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Abstract. The paper shows that the contour of a sheet blank at all stages of 

superplastic forming can be described by application of the universal 

equations known as a "superformula" and "superellipse". The work 

provides information on the ranges of values of the coefficients entering 

these equations and shows that their magnitudes make it possible to 

additionally determine the level of superplastic properties of the workpiece 

metal, the shape of the shell being manufactured, the stage of superplastic 

forming, and the presence of additional operations to regulate the flow of 

the deformable metal. The paper has the results of approximation by the 

proposed equations of shell contours that manufactured by superplastic 

forming by different methods. 

1 Introduction 

Superplastic forming (SPF) of casings of hemisphere type, spherical shells, boxes, box 

sections and the like of sheet blanks is a relatively new technological process of plastic 

working of metals, that sprang up owing to discovery of the phenomenon of superplasticity 

in metals and alloys. SPF was first copied in 1964 from the process of gas forming of 

thermoplastics [1, 2]. Some of the materials developed for superplastic forming are known 

[2]: Aluminium-Magnesium (Al-Mg) alloys, Bismuth-Tin (Bi-Sn), Aluminium-Lithium 

(Al-Li), Zinc-Aluminium (Zn-Al) alloys, URANUS 45N (UR 45N) two phase stainless 

steel, Nickel (Ni) alloy INCONEL-718, Titanium (Ti-6Al-N) and Pb-Sn alloys. For such 

technique a flat sheet blank is placed into a sealed die-container, then the blank is fixed 

(clamped), according to the required shape and subsequently formed by free bulging 

(Fig. 1a) or by blow forming (Fig. 1b) by means of supply of pressurized gas energy carrier 

[3-5]. This provides this process with additional low-tooling advantages. 

Constant growth in parts and materials range, manufactured by SPF of sheets, including 

in combination with diffusion welding [2, 3] stipulates the necessity to modify the existing 

methods and develop new ones for designing of these processes. For a control over the 

processes of forming, evaluating of the parameters of the deflected mode and designing of 

the elements of die tooling it is required to predict and describe the changing shapes of 

sheet blanks formed by application of SPF methods. Nowadays an active search is going on 
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for precise mathematical methods of describing bodies shapes and forming at a different 

stage of impression-free and dieless methods of sheet and bulk workpieces performing [4-

8]. Possibilities of new mathematical discoveries in the field of approximate description of 

any existing natural contours make it possible to apply Lame’s [9-10] and Gielis’ [11-13] 

formulas, as they seem to be very perspective. Such investigations have not been carried 

out yet, it ensuring scientific novelty of the work. 

 

  
(a) (b) 

Fig. 1. Superplastic methods of sheet blank forming: (a) – free bulging, (b) – blow forming 

 

The processes of superplastic forming of hollow parts, manufactured of sheets (see 

Fig. 2) are calculated, as a rule, on the basis of the thin-walled moment-

free (membrane) shell theory with application of Laplace’s equation [14-17]: 
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where  21  ,  – meridional and tangential stresses inside the shell at forming; 

21 R,R – radii of the shell’s curvature in the meridional and tangential directions; 

p  – pressure of the deforming environ; 

S – thickness of a sheet blank. 

 

 
 

Fig. 2. The design scheme of the superplastic forming process 

 

As a coupling equation the equation of steady creepage is most often used [5, 17-21]: 
tk , (2) 

where   – intensity of flow stresses; 

k  – material’s properties index; 

  – intensity of strain rates; 

t  – strain rate hardening exponent (is an sensitivity index to evaluate the 

dependence of flow stress   on strain rate  ). 

At least two stages of forming [3-5, 19] are considered for SPF calculations: 1) free 

bulging of the initial blank into the die-cavity to the contact with its bottom, 2) filling of 
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angular areas of die for shells or boxes with the deformed metal. Sometimes, the forming of 

the triangular sections of the box-parts or the formation of rigidity ribs on the parts' surface 

is singled out as the third stage [22], compensating elements often being used for improving 

of parts geometric precision [23, 24]. The need of stage-by-stage calculation of SFP process 

is caused, above all, due to essential alternations of the contour’s geometry of the deformed 

blank part at its passing from die forming to flowing into the corner areas of mating first on 

the bottom and side surfaces of shells and boxes and then into trihedral corners of the boxes 

or into the hollow parts of rigidity ribs. Besides, contact friction conditions are changed on 

the blank-die boundary [25]. 

