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Abstract 
 
The present work has been undertaken with an objective to fill the gaps of previous studies and to explore guidelines to standardize the 

test specimen for evaluating formability with a single specimen in single point incremental forming (SPIF). Two candidate geometries 
for formability testing (i.e. varying wall angle pyramidal frustum and varying wall angle conical frustum) have been compared by vary-
ing geometrical parameters and materials. The critical size in horizontal plane (i.e. half-side length/curvature radius) and critical initial 
forming angle have been identified and compared for the two geometries. The critical size in horizontal plane has been found to be dif-
ferent for the two geometries. The critical initial forming angle has been found to be same for the two geometries. For various sheet mate-
rials, the difference in the formability of VWACF and VWAPF shows a dependence upon the percent reduction in area at tensile fracture.   
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1. Introduction 

In the last decade, several new manufacturing processes, 
such as hydro-forming [1-3], laser forming [4], water jet form-
ing [5], dimple forming [6], flexible hull forming [7] and in-
cremental forming [8], have been introduced. However, owing 
to high flexibility and low tooling cost, single point incre-
mental forming (SPIF) has attained a great attention in indus-
trial sector. The SPIF process can perform 3-D shaping with-
out dedicated dies. But the process, due to slow forming speed, 
is feasible for small batch size. The process has found several 
applications in automotive [9, 10] and biomedical sectors [11]. 
The process is also useful for waste sheet recycling [12]. Fur-
ther, it is capable to process polymers [13] besides sheet metal.  

In the simplest form of SPIF, the sheet is clamped on a rig 
and a hemispherical end tool, made of steel rod, incrementally 
steps down the sheet to form desired contour. The tool motion 
is controlled through a pre-defined trajectory. For further 
process details and advances made so far, the reader is re-
ferred to Ref. [8].  

In SPIF, the deformation imposed by the tool on the sheet is 
confined to the processing zone only and is combination of 
stretching and shearing [14]. As a result of this peculiar de-
formation mechanism, sheet thinning occurs during SPIF. The 

final wall thickness (i.e. after thinning) becomes less than that 
of the original blank sheet and, especially under uni-axial de-
formation, can be approximated by the Sine law. Mathemati-
cally, the law is expressed as follows: 

 
tf = to Sin (90-θ) (1) 
 

where tf is the final wall thickness, to is the blank thickness and 
θ is the wall angle. According to the above equation, the wall 
thinning mainly depends upon the wall angle imposed. Further 
the sheet fracture will occur somewhere between 0o and 90o. 
Therefore, as agreed upon by the researchers [8], the formabil-
ity in SPIF is defined as the maximum value of wall angle (i.e. 
θmax) without sheet fracture.  

Though wall angle is the principal factor affecting wall 
thinning in SPIF, part curvature and initial forming angle im-
posed could also contribute to sheet thinning. Small curvature 
radii promote biaxial deformation (i.e. ε2 ≠ 0) [15, 16], and 
large values of initial forming angle induce thinning band in 
sheet (thinning band is an excessively thinned, higher than the 
sine law’s prediction, segment of part located in the flange 
area) [17]. Both biaxial deformation and thinning band induce 
undue thinning, higher than the sine law’s prediction, in sheet 
[15-17]. As a consequence, the sheet achieves its thinning 
limit at a smaller wall angle and hence the formability (i.e. 
θmax) reduces.  

Cone and pyramid, being simple, are two potential geome-
tries for determining formability (i.e. θmax) in SPIF. Shim and 
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Park [15] and Capece et al. [18] have reported that the cone 
acquires higher formability than the pyramid. The authors in 
their investigations did not take into account the influence of 
variation in geometrical parameters, especially those of pyra-
mid, upon formability. Therefore, the conclusion regarding the 
comparative formability of cone and pyramid cannot be gen-
eralized without further investigating the effect of geometrical 
parameters on formability in a systematic way.  

