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The analytical model of superplastic forming (SPF) of spherical shells
by pressure of gas generated during sublimation of a sublimating agent is
presented. The control of temperature distribution over the surface of the
AIMg6 blank by sublimated substances is proposed. It is proposed to
describe the contour of the sheet billet at all stages of SPF by universal
equations "superformula" and "super ellipse". The dependence of the values
of principal stresses on the principal radii of curvature and thinning of shells
during superplastic forming has been established. Modeling of superplastic
deformation processes of optically transparent materials based on diene and
vinyl aromatic hydrocarbons is proposed. The fundamental possibility of
using the tungsten-free CrNi73CuBeTeAl alloy, obtained both by vacuum-
arc remelting and electroslag remelting, as a tooling material of dies for SPF
and isothermal stamping has been shown.
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INTRODUCTION

Superplastic forming of metals and alloys (SPF) is the process
of making hollow products from sheet blanks, hermetically clamped
along the flange between two halves of the die, under the influence of
a difference in gas pressure, which is created on both sides of the blank
(Fig. 1). The characteristic features of the process are the absence of
dynamic loads and the shaping of the product only due to the thinning
of the free (not clamped in the stamp) section of the workpiece.
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Figure 1. Schematic illustration of different types of SPF dies
utilizing: (a) — single-stage forming; (b) — two-stage forming;
(c) — double-action forming



SPF was first copied in 1964 from the process of gas forming
of thermoplastics [1]. In industry, the most widely used SPF of
spherical products without contact of the workpiece with the walls of
the matrix (Fig. 1a). In addition, to achieve a uniform wall thickness
of products, a two-single reversible SPF is used (Fig. 1b) and an SPF
in combination with stamping with a metal punch [2,3]. At the first
stage of the SPF (molding in the rift cavity in the upper half of the die
in Fig. b or preliminary stretching of the workpiece with a metal
punch in Fig. 1c), the thickness of the predominantly peripheral
sections of the workpiece decreases. In the second stage, during
molding by gas pressure, the central zones of the preform are thinned.
Thus, the finished product has a uniform wall thickness.

Constant growth in parts and materials range, manufactured by
SPF of sheets, including in combination with diffusion welding [2]
stipulates the necessity to modify the existing processes and develop
new methods for designing of these processes.

The authors presented in the monograph an analytical model of
superplastic forming (SPF) of spherical shells by pressure of the gas
(gaseous phase) created upon sublimation of sublimate agent. The
authors showed that the SPF pressure control can be effectively
applied by the way of change in the forming temperature relative to
temperature of sublimate agent sublimation. The experimental results
of forming of shells from aluminum alloys, confirming theoretical
calculations of the velocity and temperature conditions of SPF by the
sublimating agent pressure.

Next, the authors studied SPF of non-uniformly heated sheet
blanks from aluminum alloy 4/Mg6. To create an uneven temperature
field over the surface of the blank, coatings were used from sublimated
substances at temperatures 50...150 °C below the SPF temperature
(450 °C for AIMg6 alloy). An aqueous solute of chloride and
ammonium iodide having a sublimation temperature at normal
pressure and a latent heat of conversion equal to 338 and 404 °C, 330

5



and 355 kJ/kg, respectively, was sprayed onto the central zones of the
blanks. The experiments showed a decrease in the thickness of the
shells to be formed up to 4...10 % on the working surface of the shells.
SPF in an uneven temperature field distorts the spherical contour of
the shells. This increases the calculation error of the SPF process using
sublimate pressure.

In this regard, the authors showed in the work that the contour
of a sheet blank at all stages of SPF can be described by application of
the universal equations known as a "superformula" and "superellipse".
The work has the results of approximation by the proposed equations
of shell contours that manufactured by SPF by different methods. The
application of the “superformula” to approximate the spherical shell
contours in the first stage of molding has been tested. The graphs that
show the ratio of the ordinates of the contours of the spherical shells
and the hemisphere are given. It is shown that the contours of the shells
from the A/Mg5 and Sn-38%Pb alloys are rejected in the direction of
the formation of parabolas. It was found that the deviations increase
with decreasing the coefficient of high-speed hardening of the alloy of
the shell. The contour of A/Mg6 alloy shells and blanks of variable
thickness, with maximum in the central zone, is diverted from the
hemisphere towards the ellipse. The prospects and novelty of using the
expression of Lame's superellipse for approximating the curvature of
shells in SPF and for predicting the geometry of a product are shown.
Different versions of the SPF facilitate the realization of different radii
of curvature of the shell contours, which differ significantly from the
radius of the spherical segment. The regularities of the change in the
radius of conjugation of the bottom and the wall of the spherical shell
for various SPF variants are established.

When using the Lame’s superellipse to describe the curvature
of the shells, it was established that the principal stresses, especially
the tangential stress, depend on the principal curvature radii. It is
shown that the intensity of stresses also depends on the thinning of the
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shells during superplastic forming. It is revealed that the higher the
level of superplastic properties of the material of the blank, the less
the principal stresses and effective stresses depend on the difference
between the principal radii of curvature.

It is proposed to simulate the processes of superplastic
deformation on optically transparent materials based on diene and
vinyl aromatic hydrocarbons, a polar plasticizer and a non-coloring
stabilizer. It is shown that the rate hardening coefficient of such
materials can vary from 0.2 to 1.0 in the range of superplastic
deformation rates.

The fundamental possibility to use the tungsten-free
CrNi73CuBeTeAl alloy manufactured of both vacuum arc remelting
and electroslag remelting as die tool material for SPF and isothermal
die forging is shown. It will be efficient to use such dies for SPF and
isothermal die forging of Ti-alloys with rather big allowance on the
overall sizes, which assumes residual dies upsetting € =1.0-3.0 %
during exploitation. By reducing the complexity of ingot smelting and
the ability to make the working face on copiers and milling machines
instead of EDM, the dies manufacturing from CrNi73CuBeTeAl
alloys will reduce the dies expenses in the blade forgings technological
cost from 32 % to 20...22 %.



1. CALCULATION AND VERIFICATION OF SUBLIMING
AGENT GAS PRESSURE AT SPF

Superplastic forming of spherical shells from sheets is
performed by a gas medium. The application of a gas medium is
associated with the use of compressor plants and pipelines that are
hermetically sealed into forming dies [3, 4]. An important advantage
of superplastic forming is not the use of press equipment and the
elimination of a number of problems in the area of ensuring the
accuracy of the "press-die" system and occupation safety [5-7].