The non-monotonous evolution of the contour of a blank sheet at SPF causes drastic 

alternations in the radii of curvature 1R  and 2R , it complicating calculations according to 

Laplace’s equation (1). The radii of curvature 1R  and 2R  are usually determined by 

approximating experimental data with different formulas. For the first stage of SPF it is 

often assumed that the contour of the formed blank is but a part of the circumference [1], 

seldom it has a parabolic shape [18] or an ellipse shape [26, 27]. For calculations of the 

corner areas parts of the contour are approximated by circumferential equations [1, 4], 

using polynomials and splines (equations of a chain line and circumference) [8, 28]. For 

evaluations of SPF technology transition from one stage to another is very often due to 

alternation of the system of coordinates, original assumptions, boundary conditions and the 

absence of interconnectivity of the indices comprising the equation (2). It makes the 

calculations more complicated, reducing their precision, it being in spite of all another 

prerequisite for application of Lame’s [9, 10] and Gielis’ [11-13] formulas for solution of 

the problems of approximating the formed blanks’ contours. 

A number of researchers [5, 18] assume that the shape of blank’s contour at SPF 

depends upon strain rate hardening exponent t : the bigger t -index value the closer the 

contour of the blank is to circumferential shape. They believe that low level of 

superplasticity properties of blank’s metal, i.e. low values of t , determine transition of the 

contour from circle to parabolic or even hyperbolic shape [29]. 

Still, we maintain that predicting the blank’s shape at SFP, on the basis of the value of t

-index is incorrect. The value of t -index is determined in connection with the entire 

specimen under testing. In case with SFP blanks with changed structure of separate sections 

and forming. In case with SPF blanks with altered structure of some sections and when 

forming is done within an uneven temperature field it is o normal practice to try to achieve 

reduced or increased parameters of superplasticity of the deformed method inside the 

specified areas [17, 29]. If t -index is evaluated for such conditions of deformation it will 

be essentially less than its optimal value, according to which a geometric shape of the 

deformed blank is supposed to be evaluated. Due to it the contour of the crown differs from 

spherical shape of the sheet part, manufactured by forming [1, 17, 28-30], and the blank 

temperature along the crown’s pole is reduced, as compared to the optimal value. 

According to the works [26, 27, 31]: a) the contour of a titanium tube with a coarsened 

structure in the central area during superplastic expanding or flaring is closer to the bellows 

contour than to a circle or parabola; b) crowns (domes) during SPF of blanks with grinded 

grains on a some circle sector of their diameter had a contour similar to a peeled orange. 

As far as SPF blanks of different thickness are concerned [38, 39], the crown shape at 

the same value of t -index for all sections of the blank may change both to parabolic and 

ellipse type. It depends on the locations of sections with maximal and minimal thickness on 

the blank’s surface and the difference between these thicknesses in relation to the average 

thickness of the blank the analysis of t -index, described, for instance in [1, 4, 5, 31, 32] 

shows that its numerical values are not constant and depend on many factors, so it cannot 

be considered as an objective criterion for evaluating SPF parameters. 
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According to our opinion the conclusions of the authors of [3, 5, 6, 19, 20, 32-34] works 

seem to be relevant, when they ascertain that the shape of the contour (profile) of a 

deformed blank part depends on distribution of its relative thickness. It can be explained by 

the following reasons: 

1) it was found experimentally [3, 19, 20, 32, 34], that for smith SPF the maximum 

deviation of the crown’s shape from spherical shape was observed at the smallest values of 

0S/S  in the crown’s pole ( 0S,S  – are the current and initial thicknesses of the sheet 

blank); 

2) prior to fracturing of the crown’s walls, a local bulging of the crown with abnormal 

decrease in the radius of curvature takes place, simultaneously with a drastic decrease of the 

blank’s thickness, this phenomenon is typical to both superplastic and ordinary cold 

forming of parts, like, for instance, by liquid pressing [2, 3]; 

3) adjusting the blank’s thinning (as a rule, reduction of difference in thicknesses of its 

walls) by SPF methods of variable thickness, by preliminary preparation of different 

structures in the specified sections and in an even temperature field is accompanied with an 

evident deviation of the crown at the stage of smith forming, from the shape of spheroid 

segment [1, 17, 29, 30, 38-40]. 

