f53, representing a longitudi- 
nal traverse through the pole, the minor strain at the 
pole is l 1.2%, which increased to 11.6% at s43. This 
value is unaltered at f53 and is equal to the minor 
strain present in n22, n23 and n24. 

Thus, in the above cases, de 2 = 0 (i.e. minor strain 
is constant), when necking and fracture set in. In other 
words, a condition of plane strain exists before failure 
(which verifies the postulate of Marciniak et al. [4, 5]). 

The horizontal row on either side of f53, on the 
other hand, emphasizes the need for stopping a test 
immediately on reaching the limit strain to prevent 
crack propagation into regions of low strain. 

Thus, a single limiting minor strain (e21) could be 
associated with the fractured ellipses corresponding 
to each blank width (Fig. 10a). The reason for the 
increase in the limiting minor strain with blank width 
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Figure 10 (a) Limiting minor strain (e2~) in fractured ellipses corresponding to different blank widths. (b) The lowest (e2je~) ratio at the necked 
ellipses plotted against blank width. 
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and its saturation above about 70ram has already 
been given. In Fig. 10b, (e2~/e~) values of necked ellip- 
ses having the largest possible el value and an e2~ value 
equal to that of a fractured ellipse (Fig. 10a) are 
plotted against the blank width. An equi-biaxial strain 
state (e2L/e ~ = 1) is approached for large blank 
widths. For reasons already stated, the tendency slows 
down above a blank width of 70 mm and the presence 
of limited lateral drawing prevents a value of unity 
from being reached. 

5. Conclusions 
The following conclusions emerged from the present 
study. 

1. At room temperature, more ductility was present 
in bi-axial than in uni-axial tension. Tensile ductility 
in the range room temperature (25 ~ C) to 190°C was 
reasonable. 

2. Plots of (e2/e~ ) against blank width could be used 
to store conveniently formability data corresponding 
to different stress states. Interpolation overcomes the 
problem of discreteness in blank width and non- 
contacting grid circles. ~I'he strain distributions, meas- 
ured in longitudinal traverses, are accounted for in 
terms of the punch profile and the change in the extent 
of clamping with blank width. 

3. Work-hardening capacity of the material is lim- 
ited and Table I indicates that the alloy is of medium 
strength. 

4. The tensile and fractographic results are similar 
to those reported for a number of systems. 

5. The results verify the postulate of Marciniak 
et al. [4, 5] that fracture is first seen only after a 
condition of plane strain is reached. 
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