One of the modern and progressive variants of superplastic
forming is the molding of shells by the pressure of a gaseous medium
formed as a result of a change in the aggregate state of thermo-
metastable substance (sublimate or destruct agent) in the hermetic die
cavity [4]. Based on this kind of gas forming, in this work an attempt
is made to determine the optimal power regime in relation to free
forming of dome-shaped shells due to the controlled sublimation in
the die cavity. Preliminary analysis has shown that a sufficiently large
number of factors (mass, density, surface area, critical temperature of
the sublimate, geometric dimensions of the preform, die, forming
temperature, etc.) affecting the formation of domes cause significant
difficulties in the experimental determination of optimal gas-forming
regimes with controlled sublimation of subliming agent. Therefore,
the problem was solved theoretically and tested experimentally with
the example of free bulging of workpiece from Magnalium (table 1.1)
with a radius of » = 46 mm in a die with a clamping lid with a diameter
of D =92 mm and a height of 135 mm.



Calculation of SPF is based on the theory of momentless shells
[8, 9]. The following assumptions are made: deformation is triaxial
and axisymmetric; the stress state is flat and axisymmetric, the
incompressibility  conditions, deformation hardening, elastic
deformations, the anisotropy of the mechanical properties of the
molded material and dynamic loads are negligibly small. In addition,
it was assumed that the thinning of the shell walls is uniform, and the
temperature of the die surface on contact with the sublimate layer
remains constant and equal to the forming temperature. It was
assumed that the heat transfer in the cavity of the die is carried out by
radiation, and convection and thermal conductivity can be neglected,
due to the absence of communication with the external medium and
the formation, upon sublimation, of the gas cushion separating the die
walls and the surface of the sublimate in the solid state.

Table 1.1. Chemical composition of magnalium alloys
(GOST 4784-97)

Alloy | Mg | Mn | Si | Fe Cu Cr Zn Ti Al
3,2-1 0,3- | 0,5-

AlMg3 38| 06 | 08 <0,5 | <0,1 | <0,05| <0,2 | <0,1 | rest
4,8-10,3- 0,02-

AlMg5 58 08 <0,5| <0,5 | <0,1 - <0,2 0.1 rest
5.8-10,5- 0,02-

AlMg6 6.8 | 08 <0,4| <0,4 | <0,1 - <0,2 0.1 rest

As a "reference" law for regulating gas pressure during forming
into a cylindrical cavity, the Jovane ratio [10] was chosen:

p  H({+H?)?

po  Ho(1+H?)? b



where H — relative height of the shell, H = h/r (4 is the height
of the shell); H,—initial relative height of the shell; p — forming
pressure; py — initial forming pressure corresponding to the height H,.

The parameters of the formation of H, and p, were determined
from the known dependences of the mechanics of continuous media
and on the basis of the equation for the elastically viscous plastic
medium [10]. The increase in forming pressure during sublimation in
the die cavity to a maximum, i.e., until the temperature of the
sublimation reaches the forming temperature, is described by the
combination of the following dependencies:

- the equation of state of a mixture of real gases developed by
Berthelot:

dm
—2R,T= (V+p)dp+ (p+c)av (1.2)

m

- the chemical equation of the sublimation reaction of
sublimate agent arbitrary mass:

fon; AM (13)
1

#MfMdmg = HUm

N
i=

- the equation of the thermal balance of the sublimation process:
FoE(T* = T)dt = qdM (1.4)

- the Clapeyron-Clausius relation for the sublimation of
substances:

R,Tgdp = qpdTy (1.5)
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- the ratio that determines the volume of the gaseous phase in
the closed die cavity:
nD?l M mwa*H(H?+3)

_ 7 e 1.6
14 2 p+ c (1.6)

- the equation for calculating the duration of forming at a given
optimal strain rate:

£(1+ H?)dt = 2HdH (1.7)

- ratio that relating the surface area changing and sublimate
agent mass with the thickness of its layer:

dF = 4n(a + 1)S,dSy (1.8)
3|l M
= 1.9
SM n_paz ( )
of which

4r(a + 1)
dF = | ———=—= (1.10)

3y m?aMp?

In the dependences (1.2) — (1.10): M —mass of the sublimate
agent; my —mass of the gaseous phase; i, um— accordingly molar
masses of the sublimate and mixtures of gases created during its
sublimation; R, —universal gas constant; 7 — forming temperature;
V' —volume of the gaseous phase; b, c¢— correction factors in the
Berthelot equation; f,, fir— stoichiometric coefficients of the
sublimation reaction; 7, — critical temperature of the sublimate agent;
F —surface area of the sublimate agent; o — Stefan-Boltzmann
constant; £ — reduced degree of blackness of bodies surface; g — latent
heat of sublimation; 7 — forming time; / — cavity depth of the presser
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cap of the die; p—density of the sublimate agent;
a = a/Swu, a, Si — radius and thickness of the sublimate layer in the die
cavity, respectively.

The maximum correspondence of the pressure increase at
sublimation of sublimate agent with the ascending branch of the
"reference" dependence (1.1) at the section Hy < H < 1/v/3 was
established by means of a computer calculation by varying within the
specified limits of parameters entering into equations (1.2) — (1.10).
At the stage of shell forming with height H = 1/3/3 necessary
pressure decrease was determined by formula (1.5). At the same time,
the forming temperature was reduced by shutting down the die heating
system, which caused the interfacial equilibrium of the sublimate to
equal at forming and sublimation temperatures.

For the experimental verification of the proposed model of gas
superplastic forming at all its stages and taking into account the fact
that the velocity and temperature ranges of the superplastic
deformation of the Magnaliums, &= 102-10*s!, 7= 380...450 °C, in
theoretical calculations the forming temperature was assumed as
450 °C in order to increase the possible range of its change when
forming domes in height H > 1/+/3, and the strain rate varied only in
the above-mentioned limits in increments of A& =2-10" s

The optimum values of the parameters of the SPF calculated
with a computer with a minimum gradient of the strain rate were
verificated by forming to crashing the walls of the domes from alloys
AIMg3, AlMg5 and AI/Mg6 with initial thickness of workpieces
S, =0.6...1.0 mm (when using the sublimate NH,CI).

Optimum parameters of the superplastic forming see Table 1.2.

For comparison; chose the ratio of the calculated and
experimentally determined by the equation (1.7) deformation rates of
shell. Under the experimental conditions (Fig. 1.1), the error of
calculation on a computer that smaller than higher the level of
superplastic properties of the workpiece material and the greater the
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geometric dimensions of the workpiece. Sy, ratio of the theoretical and
experimental data for workpiece formed of AlMg5 alloy with
thickness Sy = 1.0 mm is 2.46.