The performed review shows the vitality of finding ways of approximation of contours 

of sheet blanks at superplastic forming, by application of a unified equation, for the sake of 

unifying the approaches to a detailed analysis of shape alternation and tools’ contours 

design in order to ensure their standard durability [35, 36]. 

The objective of this work is to determine the possibility of approximating the contour 

of a forming blank by a single unified equation at all SPF stages, with due regard to ever 

changing geometrical and technological parameters.  

2 Methodology 

For selection of a universal equation for description of shells’ contours, formed under 

conditions of superplasticity it should be noted that its diagrams must describe different 

shapes of parabolas, circumferences, and rectangles with rounded angles, at different values 

of parameters, comprising it. 

We assume that such equations may comprise an equation of Gabriel Lame’s curve, 

more widely known as a “superellipse” [9, 10], and Johan Gielis’ equation [11-13], known 

also a “superformula”. 

The “superellipse” is generally described in Cartesian coordinated with the following 

equation: 

1
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,    (3) 

where n  and m – exponents; 

 0a  and 0b – coefficients, 0a  > 0, 0b > 0. 

Depending on the values of n , m , 0a  and 0b  diagrams of the equation (3) describe the 

entire set of contours, that sheet blanks may have at different SPF stages.  

Johan Gielis offered in his classical work [11] a more generalized equation, known 

nowadays a “superformula”, it may be applied for describing many complicated shapes and 

curves, that are met in nature and engineering [12-13]. In geometrically opposite 

coordinates for radius-vector r  and   angle the equation has the following view: 
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where 321 n,n,n  – curve’s shape indices; 

 b,a  – dimensions (values of semi-axes); 

 k  – index of the number of repeated fragments.  

The authors rightfully consider the equation (4) to be a new way of describing and 

represented natural objects and maintain that the variety of shapes can be described with 

one singular and simple numeric equation. The circumferential equation, reduced to more 

general view and having acquired the view of (4) equation can form lots of generations of 

different curves and polygons, including shells’ contours at SPF. 

Now, let us consider the graphs of the “superformula” (4), its parameters n  and m  are 

changed within 1…24 limits (see Fig. 3). Lame’s superellipse (3) is its particular case (

knnn  321 = 4) and it represents a rectangle with rounded angles. As the sought 

values at shells SFP are normally investigated in non-dimensional parameters (with regard 

to the highest values of the initial blank’s thickness 0S , the radius of the shell’s base R , 

the final height of the shell H , etc.) of interest to us, first and foremost, there will be 

graph’s sections within 0 ≤ x  ≤ 1 and 0 ≤ y  ≤ 1 intervals. To do it we’ll assume 

R/rXx  , R/hYy  , 1 R/Ra , 1 R/Hb , where r  and h  – current 

values of the radius of the base (cap) and the height of the shell, respectively for (4) 

equation. The graphs, situated in the first quadrant of the coordinate plane may be 

expressed in other quadrants symmetrically with regard to the coordinate axes. 

 

  
(a) (b) 

(a): 1 – k = 4, n1 = n2 = n3 = 2;   

2 – k = 4, n1 = n2 = 4, n3 = 2; 

3 – k = 2, n1 = n2 = 4, n3 = 2;   

4 – k = 3, n1 = n2 = 4, n3 = 2; 

5 – k = 6, n1 = n2 = 4, n3 = 2;   

6 – k = 8, n1 = n2 = 4, n3 = 2 

(b): 1 – k = n1 = n2 = 4, n3 = 1;   

2 – k = n1 = n2 = 4, n3 = 2; 

3 – k = n1 = n2 = 4, n3 = 3;   

4 – k = n1 = n2 = 4, n3 = 4; 

5 – k = n1 = n2 = 4, n3 = 8;   

6 – k = n1 = n2 = 4, n3 = 12; 