Several studies with emphasis on formability in SPIF have 
been reported in literature [15-21]. The shape and size of test 
specimen have not been standardized so far, however. In fact, 
the knowledge in a quantified form on various aspects of test 
geometry (i.e. effect of variation in size and shape on form-
ability) is not available to a sufficient level. The aforemen-
tioned geometrical aspects need to be adequately addressed in 
order to reach to conclusive results. Hussain and co-workers 
[16, 17, 19] have partially studied the above aspects. They 
have examined the effect of variation in the size (i.e. geomet-
rical parameters) of test geometry on formability. Only one 
test geometry (i.e. a frustum of cone with varying wall angle 
abbreviated as VWACF and shown in Fig. 1(a) was investi-
gated, however. In this paper, the other potential test geometry 
(i.e. pyramid), with an aim to analyze the effect of variation in 
shape on formability, is brought under study. A frustum of 
pyramid with wall angle continuously varying along the depth 
(abbreviated as VWAPF and shown in Fig. 1(b)) is employed 
as the test geometry. The important geometrical parameters of 
the pyramidal frustum are varied over wide ranges and their 
effect upon the formability (i.e. θmax) is quantified. The results 
of the newly investigated geometry (i.e. VWAPF) are com-
pared with those of the previously investigated one (i.e. 
VWACF). Furthermore, a comparison between the formabil-
ity of two geometries at varying sheet material is also drawn. 
As a result of this study, it has become possible to standardize 
the test specimen to test formability in SPIF. 

 
2. Details of test geometry 

Figs. 1(a) and 1(b) show two test geometries, named as 
varying wall angle conical frustum (i.e. VWACF used in [16, 
17, 19]) and varying wall angle pyramidal frustum (i.e. 
VWAPF employed in the current work) with their respective 
geometrical parameters. The wall angle in both the geometries 
continuously increases along the depth (from 0o to 90o), thus 
inducing corresponding wall thinning in the specimen. The 
fracture occurs somewhere between point P1 and point P2 (i.e. 
between 0o and 90o) whenever the thinning limit of sheet is 
surpassed.  

Each of the shown geometries has four geometrical parame-
ters. Three parameters, with respect to definition as well as 
terminology, are common in the two geometries. These are: 
initial forming/wall angle (θi), generatrix radius (R) and depth 
(h). However, one parameter (i.e. size in horizontal plane) 
differs in terminology. This parameter is termed as horizontal 
curvature radius (ρz) for VWACF and half-side length (Lz) for 
VWAPF. The subscript z indicates that the dimension varies 
along Z-axis (or depth). The preliminary study showed that 
the effect of variation in generatrix radius (i.e. R), in nature 
and quantity, on the formability of VWAPF is same as that 
reported in Ref. [19] for VWACF. Therefore, this parameter 
was not further investigated in this study. Depth of specimen 
varies if the initial forming angle is changed. Therefore, this 
parameter, being dependent on the other parameter, was also 
dropped out from the test plan. 

Consider an arbitrary point (say P) on the two geometries. 
For VWACF, the wall angle corresponding to this point re-
mains constant along the directrix. However, for VWAPF, the 
wall angle subtended by the planar side is larger than that 
subtended by the corner, as shown in an enlarged view of an 
arbitrary section (Fig. 1(a)). The wall angle of corner obeys 

 
               (a) VWACF                                (b) VWAPF 
 
Fig. 1. Test geometries with wall angle continuously varying along the depth and geometrical parameters: (a) Frustum of cone; (b) Frustum of 
pyramid.  
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the following relation:  
 

' 1tan [( 2 / 2) tan ]θ θ−=  (2) 
 

where θ and θ’ are the wall angles subtended by the planar side 
and corner, respectively. This variation in wall angle along 
with quantity of hoop strains, coming from the curvature of 
corner, determines the location of fracture in a pyramid. Ac-
cording to Ref. [18], the interface of planar side and corner 
experiences the maximum deformation and, therefore, the 
fracture in VWAPF occurs at the interfacial zone. However, 
this point will be further examined in the present study. 