Table 1.2. Optimum parameters of the SPF

V. So
1 > D
Alloy | M, kg | & s o o’ mm
AlMg5 0.9 8-10* 1.3 30 1
AlMg6 0.75 | 6-10% | 2.25 25 0.6
AlMg3 0.75 | 6-10% | 2.25 25 0.6
—_ 5 2 0C
2.5\ =
Y440
< \
8 s
J 4420
H
2
wy LOF 4400
0.2 | . 380

| 1
02 04 1,306 08 10 g

=

Figure 1.1. Comparison of calculated and experimental values of
strain rates (1, 2, 3) and temperature change (4, 5) in process of
domes forming, Eexpir: Scale — experimental and calculated strain
rate: 1 — AIMgS5 alloy; 2 — AIMg6 alloy; 3 — AIMg3 alloy;

4 — experimental values of forming temperature; 5 — lowering of

temperature (calculated according to the Clapeyron-Clausius
equation) at the stage of forming domes with height A > 1/\3
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With a decrease in the relative thickness Sy/7 of the workpiece
the error is reduced to 1.88 (4/Mg6 alloy) and 0.94 (4IMg3 alloy).
With the same geometric dimensions of the workpieces, the index of
the unevenness of the strain rate for the magnesium A/Mg3 is lower
than for A/Mg6.

Despite the high error in the theoretical calculation, the results
obtained can be considered satisfactory, since in all experiments the
absolute values of the strain rate for shells did not exceed the limits of
superplasticity values and amounted: to alloy AIMg5 is £=2.16-10*
... 218103 s7; to alloy AIMg6 £=1.3-10"*... 1.3-102s"'; to alloy
AlMg3 £=5.76-103 ... 1.33-10% 1.

The decrease in temperature, determined theoretically, as well
as its change in the course of experiment, show that at the instant of
shell rupture (H <1.1) is temperature 7 >420 °C, i.e. the forming
temperature was in the optimum range of superplastic deformation for
the investigated alloys.

Maximum height of formed shells of 4/Mg5, AIMg6 and AIMg3
alloys was increased to 16.2, 21 u 24 % respectively. Increasing the
resource of the deformation ability of alloys without significantly
complicating of forming technology, applied equipment and rigging
testifies to the prospects of industrial use of the proposed mode of SPF.
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2. SPF SHELLS FROM SHEET BLANKS WITH
SUBLIMATING AND DESTRUCTIVE COATINGS

The main disadvantage of the process of shells SPF from sheet
blanks is the large variability of the walls along the contour of
products. So the thickness of the wall in the pole ("crown") of the
hemisphere varies between 40...70 % of the initial thickness of the
blank. There are a number of ways to regulate the metal flow during
plastic forming, in particular, elimination of products thickness
variability. They provide the preliminary profiling of the blank or
semi-finished product, changing the structure of the metal of the blank
and the face friction conditions at the "workpiece-die" border, and SPF
in an uneven temperature field.

Preforming of semi-finished product is the most common way
in the industry to control its thickness [3, 11, 26]. SPF process in this
case provides, as a rule, two-stage forming by pneumo-mechanical or
reversible forming (RF) methods. The deep drawing by a metal punch
with the maximum thinning of the peripheral zones of the blank is
added to the gas forming (before or after SPF) with a predominant
refinement of the central zones of the blank [12, 27]. As a result, the
thickness distribution in the product is close to uniform. RF of shells
on the first stage is carried out into the cavity of the rift along its
contour, selected in such a way that the zones of the preform near the
flange are deformed most intensively. At the second stage, when the
gas pressure is reversed, the semi-finished product is formed into the
cavity of the die with the predominant thinning of its central part.

Pre-profiling of the initial blanks involves stamping the blanks
with an increase in the thickness of the metal in places that are
maximally thinning with further SPF [13, 14, 28, 29]. In this case, with
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the same strain degrees of the shell, the absolute value of the wall
thickness will be close to the wall thickness in the zones of small
strain.

The change in the structure of the blank's metal assumes the
formation of grains of various sizes in the required places [15, 16, 30,
31]. Most often in preforms with a prepared superplastic structure in
the zones with the maximal deformation in the SPF the grain is
preliminarily coarsened, for example, by local heating. Later at the
SPF these zones are deformed to a lesser degree, which provides a
relatively uniform thickness of the products. Information [17, 32] on
additional fining of grain in blanks by contact friction methods has
appeared which significantly affects the accumulated strain. In this
case, the preliminary fining of the grain should be in the zones adjacent
to the flange of the blank both when deep drawing.

The non-uniform temperature field (NUTF) in the blanks at SPF
is provided by creating a temperature gradient either over the depth of
the die or over the surface of the blank [11, 26]. Lowering the
temperature in the most thinning zones of the blank inhibits their
deformation at SPF in the NUTF, providing a more uniform thickness
of the product.

Each ways to control the blank's metal flow at SPF has its
drawbacks: the need for an additional forming tool, the reduction in
SPF productivity, the cost of preparing the structure, the application
and removal of lubricant, etc. We have proposed a new method for
regulating of the metal flow at SPF by applying the thermally unstable
coatings (sublimates) onto the sheet blank, which, due to a given
thermal effect on the blank, changes its temperature field and formed
local thicknesses.

Blanks probed R =46 mm, thickness Sy=0.9...1.0 mm
AlMg6 alloy with a grain size 15...20 pm. As thermally unstable
coatings used ammonium chloride and ammonium iodide.
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Coating in the form of a supersaturated aqueous solution hit on
preparations by spray stencils using a spray bottle. The uneven
distribution of the thickness of the coating at first approximated by
linear function y = A(#/R)-B in the range 0,16 < (*/R) <1 (r — current
distance from flange blank to the center; A, B—indices of
approximation). Close to the linear distribution of the thickness of the
coating was due to the technical abilities of the spray and the limited
size of the blank.

Effect of sublimation of ammonium from the surface of the
blank thickness products studied for example free blow-molding of
crowns with a relative height of H =0.6 ... 1.0 in hard-pinched flange.
Blank modeled compressed air pressure up to 0.6 MPa at temperatures
450+£10 °C, i.e. within the temperature range of superplastic forming
alloy A/IMg6 [11, 26]. The thickness of the blank and sublimates on its
surface was measured at BMI-1 microscope. Variability of thickness
of the crowns has been shaped by indicator 4S:

AS = Smex = Smin @.1)
SP

where Syax, Smin — respectively the maximum and minimum wall
thickness of the crown; S,—shell’s wall thickness determined
conditions of perfectly uniform deformation.