7 – k = n1 = n2 = 4, n3 = 24 

Fig. 3. Superformula graphs at a = b = 1 and different values of n1, n2, n3, k parameters 

 

Fig. 3a shows what additional possibilities can be revealed in Gielis’ superformula in 

comparison with Lame’s superellipse by introducing into it  4/k  multiplier. Only curve 1 
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which parameters characterize it as a circle at   14 /k  or  4k  is inscribed in the 

coordinate area restricted by 0 ≤ x  ≤ 1 and 0 ≤ y  ≤ 1 boundaries. In other cases 

superformula’s graphs exceed the above-mentioned bounds, showing their periodicity, 

typical of trigonometric equations, which comprise the superformula. With regard to 

symmetry of graphs on relation to the coordinate axes, the number of periods in the first 

quadrant of Cartesian coordinates is determined by the value of  4/k . At  4/k  = 2 (the 

same 8k ) there will be 2 (see 6 curve) at  4/k  = 1,5 or  6k  and one period and a 

half (curve 5), etc. 

Thus, introduction of the parameter of  4/k  into the equation (4) allows overcoming 

the main disadvantage of “superellipses” – their limitations in symmetry. If k -parameter is 

available the plane may be divided into a multitude of sectors, their number is equal to 

k  instead of four quadrants in Euclidean plane. For example, at k  = 3, 4, 5… N  is curve 

which described in four quadrants by means of equation (4) will have 3, 4, 5… N  number 

of repeated fragments. 

The higher the level of symmetry of analyzed contours the simpler view the 

superformula (4) acquires, as the indices 31 n...n , and in some cases the values of a  and b  

semi-axes become equal to each other. Because of it, bearing in mind the objective of our 

work, the multiplier   14 /k  or  4k  should have been used in the superformula. 

Fig. 3b represents the evolution of graphs of the superformula at different values of 3n  

parameter. An essential change in the curvature of graphs 1 – 3 and their retreat from the 

beginning of the coordinates at 3n  < 4 is the reason for their unfitness for approximation of 

shells’ contours at SPF. If 3n  ≥ 4, then graphs’ appearance is qualitatively changed, same 

as at similar changes at n  and m  in Lame’s superellipse, in condition that mn  . 

Thus, if approximation of most common shells’ contours formed in the superplastic 

state from sheets is the case, when one or several planes of symmetry are present (spheres, 

cylindrical shells, round and square boxes) both equations (3) and (4) are applicable. The 

approximation by Lame’s superellipse seems to be easier, as it requires determination of 

numerical values of two coefficients n  and m  only. More intricate shells’ contours (boxes 

equipped with rigidity ribs, cylindrical shells with undercuts, ogives, having surfaces with 

different curvature radii, etc.) should be approximated by Gielis’ “superformula”. 

3 Result and discussion 

Now, let us analyze the possibilities of describing shells’ contours by means of Lame’s 

superellipses (see Fig. 4). The analysis of the graphs shows that the equation (3), in which 

n  ≤ 1 at all values of m  from 0.25…8 interval are inapplicable for approximation. Even at 

m  = 4 and m  = 8 the graphs (Fig. 4a) in the point with x  = 0, y  = 1 coordinates have 

the inclination angle to x  axis, not equal to zero, it being impossible both in case of crowns 

formation and for SFP of shells and boxes. The curves of the equation (3) (see Fig. 4b) at 

n  = 2 and m  ≥ 1 could be, in principle applied for approximation of both parabolic and 

ellipse-like contours of shells at the first SFP stage and also for description of formed 

contours and shells at the second stage of SPF. 

The graphs of the “superellipses” in Fig. 4c at n  = 4 can be used approximation of 

several variants of shells’ contours. At m  ≥ 1 values graphs 3-6 simulate the contour of the 

shells, the crown of which has reached the die bottom and the second SFP stage has begun. 

At n  = m  = 4 the angular areas are formed with equal strain of the polar and flange areas 

of the shells, at m  = 1 and 2 it happens with prevailing of thin polar areas, at m  = 8 – at 
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deceleration of shell’s deformation in the polar areas by when frictional forces rub against 

the die and the shell’s angular areas are formed mainly by means of thinning blank’s 

section, located near the flanges. 