 
3. Contact radius of tool 

Contact geometry at the tool/sheet interface in SPIF is 
shown in Fig. 2. As can be seen, only a fraction of tool radius 
makes contact with the sheet. This radius fraction increases as 
the wall angle increases. The fraction of tool radius staying in 
contact with the sheet can be termed as contact radius and can 
be mathematically determined from the following relation: 

 
'r r Sinθ= ×  (3) 

 
where r and r’ are the manufactured radius and contact radius 
of tool, respectively, and θ is the wall angle of forming ge-
ometry. The above relation shows that, if r is kept constant, 
there is an increase in the tool/sheet contact with an increase in 
the wall angle. However, the type of contact (i.e. along longi-
tudinal/hoop direction) mainly depends upon the curvature of 
forming geometry: the contact will be longitudinal for large 
curvature radii and mixed (i.e. both along longitudinal and 
hoop directions) for small curvature radii [15]. These varia-
tions in the interfacial contact will in turn decide the amount 
of strain induced along with its type (i.e. uni-axial or bi-axial) 
during sheet forming. Bi-axial strains develop when the form-
ing is performed under mixed contact. 

 
4. Blank stiffness 

In SPIF, blank stiffness is the resistance of blank to point 
load exerted by the tool in a direction normal to the blank 
plane [20]. In SPIF, blank is clamped on a hollow die. There-

fore, the forming tool, while traversing over the blank, en-
counters the maximum stiffness near the clamped edge and 
the minimum at the center of blank. Moreover, the stiffness 
increases with the decreasing of part (or blank) size [20]. Due 
to these variations, the sheet while forming undergoes differ-
ent amount of elastic deformations at different locations. The 
elastic deformation will affect tool/sheet contact in such a way 
that with the same forming parameters a small blank will en-
dure higher strain than a large blank. This could lead to sheet 
fracture at a smaller value of θmax, hence causing reduction in 
formability. The reader is referred to Ref. [21] for detail on 
blank stiffness. 

 
5. Test conditions and procedures 

Table 1 lists the levels over which the geometrical parame-
ters of VWAPF (i.e. varying wall angle pyramid) were varied. 
These levels are the same as Hussain and co-workers in their 
studies [16, 17, 19] had employed for VWACF (i.e. varying 
wall angle cone). In order to examine the effect of variation in 
the size in horizontal plane on formability, the initial half-side 
length (i.e. Li as defined in Fig. 1) of VWAPF was varied from 
34 mm to 95 mm. As a result, its final half-side length (i.e. Lf 
as defined in Fig. 1) also underwent variation as shown in 
Table 1. The initial forming angle (i.e. θi) was varied from 48o 
to 61o. Due to this variation, the depth of specimen also un-
derwent variation (see Table 1). The remaining parameter (i.e. 
generatrix radius), however, was kept constant as in Ref. [17]. 

The AA-2024O sheet with 1.4 mm thickness, the same as 
employed for VWACF [16, 17, 19], was used as the experi-
mental material. In order to study the strain state on test 
specimen, grid pattern was printed on each blank specimen. 
All the tests were performed with the following fixed process 
parameters: 

Feed rate (f ) = 2.6 m/min; Tool radius (r) = 4 mm; Step size 
(p) = 0.4 mm; Lubricant = Mineral oil.  

Each test specimen was formed to fracture. And, in order to 
provide statistical means, at least three specimens for each test 
were produced. In order to quantify and compare the effect of 
variation in geometrical parameters on sheet deformation, a 
point on each specimen corresponding to 66.5o wall angle (an 
arbitrary point of ease) was chosen as a fixed reference for 
strain measurement. This is clarified that the distance of this 
reference point from fracture point will increase (i.e. along Z 
direction) if the sheet forming limit (i.e. θmax) increases. The 

 
 
Fig. 2. Geometry of contact at the tool/sheet interface in SPIF. 

 

Table 1. Geometrical parameters and their levels employed in the 
current investigations. 
 