Spreading of thinning membranes evaluated the relative
thickness of S/S, (S — wall thickness of the crown at this point).

On Fig. 2.1 the scheme of forming crowns with a sublimation
coating.

The coated blank was heated prior to forming. Upon reaching
temperature sublimation the layer of sublimation risen and stabilized
temperature plots the blank underneath it at the level of
T.+ (20 ... 30) °C, while free from coating the surface of the blank
would be heated to the optimal temperature forming the first 7. Stage
of the process was characterized by low temperature most part blanks,
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except the ring zone (0 <#/R<0.2 ... 0.45) from the flange. Thus
provided the most suitable temperature deformation of peripheral
sites. As the blow-shell superplastic forming mode distributed at
stations presets, am from sublimate, which resulted in a rise in
temperature from 7. + (20 ...30) °C to 7. Hence, inhibition of thinning
the blank in time zones carried out in proportion to the reduction of
wall thickness during isothermal stamping.

Figure 2.1. Scheme of SPF of crown with subliming coatings:
1 —blank; 2 — coating

Shell height H <0.3...0.4 is characterized by sufficient
uniform wall thickness [3], therefore, in the initial stages of forming
exercised without sublimation coating. For this changed partial
pressure above the surface of the sublimate in accordance with the
equation of the Clausius-Clapeyron. In the first stages of molding to
save sublimate created over its surface pressure, ensuring inequality
T.> T. Sublimation was virtually non-existent, and the temperature of
all sections of the blank has been tweaked. On reaching the limit crown
height of H=0.2 ... 0.3 pressure over sublimate fell to providing the
required temperature difference across the section of the blank while

sublimation coating.
18



Result and discussion. The Fig. 2.2 presents the results of
forming hemispheres at a pressure of 0.4 MPa. The most uniform wall
thickness in semispherical granules was achieved with a different
distribution of chloride and ammonium iodide layer on the surface of
the blank (see Table 2.1). Approximately the same thermal effect of
sublimation coating temperature difference 7-— 7. for ammonium
chloride amounted to 100...115 °C but for ammonium iodide — total
0...50 °C, which necessitated more intense sublimation of the first
sublimates and as a consequence increasing their mass.

S/Sp 'Y

B \k\\ L6
o
ha =B

] .. e

0 02 o4 06 08 wWR 0 02 04 06 08 R
(a) (b)
Figure 2.2. Distribution of thinning the contour of the
hemispheres, formed using sublimates:
(a) 1 — isothermal SPF; 2, 3 — SPF with NH.J and NH,CI coatings;
(b) 1, 2 — SPF with initiation of sublimation of NH,C/ at H=0.2 and
H=0.3; 3 — sublimation of NH,C! with the onset of SPF

=

Thickness variability of hemispheres on their working surfaces
defined by the range 0.2 <#/R <1, was reduced by 40 ... 50 %. The
best result obtained for hemispheres, formed in sublimation
ammonium chloride from their surface, due to the fact that in this case,
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a higher temperature difference across the section of the blank at
increasingly contributed to the braking strain pole shell zones.

Table 2.1. Parameters of forming hemispheres with
sublimation coatings

A imating functi
Coating |Beginning of pproxumating tnction y -
L Range mensuration | AS, %
type |sublimation| A4 B
r/R

NH,CI H=0 125 | 4.0 0.32-1.0 10
H=>0,2 123 | 49 0.4..1.0 16
NH,J H=>03 125 | 5.8 0.46...1.0 26
H=0 89 | 2.7 0.3..1.0 34
Is absent - - - - 52

Analysis of graphs in Fig. 2.2a it follows that to resist
deformation of the blank clamping flange hard plots has more impact
than a change of temperature. In zones of flange 0 <7/R < 0.2 variety
of thickness reached 30..60 % and increased with decreasing
temperature difference to be created. However, a large number of
shells of the flange with the well-adjoined zones removed on
subsequent operations, so the big difference of thickness on peripheral
sites shells on a working surface thickness of products is not affected.
If the presence of the flange in the shells on the design considerations
necessarily, usually flange during operation of products designed for
the perception of effort, and then it increased against the average
thickness is a positive factor. For crowns with a height of 0.6 ... 1.0
variety of thickness was reduced to 4...10 % on the working surface.

On Fig. 2.2b and Table 2.1 presents the results of experiments
on superplastic forming of shells with sublimate. In experiments at the
initial stages of forming increased pressure over the surface of
ammonium chloride up to 0.6 MPa when pressure difference on both
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sides of the blank 0.4 MPa. In this case the temperature of sublimation
increased coverage to 470 ... 480 °C and sublimation of it is absent.
When the shell reached a given intermediate height, the pressure on
both sides was lowered to 0.6 MPa. Thus initiated distillation coverage
because its sublimation temperature at normal pressure 7, = 338 °C.
Fig. 2.2b shows that there is a equable enough thinning of the shells,
although the thickness of the products exceeds the similar index
achieved in previous experiments. When implementing the
investigated methods of SPF with thermally unstable substances, it is
advisable to use equipment for molding thermoplastics with an
airborne suction system, since in some cases the products of
sublimation of coatings are toxic.

SPF using sublimates causes a deviation of the shell contour
from a sphere-like one. This causes an inaccuracy in the calculations
of the mathematical model of the SPF by the pressure of the sublimate
gas. In this regard, we investigated the evolution of the shell contour
in the SPF processes, which regulate the change in the thickness of the
shell walls.

21



3. THE MATERIAL FOR PHYSICAL SIMULATION OF
METAL-FORMING PROCESSES IN SUPERPLASTIC STATE

The phenomenon of super plasticity of metals (hereinafter
SPM) was first observed by G. D. Bengough back in 1912, when he
managed to reach elongation of a locally heated bronze sample by
160 % in a series of experiments, aimed at its slow elongation.

Up to the present time such results are still taken into account
and quoted in various works [1, 18, 19]. Elongation and deformation
with local heating of the blank part are applied for manufacturing
shaped and elongated parts of different materials [4—13, 20-29]. Two
decades later SPM ceased to be an object of exotic investigations and
became an efficient foundation for creating new materials and
technologies of their plastic forming, ensuring unique properties of
manufactured parts and high engineering and economic efficiency of
production processes [1, 14, 15, 30, 31].