The curves 1 and 2 ( m  = 0.25 and 0.5) in the point with x  = 1, y  = 0 coordinates 

have some overbending, it allowing their application for approximation of shells’ contours 

with due regard to the radius of rounding of the die. 

It is shown in Fig. 4d that by applying of the superellipse at n  = 8 it is possible to 

simulate the contour of shells, forming angular areas, mainly, due to deformation of the 

central sections of the shell. At n  = m  = 8 deformation of the polar and flange areas of the 

shell is nearly the same, while the radius of rounding of the angular area is essentially less, 

than for the curve with n  = m  = 4. Curves 1 and 2 (m = 0.25 and 0.5) have an overbending 

in the point with x  = 1, y  = 0 coordinates, like Fig. 4c, although their radius is smaller so 

they can express the shells’ contour with and without the rounding radius of the die. 

The advantage of the analyzed equation is its possibility to determine by means of the 

value of coefficients, described above, the contour of the manufactured part and, hence, the 

stage of SPF, which the “superformula” describes, as well as the presence of superplasticity 

properties of deformed metal. In mathematics a parameter of rectangularity n/2  (here 

is mn  ) is introduced for these purposes. The closer to one the value of   is, the closer to 

circumferential shape the contour of the deformed part is at the stage of blow molding, i.e. 

the bigger is the level of superplasticity properties of deformed metal. 

The values 2 >   > 1 testify a low level of blank’s metal superplasticity, and transition 

of its spherical contour (in the first two quadrants of the crossing plane, i.e. at positive 

ordinates) into parabolic and then up to conical (at   = 2 and 1mn ), that can take 

place at filling of rigidity ribs with a triangular contour in section. In all four quadrtants the 

graph of the superformula has a shape of a rhombus, rectangle or a square with vertices on 

the coordinate axes. 

At 4 >   > 2 ( n  < 1 and m  < 1) the superformula is gradually transformed into an 

astroid (   = 4). The values of n  and m  smaller than one testify errors, occurred, while 

approximating with the superformula. 

The interval of 2 < ( m,n ) < 4 or 1 >    > 0.5 values gives us an opportunity to assume 

that the process of SFP is carried out with deceleration of deformation of the central areas 

of the blank. The contour of the blank is rearranged from spherical to elliptic. At 4 mn  

(the variant of the superformula is “superellipse” thoroughly investigated by Lame) the 

curve’s contour acquires a rectangular shape with quite an essential radius of sides coupling 

in the angles. It can be maintained that the superformula describes in this form the second 

stage of SPF – filling of the angular zones of cylindrical or box-shaped parts. The radius 

acceptable for parts of shell or box type in angles, equal to two-four thicknesses of the 

blank is reached at ( n  and m ) = 7…10. 

Besides, if n  > m  > 4, then at the second stage of SPF deformation of the crown’s 

central areas occurs, exceeding deformation in the blank’s sections, close to flanges. It may 

occur if there is some efficient lubricant with low constant of friction between the bottom of 

the die and central areas of the crown. The shape of the semi-finished product is 

characterized by presence of flat polar surface, transferring into parabolic or hyperbolic 

surface of peripheral sections, which have no contacts with the side surface of the die. 

The superformula with m  > n  > 4 is applicable if the blank before the SPF was 

subjected to a deep drawing by rigid punch (pneumomechanical forming). The graph of the 

superformula has a straight vertical section near the flange passing into an elliptical curve 

that ending in the pole of the crown. 

 , 06007 (2018) https://doi.org/10.1051/matecconf /201823906007MATEC Web of Conferences

2018TransSiberia 

239

7



Now, let us consider shells’ geometrical shape at two stages of SPF: (a) – at RH   (at 

the first stage and (b) – at R.H 60  (the next stage). We’ll also consider the peculiarities 

of its approximation by Lame’s equation, using the data listed in [18, 32, 37]. As was 

mentioned before, the choice of the is explained by the presence of a big number of axes 

and planes, due to which application of more complicated Gielis’ formula is hardly 

advisable. 