Variable 
parameter Levels Fixed geometrical parameters 

Li 
(mm) 

34, 38, 40, 43, 
47.8, 55.4, 65, 

80, 95 

θi = 43.8o; θf = 75o;  h = 53.4 mm;  
R = 115 mm;  Lf = 2.4 mm-63.5 mm

θi (degree) 48, 51, 54, 58, 
61 

Li = 80 mm;  θf = 75o;  
h = 47.3 mm-25 mm;  

Lf = 54.3 mm-70 mm;  R = 115 mm 
 



2340 G. Hussain et al. / Journal of Mechanical Science and Technology 26 (8) (2012) 2337~2345 
 

 

deformed grids were measured with a tool maker microscope 
(least count 0.001 mm) and its results were converted into true 
strains. In order to quantitatively analyze the effect of varia-
tion in geometrical size on wall thinning, the wall thickness in 
each specimen was measured from the same location as cho-
sen for strain measurement (i.e. from a point corresponding to 
66.5o). The point corresponding to 66.5o above fracture was 
marked and the thickness on this point was measured using a 
dial gauge indicator with 0.001 mm accuracy. In order to de-
termine θmax, the depth of specimen corresponding to fracture 
point was measured with a height gauge (least count = 0.001 
mm). And the wall angle corresponding to fracture, regarded 
as θmax, was computed adopting the procedure reported in Refs. 
[16, 17]. At desired depth, the curvature radius/half-side 
length was determined from the CAD model of respective 
geometry. 

 
6. Results and discussion  

In the following sub-sections, first the results pertaining to 
VWAPF (present study) are discussed, and later a comparison 
of these results with those of VWACF (previous work) is 
made to draw important conclusions to set guidelines in order 
to standardize the test geometry. 

 
6.1 Effect of variation in half-side length 

Fig. 3(a) shows the variation in wall thinning as a function 
of half-side length of VWAPF (half-side length was measured 
at the same point where thinning/strains were measured (i.e. 
66.5o)). It is evident from the figure that up to half-side length 
of 28 mm, the wall thinning increases as the half-side length 
decreases. Afterwards, wall thinning remains insensitive to 
any variation in half-side length. Within the investigated range 
of half-side length, there is a variation of about 6.2% in wall 
thinning. Therefore, it can be said that a variation in half-side 
length affects the sheet deformation in SPIF. This finding can 
be attributed to variation in blank stiffness (refer to section 4 
for details on blank stiffness). Fig. 3(a) shows the strain com-
ponents at two extreme settings of half-side length. The mag-
nitude of each component decreases with increase in half-side 
length. This result could only be an outcome of reduction in 
tool/sheet contact (which physically could not be measured 
due to unavailability of instruments) in hoop as well as in 
longitudinal directions. This clearly justifies the role of blank 
stiffness on sheet deformation in SPIF. 

Fig. 3(a) also depicts the comparison of wall thinning, under 
the same testing conditions, between VWAPF and VWACF 
(data for VWACF adopted from Ref. [16]). The wall thinning 
for VWAPF has been drawn against half-side length and for 
VWACF has been drawn against horizontal curvature radius 
(an equivalent of half-side length). Both the geometries show 
similar trend of decrease in wall thinning with an increase in 
the size in horizontal plane (i.e. half-side length/horizontal 
curvature radius).  

This is to be noticed that, for the size ranging from 7 mm to 
37 mm, the wall thinning of VWAPF remains lower than that 
of VWACF. However, after 37 mm the trend becomes reverse. 

The above wall thinning trend can be attributed to the pat-
tern of hoop strains development in the two geometries. In 
VWAPF, corner is the only curved feature where hoop strains 
can develop, and the curvature of this feature does not change 
as the size of VWAPF changes. Therefore, the quantity of 
hoop strains in VWAPF is not affected significantly as the 
size of VWAPF is varied. However, a slight variation (Δ = 
2%) in the quantity of hoop strains (see Fig. 3(a)) owing to 
variation in bank stiffness can be seen. This means the major 
contribution towards above reported wall thinning trend is 
made by VWACF and this is endorsed by large variation (Δ = 

 
(a) 
 

 
(b) 

 
Fig. 3. Effect of variation in the size of test geometry in horizontal 
plane upon: (a) Wall thinning; (b) Formability. 