Developing new technologies of super-plastic deformation
presumes their simulation by application of the following ways: 1) by
manufacturing industrial pilot batches [16—18, 32—-34]; 2) by computer
simulation [19-21, 35-37]; 3) by simulation of the processes with
application of special materials [22-24, 38-40]. The first variant
produces the most precise results, however it requires substantial
labour consumption, that sometimes can’t be justified. The second
variant does not imply material expenses (except for purchasing
expensive licensed computer software and training of personnel),
however it largely depends upon the peculiarities of software, where a
set of some or other materials models, methods of evaluation and
formulae are used [25-27, 41—43]. The third variant is a simplified
variant of the first variant and presumes substantial reduction of labour

22



consumption, due to selection of special materials for simulation, that
are either relatively cheap, or they can simplify the process of
simulation and raise its efficiency.

At present the second variant prevails, though computer
simulation methods of deformation processes are often criticized [28,
44]. That is why the search of new modelling materials, as an
alternative to the first two variants of SPM processes simulation seems
to be quite vital. These material possess the following peculiarities:
according to the firm opinion of many researchers [1, 29, 30, 45, 46]
eutectic alloy Sn-38%Pb. Is the best material for simulating the
processes of superplastic deformation. Selection of an alloy depends
upon the following factors:

— the simplicity of forming an ultra-fine grained superplastic
structure in the alloy (an intensive deformation after advisably quick
recrystallization of the melt);

— high sensitivity of the flow effort to deformation rate, usually
determined by the value of the coefficient of rate strengthening
t = d(Ino) / d(Inf) (where o — is flow effort, & — is deformation rate);

— low flow rates and high ultimate degrees of alloy’s
deformation;

— the range of optimal temperatures of superplasticity of Sn-
38%Pb eutectics includes the room temperature, thus eliminating the
problems with samples heating.

However, practical application of Sn-38%Pb alloy is connected
with a series of difficulties, that are not discussed very often. In [31,
47] the fact that after intense deformation of a blank part,
manufactured of Sn-38%Pb alloy it should be kept in a freezer, in
order to avoid grain growth, occurring at the room temperature, was
mentioned quite superficially (detailed explanation was missing
there). Alloy deformation in optically transparent object (like, for
instance, a transparent matrix at super-plastic forming) allows
observing the dynamics of transformation of deformed state of the
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blank). Still it is true only for the surface of the blank, if it is covered
with a coordinate grid. Deformation of the inner layers of the alloy can
be investigated only after the process of deformation has been
completed and subsequent mechanical separation of the sample.

A perspective of application of optically transparent polymeric
materials that undergo loading (deforming) with subsequent
investigation of the deformed state has but lately been found. Such
materials were used in experimental process, described in [32, 33, 48,
49] and in the facilities elements in [34-36, 50-52]. However, for
selecting a group of materials, suitable for simulation of SPM
processes it is mnecessary to investigate their composition and
mechanical properties it has not been performed up to now.

For researchers, it is of interest to define the possibility and a
degree of efficiency of application of optically transparent materials,
similar to synthetic rubber for simulation of superplastic deformation.

For reaching the desired goal a material is required, having
beside the advantages of Sn-38%Pb eutectics possesses physical and
chemical properties, stable in time and at room temperature, allowing
to observe deformation of both surface and internal layers of the blank,
i.e. it should be optically transparent.

Block-copolymer raisins, on the basis of diene a vinyl-aroma
carbons satisfy nearly all these conditions. For simulation of pressing
composite in diameter cross-section samples @ 20%30 mm in
dimensions were prepared of non-linearly viscous material of
polybutadiuen — 25 % polystyrene composition. On the division plane
a rectangular coordinate grid was marked with Indian ink, after that
the blank was placed into an optically transparent stamping facilities
and a deforming load was applied.

The character of the material flow and distortion of the
coordinate grid during the process of deformation was registered by a
video camera during the entire process of deforming. Unlike
simulation on Sn-38%~Pb alloy, in our case, beside the data, received
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by means of the coordinate grid, it was possible to build kinematic
pictures of the pressing process along the flow lines, i.e. to increase
the volume and the quality of the obtained data.

Simulation of other processes of plastic forming of other
materials showed that it was advisable to add some quantity of polar
softener and achromatic stabilizer into the block-copolymer. For that
purpose a number of compositions of non-linearly viscous polymeric
materials was developed for simulation of superplastic deformation,
their components content is listed in Table 3.1. Block-copolymer, with
achromatic stabilizers were rolled at 70 —75 °C for 2 minutes until an
elastic band was formed, then a polar softener (dibutylphtalate or
dibutylcebacate). Then the mixture was mixed in rolls by its partial
cutting off from the rolls. The samples for testing were pressed in
hydraulic press at the plates temperature 150 °C and pressure 7.5 MPa,
after that they were cooled under pressure up temperature 30 °C.

Physical and mechanical tests of the samples were conducted in
accordance with GOST 269, 270 for rubber materials, coefficient £ was
determined by the method of strains relaxation [1, 15, 30], on the
samples @ 20%30 mm in dimensions.

The results of the tests are summarized in Table 3.2.

As can be seen in Table 3.2 sensitivity of flow effort to
deformation rate of the materials proposed for simulation can vary
within wide limits, mostly, because of some small additions of
softeners Introduction and alternation of the softerners content causes
changes of strength condition of the compound, when it ubdergoes
elongatoin (simplification of simulation conditions), as compared to
the materials without softeners, also changed are deformation
characteristics of compounds, however relative elongation value until
tear remains constantly high.
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Besides, changes in # parameter can be reached by selecting one
or another block-copolymer. However the softener content should not
exceed 40 % of the entire mass share of the block-copolymer, because:
first, practically, there are no super-plastic metals and alloys with
coefficient 7 = 1, and second, the material softens and poorly preserves
its shape.

The compounds, registered in Table 3.1 were used for
manufacturing blanks and further simulation of the metal deformation
process in the state of superplasticity. A composite blank part was cast
into matrix, in parts, then a rectangular coordinate grid was marked
with indian ink along the cutoff plane. At simulation of the metal
deformation process the prepared blanks together with the tool were
placed into transparent rectangular bath, filled with water, for
elimination of optical distortions, occurring as a result of changing of
curvature of the surfaces of the blanks.

The conducted experiments made it also possible to build the
o =f(¢) diagrams in logarithmic coordinates and determine ¢
coefficient by the tangent of inclination angle of the graphs to ¢ axis
(see Fig. 3.1).