For approximations of contours at RH  , the shells manufactured of AlMg5 and  

Sn-38 %Pb alloy were chosen with different values of t -index, and of АlМg6 [18, 32, 37] 

alloy also. Blanks, made of АlМg6 alloy had a variable thickness: 0S  = 1.45mm in the 

central part with a diameter of 60mm, and 0S  = 1.23mm in a ring peripheral section with 

outside and inside diameters being of 100 and 60mm, respectively. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 4. Graphs of “superellipses” at a = b =1 and different values of n and m parameters: 

(а) – n = 1; (b) – n = 2;  (c) – n = 4;  (d) – n = 8; 

1 – m = 0.25;  2 – m = 0.5;  3 – m = 1;  4 – m = 2;  5 – m = 4;  6 – m = 8 

For approximation of contours at R.H 60 , the shells manufactured of AlMg3 [37] 

alloy were chosen, having the shape of: а) spherical-like segments, formed at the first SFP 

stage under isothermal conditions and in uneven temperature field; b) intermediate semi-

finished shells, formed at the second SPF stage into a cylindrical die. 

Table 1 represents Lame’s equations (after the transformations and simplifications) for 

approximating shells’ contours at RH   and R.H 60 . Because many researchers [1-3] 

presume that a contour of a shell of small height at the initial stages of SPF has a shape of 
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spherical segment, it is expedient for further analysis of such assumption to define more 

exactly the types of equations of Lame’s superellipse for these cases. 

Table 1. The equations of approximating of actual shells’ contours at SPF 

For shells with RH   For shells with R.H 60  

Shell’s parameters 
Approximating equation in 

dimensionless view 
Shell’s parameters 

Approximating equation in 

dimensionless view 

АlMg6 alloy, blank 

of variable 
thickness 

  510582
6 1

..
RAlMg XY   

SPF of the 

segment in uneven 
temperature field 

  8130362160
..

TFTF X.Y   

Sn-38 %Pb alloy, 

t  = 0.6   5210022
60 1

..
R.t XY   

Forming with 

shell’s lubrication   7560033160
..

LL X.Y   

Sn-38 %Pb alloy, 

t  = 0,25   5810981
250 1

..
R.t XY   

Forming without 

shell’s lubrication   610582160
..

NLNL X.Y   

AlMg5 alloy    5620991
5 1

..
RAlMg XY   

Segment’s SPF in 

isothermal 

conditions 
  7810941160

..
PP X.Y   

The spherical segment formed at initial stages of blank’s bulging has the contour 

approximated by circumferential equation: 

1

22
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where  kR  – is the radius of the circumferential curvature, forming segment’s contour 

with R2  chord and H  height. 

The radius kR  of curvature is related to the current height h  and the radius R  of 

segment’s base (cap) by following ratio: 

h

hR
Rk

2

22 
 .  (6) 

Designating Rh  , we can write down the equation (5) in this view: 
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Let us transfer the beginning of coordinates for (7) equation to the point of intersection 

of height and base radius of the segment, i.e. at a distance along y -axis, equal to  hRk  , 

then, the equation (7) will acquire the following view: 
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or in dimensionless view: 
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Particularly for semi-spherical shell ( 1 , RhRk  ) we’ll have: 
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where R/hY 0 , R/rX 0  – are dimensionless coordinates of circumferential 

contour’s points, changing within 0 ≤  h,r  ≤ 1 interval. 

Relative deviations q  of real contours of shells with RH   and R.H 60  from semi-

spheres’ contours 0Y  and spherical segments SGY  with the radius of the base (cap) R  are 

presented in Fig. 5 and Fig. 6. The relative deviation was determined as ji Y/Yq  , where 

iY  – are approximating functions of real contours of shells (see Table 1);  

jY  – circumferential equations 0Y  (10) and equations of the spherical segment SGY  (9). All 

equations do not take into account the presence of the radius dR  of conjugation of 

deformable shell and the flange, i.e. they are not true within  R.....r 01950  interval. 