 



 G. Hussain et al. / Journal of Mechanical Science and Technology 26 (8) (2012) 2337~2345 2341 
 

  

17%) in hoop strains. In VWACF with curvature radius (i.e. 
geometry size in horizontal plane) below 37 mm, the hoop 
strains develop, although with decreasing quantity with in-
crease in curvature radius (see Fig. 3(a)). Due to this fact, 
higher deformation occurs in VWACF than in VWAPF (com-
pare sum of strain components at 7 mm size in Fig. 3(a)), 
hence inducing higher wall thinning in VWACF than in 
VWAPF. However, as soon as the curvature radius exceeds 37 
mm, hoop strains no longer develop in VWACF (see Fig. 
3(a)) and, as a result, the VWACF undergoes smaller defor-
mation than VWAPF (compare sum of strain components at 
70 mm). Consequently, lower wall thinning occurs in 
VWACF than in VWAPF when the size of geometry is kept 
above 37 mm. 

The variation in wall thinning in VWAPF is about 6.2% 
whereas that in VWACF is about 14%. This means that the 
geometry size in horizontal plane is more influential upon 
VWACF than upon VWAPF. This is to be pointed out that the 
wall thinning in VWAPF (i.e. 6.2%) owes to the sole effect of 
varying blank stiffness, whereas that in VWACF (i.e. 14%) is 
due to the combined effect of varying curvature and blank 
stiffness. 

Shim and Park [15] and Capece et al. [18] have reported 
that a pyramid undergoes larger deformation than a cone. The 
above findings clarify that the conclusion drawn in Refs. [15] 
and [18] is valid only for large curvature radii (i.e. above 37 
mm); however, not valid for smaller curvature radii (i.e. below 
37 mm). Therefore, it can be said that a pyramid does not 
always necessarily undergo larger deformation than a cone 
rather the outcome depends upon the size of test specimen in 
horizontal plane. The difference between the current finding 
and the one reported in Refs. [15] and [18] can be reasoned by 
the range of curvature radius investigated. In Refs. [15] and 
[18], the small curvature radii were not considered (i.e. curva-
ture radius was kept above 37 mm). Whereas, in the current 
study, this omission was rectified by taking small curvature 
radii into account (i.e. curvature radius ranged from 7 mm to 
70 mm).  

Fig. 3(b) shows the plot of maximum wall angle drawn 
against the half-side length of VWAPF. Up to 28 mm, the 
maximum wall angle increases, at a varying rate, with an in-
crease in the half-side length. After 28 mm, the maximum 
wall angle becomes insensitive to any increase in the half-side 
length. These formability results are in good agreement with 
the wall thinning results shown in Fig. 3(a). In the investigated 
range, total increase in the maximum wall angle is approxi-
mately 3%. Therefore, the influence of change in the half-side 
length upon the formability of VWAPF should be considered 
while standardizing the test specimen.  

Comparison between the formability of VWAPF and 
VWACF can be seen from Fig. 3(a). For small geometry sizes 
(i.e. curvature radii and half-side lengths below 37 mm), the 
VWAPF shows higher formability than VWACF, contrary to 
Capece et al. [18]. Contrarily, for large sizes (i.e. greater than 
37 mm) the trend becomes reverse. Again, these trends can be 

attributed to the interesting patterns of wall thinning observed 
in Fig. 3(a). More in detail, for the size below 37 mm, the 
VWACF owing to higher wall thinning (as can be seen in Fig. 
3(a)) and consequently achieving thinning limit at a smaller 
wall angle fractures earlier than VWAPF, and a converse 
trend occurs when the geometry size is above 37 mm. 