The analysis of the results, summarized in Fig. 3.1 proves that
just like for super-plastic metals and alloys, deformation of samples,
made of block-copolymers is characterized with high rate sensitivity
of the flow effort, coefficient of rate strengthening m has its maximum
value within the same range of deformation rates with metallic
materials. Slight changes of the softener content allows to modify
either alloy’s behavior with one or another super-plastic structure, or
some or other temperature conditions of deforming.

Based on these exercises the following conclusions were drawn:

— simulation of the processes of super-plastic deformation with
the help of optically transparent non-linear viscous block-copolymers,
on the basis of diene and vinyl-aromatic carbohydrates of polar
softener and achromatic stabilizer makes it possible to observe
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physically the process of deformation along the entire process of
samples deforming;

t
1,0 ——_G L Wy
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Figure 3.1. Dependence of the coefficient of rate strengthening upon

4 -3 -2

rate deformation at upsetting of optically transparent block-
copolymers with composition, according to Table 3.1

— by means of a coordinate grid, placed upon the diametric plane
of such samples and video recording of the process it is possible to
analyze quantitative and qualitative and qualitative changes along the
entire volume at any time span.

29



4. APPLICATION OF G. LAME’S AND J. GIELIS’
SUPERFORMULAS FOR DESCRIPTION OF SHELLS
SUPERPLASTIC FORMING

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. Possibilities of
new mathematical discoveries in the field of approximate description
of any existing natural contours make it possible to apply Lame’s [33,
34, 53, 54] and Gielis’ [35, 36, 55, 56] formulas, as they seem to be
very perspective. Such investigations have not been carried out yet, it
ensuring scientific novelty of the work.

The processes of superplastic forming of hollow parts,
manufactured of sheets (see Fig. 4.1) are calculated, as a rule, on the
basis of the thin-walled moment-free (membrane) shell theory with
application of Laplace’s equation [1, 3, 11, 26]:

o, %P

R, R, S (4.1)

where ), 02 — meridional and tangential stresses inside the shell at
forming; R;, R; —radii of the shell’s curvature in the meridional and
tangential directions;

As a coupling equation the equation of steady creepage is most
often used [1, 3-7, 11, 26]:

o= wét (4.2)
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where ¢ — intensity of flow stresses; w — material’s properties index;
¢ — intensity of strain rates; ¢ — strain rate hardening exponent (is an
sensitivity index to evaluate the dependence of flow stress ¢ on strain
rate ¢).

Figure 4.1. The design scheme of the superplastic forming
process

At least two stages of forming [3—7] 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 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. 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 [11, 26].
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The non-monotonous evolution of the contour of a blank sheet
at SPF causes drastic alternations in the radii of curvature R; and R», it
complicating calculations according to Laplace’s equation (4.1). The
radii of curvature R; and R 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, 3, 11, 26], seldom it has a parabolic shape [37,
38, 57, 58] or an ellipse shape [39, 40, 59, 60]. For calculations of the
corner areas parts of the contour are approximated by circumferential
equations [1, 6], using polynomials and splines (equations of a chain
line and circumference) [41, 61]. 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 (4.2). It makes the calculations more complicated, reducing
their precision, it being in spite of all another prerequisite for
application of Lame’s and Gielis’ formulas for solution of the
problems of approximating the formed blanks’ contours.

A number of researchers [1, 7, 38, 58] assume that the shape of
blank’s contour at SPF depends upon strain rate hardening exponent #:
the bigger 7 -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 7, determine transition
of the contour from circle to parabolic or even hyperbolic shape [42,
62].

Still, we maintain that predicting the blank’s shape at SPF, on
the basis of the value of #-index is incorrect. The value of #-index is
determined in connection with the entire specimen under testing. In
case with SPF 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
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parameters of superplasticity of the deformed method inside the
specified areas [43, 62]. If #-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], and the blank
temperature along the crown’s pole is reduced, as compared to the
optimal value. According to the works [43, 62]: 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 [13,
14, 28, 29], the crown shape at the same value of #-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 #-index, described, for instance in [1, 6, 7, 16, 31] 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.

According to our opinion the conclusions of the authors of [3,
7,37,45, 57, 64] 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 [1, 3, 7, 44-45, 64, 65], that for
smith SPF the maximum deviation of the crown’s shape from
spherical shape was observed at the smallest values of S/Sy in the
crown’s pole;
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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, 8, 13, 14, 28-30, 43, 62].

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.

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” [33-34,
53, 54], and Johan Gielis’ equation [35, 36, 55, 56], known also a
“superformula”.

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

X n m
GRORS
QAo bo
where n and m — exponents; ag and by — coefficients, ap > 0, by > 0.
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Depending on the values of n, m, ayp and by diagrams of the
equation (4.3) describe the entire set of contours, that sheet blanks may
have at different SPF stages.

Johan Gielis offered in his classical work [35, 55] 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 [36, 56]. In geometrically opposite
coordinates for radius-vector 7" and ¢ angle the equation has the

following view:
" . }1 4.4)

ool [en s

where n;, nz, n3 — curve’s shape indices; a;, b; — dimensions (values

of semi-axes); k — index of the number of repeated fragments.

The authors rightfully consider the equation (4.4) 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 (4.4) 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” (4.4), its
parameters n and m are changed within 1-24 limits (see Fig. 4.2).
Lame’s superellipse (4.3) is its particular case (n; = n, = n3 =4) and
it represents a rectangle with rounded angles. As the sought values at
shells SPF are normally investigated in non-dimensional parameters
(with regard to the highest values of the initial blank’s thickness So,
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<1and 0<y<1 intervals. To do it we’ll assume x = X = /R,
y=Y=WR, a;=R/R =1, by = H,/R. The graphs, situated in the first
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quadrant of the coordinate plane may be expressed in other quadrants
symmetrically with regard to the coordinate axes.