  

Fig. 5. Distribution of the relation of ordinates of 

shells’ contours at H = R and a semi-sphere 

along the radius of base (cap): 

1 – q = YАlMg6/Y0;  2 – q = Yt0.6/Y0; 

3 – q = YАlMg5/Y0;  4 – q = Yt0.25/Y0 

Fig. 6. Distribution of the relation of ordinates of 

shells’ contours at H = 0.6R, made of AlMg3 

alloy along the radius of base (cap): 

1 – q = YNL/YP;  2 – q = YL/YP;  3 – q = YTF/YP;   

4 – q = Y0/YP;  5 – q = YL/YNL;  

 

Curves 2-4 of Fig. 5 confirm the data of researchers [18, 29, 37] that the contour of the 

shells molded free in the die-cavity is determined by the level of superplasticity properties 

of material. The smaller it is (small t -index value, greater multi-thickness of shells’) the 

bigger is the deviation of the contour from spherical shape towards parabola. At that in the 

equations of approximation we have m  < n  < 2. However, if a blank of variable thickness 

is used for the SPF, the resulting change in the stress state will cause the displacing of the 

shell contour in central zones at the initial stage of the SPF toward the ellipse view 

(curve 1, Fig. 5). The approximation function  AlMg6Y  is characterized here by n > 2 index, 

while m < 2, it being possibly caused by low of superplasticity properties of АlМg6 alloy. 

As can be seen from the graphs in Fig.6, parabolic shape of shell also occurs at its lower 

height R.H 60  (curve 4). Deviation q does not exceed 0.03 here within a reliable interval 

of change, while for shells with RH   the q -parameter is within 0.04…0.18 intervals. 

The chilling of a blank by water droplets falling from hodograph at 20 seconds interval 

upon the polar areas ensured uneven temperature field along the shell’s contour at its 

forming during the initial stage of SPF. As a result of deceleration of thinning of central 
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shells’ areas, its contour within the areas of the pole deviated from spherical shape towards 

ellipse, just like in case with application of a blank with variable thickness (see curve 3, 

Fig.6). The maximum ratio of the ordinates of the approximating equation TFY  and PY  

was maxq  = 1.1 at X  = 0.84. Because of chilling of the central surface of the deformed 

blank it was not possible to mold the high crowns. Breakage of crown’s walls was 

registered not in the pole, but in sections of the surface between the pole and the flange, and 

walls thickness in the polar areas was approximately equal to the thickness of walls in 

sections where metal breakage was observed. 

The second stage of SPF at forming of a cylindrical shell with H = 0.6R produces a 

contour of semi-finished product essentially dependant on presence of lubrication on the 

bottom surface of the die changing the character of metal flow at filling of the shells’ 

angles. 

At forming without lubrication the shell’s sections which are in contact with the bottom 

of die are not deformed nearly and shell’s contours are formed due to thinning of free zones 

of the shell. Presence of lubrication of “shell-bottom” boundary causes further thinning of 

polar areas at the second stage of SPF [4, 20, 37]. The contour of semi-finished product 

acquires a straight area originating in the pole of the crown and eventually passing to a 

parabolic curve propagating along the radius of conjugation of the die into the blank’s 

flange. The straight area of the contour eventually grows bigger (the radius of shell’s 

curvature increases) while such straight section of the contour appears later. The shell’s 

ordinates in these areas are increased in direction of the bottom of the die with higher 

intensity, as compared to forming without lubricating (see curves 1 and 2, Fig. 6). 

Meanwhile, deformation of the areas near flanges is more intense at forming without 

lubrication. The curve 5 (Fig. 6) shows that within 0 < R/r  < 0.68 interval the ordinates of 

shell’s semi-finished product are higher at SPF with lubrication, while the opposite state 

can be seen at areas near flanges. 

4 Conclusions 

The contours of a sheet blank at all stages of superplastic forming can be approximated 

by curves of universal equations known to be a “superformula”, or “superellipse”. The 

values of indices this equations comprises allow describing the superplastic metal 

properties of a blank at a qualitative level, as well as the shape of this blank, the stages of 

plastic-forming and presence of additional operation for regulation of the flow of deformed 

metal. Geometrical contour of shells at the initial SPF stage can vary from spherical to 

parabolic or ellipsoid. Presence of lubrication between the die and shell promotes an 

increase of the curvature radius in these sections at the second stage of SPF. 
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