The increase in the formability of VWACF test, under the 
same testing conditions, is about 5.5%, whereas that of 
VWAPF test is about 3%, thus revealing that the curvature 
radius is more influential upon the formability than the half-
side length. This is worth noticing that the critical half-side 
length (i.e. the size further reduction in which adversely af-
fects the formability) for VWAPF is about 50% smaller than 
that for VWACF. Moreover, the size of VWAPF and 
VWACF in horizontal plane should be kept above 28 mm and 
54 mm, respectively, in order to achieve the maximum form-
ability.  

 
6.2 Effect of variation in initial forming angle 

Fig. 4 shows the wall thinning, measured corresponding to 
66.5o above fracture, of VWAPF with respect to varying ini-
tial forming angle. The wall thinning, despite no change in the 
half-side length1 of test geometry, increases with increase in 
the initial forming angle. Total increase in wall thinning, 
within the investigated range, is about 5.5%. This is due to the 
occurrence of thinning band, as a result excessive thinning of 
sheet takes place and the Sine law fails to predict wall thick-
ness (see an example of thinning band in Fig. 4 and Ref. [17] 
for further details). This is important to notice from Fig. 4 that 
the severity of thinning band on wall thinning increases as the 
initial forming angle increases. Further, the thinning band 
occurs when an initial forming angle larger than 51o is im-
posed. 

The strain components, measured corresponding to 66.5o 
above fracture (these are not limiting strains), at two extreme 
settings are also shown in Fig. 4. The sum of components in 
VWAPF increases from 103% to 106% as the initial forming 
angle increases from 48o to 61o. This finding, which is an out-
come of increasing the severity of thinning band with an in-
crease in the initial forming angle, reinforces the finding that 
the variation in initial forming angle affects sheet deformation.  

This is worth seeing from the photographs shown in Fig. 4, 
the fracture location in VWAPF shifts from the corner zone to 
the planar side as the initial forming (or wall) angle increases 
from 48o to 61o. Prior to going into explanation, the reader 
may note down that the thinning band occurs, as found earlier, 
only when the value of initial forming angle exceeds 52o. Also, 
the forthcoming points are not applicable to the findings re-
ported in the preceding section. The reason behind fracture 
shifting is explained as follows: 

 
1 The half-side length was kept above critical value (i.e. 28 mm) so as 
to avoid adverse effect of smaller half-side length on fracture occur-
rence (Table 1). 
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•  A point on the planar side of VWAPF subtends higher 

wall angle than the corresponding point on corner. Say the 
planar side subtends 61o; the corresponding corner (according 
to Eq. (3)) will subtend 52o. 

•  Due to the above difference in wall angle, the planar side 
faces higher severity of thinning band (i.e. higher wall thin-
ning) than the corner. Further, this severity on planar side, 
compared to that on corner, increases as the initial forming 
angle increases, especially after 52o (minimum value of initial 
forming angle required for occurrence of thinning).  

•  Because of the above two points, the level of thinning (e.g. 
63.2% at 61o) induced in the planar side becomes higher than 
the level of thinning (e.g. 62.2% at 61o) induced at corner 
(which normally experiences higher thinning when initial 
forming/wall angle is below 52o). Consequently the sheet frac-

ture occurs at the planar side instead at the corner. Thus the 
strain mode at fracture also changes from bi-axial to uni-axial 
(compare strain states of VWAPF at two extreme settings in 
Fig. 4).  

This is worth pointing out that such a condition happens 
only when a very large value of initial forming angle (such as 
61o) is imposed. These findings clarify that the sheet fracture 
in a pyramid, contrary to Refs. [15, 18], does not necessarily 
occur at the corner zone rather the outcome depends upon the 
value of initial forming angle imposed. 

Fig. 4 also portrays a comparison between the wall thinning 
of VWAPF and VWACF. It is to be seen that the wall thin-
ning of former geometry approaches that of the latter one as 
the initial forming angle increases from 48o to 61o. This can be 
attributed to higher severity of thinning band on the planar 
side than on the corner, as discussed above in three points. 
The total variation in wall thinning, over the investigated 
range, in VWAPF is 5.5% and that in VWACF is 8%.  