/IR

1.2 E’f =~ | P - =

0.8 éf 7 /\\ LL{é% N\ /
5 124 AYH:} 06— = \\\ //
\V 0.2 Y

0.2 0.6 1.0 14 X
(a) (b)
(b):1-k=n=n=4,n;=1,
2*](:711:1’12:4,1’13:2;
3—k=n=ny=4,n;=3;
4—k=n=nm=4,n;=4;
S—k=n=nm=4,n;=8;
6*/(:711:1’12:4,}13:12;
T—k=n=n=4,n;=24

(a):l—k=4,n1=n2=n3=2;
2—k=4,n=n=4,n3=2;
3—k=2,n=n=4,n3=2,
4—k=3,n1=n2=4,n3=2;
57k=6,n1=ng=4, n3=2;
6—k=8,n1=n2=4,n3=2

Figure 4.2. Superformula graphs at agp = by =1
and different values of n,, n,, n3, k parameters

Fig. 4.2 shows what additional possibilities can be revealed in
Gielis’ superformula in comparison with Lame’s superellipse by
introducing into it k/4 multiplier. Only curve 1 which parameters
n,...n; characterize it as a circle at k/4 = 1 or k = 4 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
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on relation to the coordinate axes, the number of periods in the first
quadrant of Cartesian coordinates is determined by the value of k/4.
At k/4 =2 (the same k = 8) there will be 2 (see Fig. 4.2, 6 curve) at
k/4 = 1,5 or k = 6 and one period and a half (curve 5), etc.

Thus, introduction of the parameter of k/4 into the equation
(4.4) 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 & 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 (4.4) will have 3, 4, 5 — N number of repeated
fragments.

The higher the level of symmetry of analyzed contours the
simpler view the superformula (4.4) acquires, as the indices ;... n3,
and in some cases the values of @y and by semi-axes become equal to
each other. Because of it, bearing in mind the objective of our work,
the multiplier k4 =1lor k=4 should have been used in the
superformula.

Fig. 4.2b represents the evolution of graphs of the superformula
at different values of n; parameter. An essential change in the
curvature of graphs 1 — 3 and their retreat from the beginning of the
coordinates at n; < 4 is the reason for their unfitness for approximation
of shells” contours at SPF. If n3>4, then graphs’ appearance is
qualitatively changed, same as at similar changes at » and m in Lame’s
superellipse, in condition that n = m.

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 (4.1) and (4.4) are applicable.
The approximation by Lame’s superellipse seems to be easier, as it
requires determination of numerical values of two coefficients » and
m only. More intricate shells’ contours (boxes equipped with rigidity
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ribs, cylindrical shells with undercuts, pieces, having surfaces with
different curvature radii, etc.) should be approximated by Gielis’
“superformula”.

Discussion and application. Now, let us analyze the possibilities
of describing shells’ contours by means of Lame’s superellipses (see
Fig. 4.3).
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Figure 4.3. Graphs of “superellipses” at ap = by =1 and different
values of n and m parameters:
@)-n=1,Mb)-n=2;()—-n=4;,d)—-n=8;1-m=0.25;
2-m=05,3-m=1;4-m=2;,5-m=4;, 6-m=38
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The analysis of the graphs shows that the equation (4.3), 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. 4.3a) 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 SPF of shells and boxes. The curves of the equation
(4.3) (see Fig. 4.3b) 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 SPF stage and also for description of formed contours and
shells at the second stage of SPF.

The graphs of the “superellipses” in Fig. 4.3c 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 SPF 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 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,
v = 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. 4.3d 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 = § 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 withx =1, y =0
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coordinates, just like Fig. 4.3c, 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/n (here is n = m) 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>#5>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 n = m = 1), 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.

At4>75n>2 (n<1 and m < 1) the superformula is gradually
transformed into an astroid (7 = 4). The values of » and m smaller than
one testify errors, occurred, while approximating with the
superformula.

The interval of 2 < (n, m) <4 or 1 ># > 0.5 values gives us an
opportunity to assume that the process of SPF 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
n=m=4 (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
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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 (» 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.

Now, let us consider shells’ geometrical shape at two stages of
SPF: (a) — at H, = R (at the first stage and (b) — at 4, = 0,6R (the next
stage). We’ll also consider the peculiarities of its approximation by
Lame’s equation, using the data listed in [38, 46]. 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 H, =R, the shells
manufactured of A/Mg5 and Sn-38%Pb alloy were chosen with
different values of #-index, and of A/Mg6 [38, 46, 58, 66] alloy also.
Blanks, made of 4/Mg6 alloy had a variable thickness: Sy =1.45 mm
in the central part with a diameter of 60 mm, and Sy=1.23 mm in a
ring peripheral section with outside and inside diameters being of 100
and 60 mm, respectively.
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For approximation of contours at H, =0,6R, the shells
manufactured of 4/Mg3 [46, 66] alloy were chosen, having the shape
of: a) spherical-like segments, formed at the first SPF 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 4.1  represents Lame’s equations (after the
transformations and simplifications) for approximating shells’
contours at 4, = R and H, = 0,6R.

Because many researchers [1-3, 43, 62] presume that a contour
of a shell of small height at the initial stages of SPF has a shape of
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.

The spherical segment formed at initial stages of blank’s
bulging has the contour approximated by circumferential equation:

G G -

where R;—is the radius of the circumferential curvature, forming
segment’s contour with 2R chord and H, height.

The radius Ry of curvature is related to the current height /# and
the radius R of segment’s base (cap) by following ratio:

_ R*+h?

= 4.6
k 2h (4-6)

Designating # = R, we can write down the equation (4.5) in
this view:

2 2
[(1 i[;xzm] * [(1 iﬂ;‘z)R] =1 4.7)
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Let us transfer the beginning of coordinates for (4.7) equation
to the point of intersection of height and base radius of the segment,
i.e. at a distance along y-axis, equal to (R; — /), then, the equation (4.7)
will acquire the following view:

Y
(14 p? 28x 1) 2 1- B2 48
y‘h< 26 ){ G+ R } _h(—ZB ) o

or in dimensionless view:

2 2 1/2 2
(LB [ [ 2P _(1=F 4.9
to= () -lael | - (%) Y

Particularly for semi-spherical shell (8 =1, Ry =h = R) we’ll

have:

1
@] nmam

where Yy =h/R, Xo=h/R—are dimensionless coordinates of
circumferential contour’s points, changing within 0<(, h) <1
interval.

Relative deviations g of real contours of shells with 4, = R and
H, = 0,6R from semi-spheres’ contours Yy and spherical segments Ysg
with the radius of the base (cap) R are presented in Fig. 4.4 and
Fig. 4.5. The relative deviation was determined as g = Y/Yj, where
Y;—are approximating functions of real contours of shells (see
Table 4.1); ¥; — circumferential equations Yy (4.10) and equations of
the spherical segment Ys¢ (4.9).
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Figure 4.4. Distribution of the ~ Figure 4.5. Distribution of the
relation of ordinates of shells’ relation of ordinates of shells’
contours at H, = R and a semi-  contours at /, = (.6R, made of
sphere along the radius of base ~ A/Mg3 alloy along the radius of

(cap): base (cap):
1 - g = Yangs/'Yo; 1—qg=YvwYp
2—q =YY 2—q=Y/Yp
3 —q = Yangs/Yo; 3—q=Yr/Yp
4—qg = "Y'V 4—q=Y/Yp;
5—-q=Y/Yn;

All equations do not take into account the presence of the radius
R4 of conjugation of deformable shell and the flange, i.e. they are not
true within » = (0,95 ... 1,0)R interval.