Fig. 5 depicts the effect of variation in the initial forming 
angle upon the formability (i.e. θmax) of VWAPF. For the ini-
tial forming angle ranging from 48o to 51o, the formability 
remains un-affected. The formability sharply falls down as the 
initial forming angle increases from 51o to onwards. The over-
all reduction in the formability, in the investigated range, is 
about 1.5%. This result again can be attributed to undue thin-
ning induced by thinning band, which causes premature sheet 
failure at a smaller angle and reduces formability.  

The formability of VWAPF against that of VWACF can be 
compared from Fig. 5. The reduction in the formability of 
VWAPF is about 1.5%, whereas that in the formability of 
VWACF is about 2%. This means that the initial forming 
angle is relatively more influential upon VWACF than upon 
VAWPF. This is to be seen from the figure, the critical value 
of initial forming angle (i.e. the angle further increase in 

 
 

 

 
 
Fig. 4. Effect of variation in initial forming/wall angle upon wall thin-
ning. 

 

 
 
Fig. 5. Effect of variation in initial forming/wall angle upon formabil-
ity. 
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which adversely affects sheet fracture) is about 51o for both 
the geometries. Furthermore, at smaller wall angles (say 48o) 
the formability of VWACF is larger than that of VWAPF. 
However, difference between the formability of two geome-
tries (i.e. θVWAPF - θVWACF) gradually reduces as the initial form-
ing angle increases till both the geometries, again in contrast 
to Capece et al. [18], show almost same formability at 61o. 
This finding is in good agreement with the one found regard-
ing wall thinning discussed earlier. 

 
7. Effect of variation in sheet material upon the form-

ability 

In Refs. [21], an analysis regarding formability-property re-
lation in SPIF was conducted. The material properties were 
determined from tension test, and the formability in SPIF was 
evaluated making use of VWACF as test geometry. The geo-
metrical parameters were chosen in such a way that neither bi-
axial deformation nor thinning band occurred during forming. 
The formability was found to be increasing with increase in 
percent reduction in area at tensile fracture (a material prop-
erty). Here this result will be verified by changing the test 
geometry from VWACF to VWAPF. Furthermore, as found 
in the previous section, the difference between the formability 
of VWACF and VWAPF, i.e. θmax (VWACF) - θmax (VWACF), varies 
as the respective geometrical parameters are changed. This 
difference at varying sheet material is investigated in the cur-
rent section. The formability of VWAPF geometry was ob-
tained performing tests with five different materials, as listed 
in Table 2. Moreover, the geometry size was chosen compara-
ble to that of VWACF. The strains were measured around 
fracture. The formability of VWACF and tensile properties of 
materials were adopted from Refs. [21]  

Fig. 6 shows the correlation between the formability and 
percent reduction in area at tensile fracture. It can be seen that 
the formability, as expected, increases with the increasing of 
percent reduction in area and can be reasoned by the same fact 
as reported in Refs. [21]. The VWAPF, however, shows lower 
increase rate than VWACF. These findings reveal that the 
conclusion drawn in Refs. [21] regarding formability-property 
relation is equally valid for a pyramid as well. 

The difference in the formability of two geometries, i.e. θmax 

(VWACF) - θmax (VWAPF), is also apparent from Fig. 6. The differ-

ence varies with variation in sheet material. It, as found for 
formability, increases from 3.5% to 8.5% as the percent reduc-
tion in area increases from 25% to 82%. This result can be 
attributed to increase in the development of hoop strains (from 
7% to 34%) in VWAPF with increase in percent reduction in 
area (from 15% to 82%) (see Fig. 6). In fact, sheets with 
higher percent reduction in area can withstand larger wall 
angles (as can be seen from Fig. 6) without fracturing (i.e. 
from 50o to 74o in the investigated range). And, as evident 
from Eq. (3), at a large wall angle the forming tool makes a 
large contact with sheet (i.e. a large value of r’ as defined in 
Fig. 2). Since, within the investigated range of percent reduc-
tion in area, the wall angle achieved by various materials var-
ies from 50o to 74o, the value of r’ in turn increases from 1.7 
mm to 3.9 mm. As a result, due to increase in tool/sheet con-
tact in hoop direction in addition to longitudinal one at the 
corner of VWAPF, the quantity of hoop strains (strains in this 
section were measured around fracture at the corner) at the 
corner in VWAPF increases (i.e. from 7% to 34%). On con-
trary, the VWACF owing to large curvature radius does not 
make significant contact in hoop direction and, therefore, does 
not undergo any hoop deformation (i.e. ε2 = 0) (see Fig. 6). 
Due to these reasons, the difference between the sum of strain 
components in the two geometries increases as the percent 
reduction in area increases (compare strains sum at extreme 
settings). This increasing difference is strains sum conse-
quently increases formability difference between the two ge-
ometries. 

 
8. Conclusions 

With an objective to standardize the test specimen in order 
to evaluate the formability with a single specimen during SPIF, 
the frustums of cone (i.e. VWACF) and pyramid (i.e. 
VWAPF) with wall angle continuously varying along the 
depth were compared in detail. The important findings of the 
study, which can act as guidelines to standardize the test 
specimen in SPIF, are as follows:  

(1) For the two geometries, the formability shows a depend-

Table 2. Sheet materials and their mechanical properties employed in 
this study. 
 

Material Tensile elon-
gation (%) 

Hardening 
exponent 

Reduction in 
area at tensile 
fracture (%) 

AA2024T4 19.34 0.171 24.75 

AA2024O 21 0.236 41.53 

Cu -H28 4.47 0.077 47 

AA1060-H24 5.53 0.0427 70.45 

AA-1060O 36.11 0.1968 81.5 

 

 
 
Fig. 6. Formability of test geometries at varying sheet material. 
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ence upon the size in horizontal plane (i.e. half-side 
length/curvature radius) of geometry. A pyramid, contrary to 
[15, 18], does not essentially show lower formability than a 
cone rather the outcome depends upon the size in horizontal 
plane. 

(2) The critical size in horizontal plane for VWAPF is about 
50% lesser than that for VWACF. To maximize the formabil-
ity in SPIF, the geometry size should be kept larger than this 
critical size (i.e. above 28 mm for VWAPF and 54 mm for 
VWACF). 

(3) The critical value of initial forming angle is same in both 
the geometries (i.e. 51o). In order to achieve maximum form-
ability, the initial forming angle should be kept below this 
critical value.  

(4) The fracture in a pyramid, in contrast to Ref. [18], does 
not necessarily occur at the interface of corner and planar side. 
The fracture occurs at the interfacial zone if initial forming 
angle below 61o is opted and at the planar side if initial form-
ing angle above 61o is imposed.  

(5) The difference in the formability of VWACF and 
VWAPF (i.e. θVWACF - θVWAPF) depends upon the percent reduc-
tion in area at tensile fracture. This difference increases (from 
3.5% to 8.5%) with an increase in the said material property. 
This finding will be helpful in clarifying the process mechan-
ics. 

 
9. Future work 

The applicability of above findings on other materials of in-
terest will be investigated in future. 

 
Nomenclature------------------------------------------------------------------------ 

ρi : Initial curvature radius of VWACF in the horizontal 
plane 

ρf: : Final curvature radius of VWACF in horizontal plane 
Li: : Initial half-side length of VWAPF in horizontal plane 
Lf: : Final half-side length of VWAPF in horizontal plane 
θ: : Wall angle subtended by planar wall of VWAPF 
θ.,: : Wall angle subtended by corner wall of pyramid 
θi: : Initial forming/wall angle 
θf: : Final wall angle 
ε1 : Longitudinal strain 
ε2 : Hoop strain 
h: : Depth of specimen 
R:  : Generatrix radius 
r: : Tool radius 
r’: : Effective tool radius 
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