Curves 2 — 4 in Fig. 4.4 confirm the data of researchers [38, 42,
46, 58, 62, 66] 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 -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. Howeyver, if a blank of variable thickness is used for
the SPF, the resulting change in the stress state will cause the
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displacing of the shell contour in central zones at the initial stage of
the SPF toward the ellipse view (curve 1, Fig. 4.4). The approximation
function Ymgs is characterized here by » > 2 index, while m <2, it
being possibly caused by low of superplasticity properties of 4/Mg6
alloy.

As can be seen from the graphs in Fig. 4.5, parabolic shape of
shell also occurs at its lower height H, = 0,6R (curve 4). Deviation g
does not exceed 0.03 here within a reliable interval of change, while
for shells with H, = R the g-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
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.4.5). The maximum
ratio of the ordinates of the approximating equation Y7 and Y, was
Gmax = 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 [6, 46, 66]. The contour of semi-
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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. 4.5). Meanwhile,
deformation of the areas near flanges is more intense at forming
without lubrication. The curve 5 (Fig.4.5) shows that within
0 <7/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.
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5. ANALYSIS OF THE SHEET SHELL'S CURVATURE WITH
LAME'S SUPERELLIPSE METHOD DURING
SUPERPLASTIC FORMING

The performed research 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. The study of the distribution of the radii of curvature
R; and R, of shells at the stages of free SPF and the formation of
angular zones is an actual task necessary for the development of ways
to control the geometry and properties of shaped articles such as
cylindrical boxes. The formula Lame is considered by us as a new,
very simple and universal mathematical tool, which until now has not
been used to solve such important problems as the description of the
curvature elements of formable shells.

The values of the principal radii of curvature of the shells
Rip = Ri/R, R3, = R2/R in dimensionless coordinates can be calculated
from formulas

Rip = {1+ [y P2 [y" (0] .
Ryp = —y(){1 + [y’(x)]z}l/z

If we use the Lame formula as a function y = f'(x), then

3
- /2
1+(byn/m)?a 2n/mxz(n—1)(an_xn)z(l—m)/m
Ryp = [1+ oo /m'ay ¢ | (5.2)

" —(bon/m)ay " Man=2 (g —xm) 4-2m/m{(n-1)(af-x")+[(m—1)/m]nx"}
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1/2
R2p='boabn/m (ag_xn)l/m [1+(b0n/m)2a62n/mxz(n-1) (ag ) (Z-Zm)/m]

(5.3)
Quite often in equation (4.3) we can take n = m, then
ab (gl — xm) @) [1 + (bO/ )Z X2 (gn — x")(z/n—Z)f/2
R _ 0 0 aO (5 ‘4)
w bo(1—n)
2 2
Rap = et =L+ (2) 00— )] (5.5)
If the Lame formula is written in parametric form, ie
(5.6)

2 2
X = T, COS /na, Yy = hg sin /ma,

where 1, =T/ R Mo = h/ 11..)» then the meridional radius of curvature
P

can be calculated by the formulas:

3
2 2 /2
(% sin?a cos(*/n=2q + L:nizsin(‘}/m_z)a cosza>

R == 2 2 2 (-7
—msin( /m=Dgq cos(*/n=-Dg [(ﬁ - 2) cos?a + (ﬁ - 2) sinza]
or (at n = m):
3
p = (ilezsinza 005(4/n_2)a+tnizzsin(4/m_2)a cosza) ’ (5.8)
r — —%(%—Z)Sin(z/m_l)a cos(*/n=1q
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In Fig. 5.1 shows the changes in the principal radii of curvature
Ri, and R,, of the shell contours along their base radius. For
Rip =R, = -1, the shell contour is perfectly spherical, and the sign "-
" means that their centers are below the shell contour.

Ry Ry, /ﬂ
0.6 0.6
0.8 WA S \/ /j 0.8 1\2 P ;\,,< //
_7 )/ ] _j\ A >/
R R/
12 / ~ [ 12 ~
1.4 ! 14
1.6 / L6 ///
-1.8 -1.8
-2 / -2 //
0 02 04 06 08 «x 0 02 04 06 08 «x
a) b)
pr 7 R,
0.2 o /]
_0.4 J
= 0.3 /
0.6 —

0.5
-1.2 =
0 02 04 06 08 x 0.8, 02 04 06 08 «x
c) d)

Figure 5.1. Distribution of the values of the main radii of curvature
R, and R, along the radius of the shell base in the SPF:
a, b — free forming of segments with relative height y =1 and 0.6;
1 — 5 —respectively for contours ¥;._5 = f(x);
¢, d — forming a cylindrical beaker with y = 0.6;
1 — 3 —respectively for the contours Y5 s = f{x) (see Table 4.1)
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The hemisphere from Sn-38% Pb alloy with a high coefficient
t = 0.6 is characterized by a sufficiently uneven meridional radius R;,
deviating from R;,=-1 by no more than =5 %. A slightly larger
spread of R, (=15 %) is fixed for the hemisphere from the A/Mg5
alloy. In shells from babbit with 7 = 0.25 deviations of R;, from unity
are more significant: (- 15 + + 45) %.

The regulation of refinement of the blank in the SPF leads to
huge values of R;, in the zone of the shell pole (x = 0...0.1), that is, to
the presence of practically horizontal areas. For hemispheres from
blanks of variable thickness, a minimum of R, is fixed in the areas of
linking the thick and thin parts of the blanks (R;, min=-0.76 at
x=0.57). For segments with y = 0.6 formed in an uneven temperature
field, the cooling of the pole does not extend to the whole deformable
surface, so the deviation of the radius R;, from -1 in the range
x=0.17...0.95 does not exceed + 20 %.

The tangential radius of curvature R, for hemispheres made of
the AIMg5 and Sn-38% Pb alloys decreases monotonically from
R>,=- 1 only at x > 0.65. The intensity of decline is higher, the lower
the level of superplastic properties of the blank material.

The hemisphere 2 for x =< 0.5 is characterized by the equality
|R2p| =y ~ 1, in sections with x > 0.5, the smaller thickness of the blank
(1.23 mm) causes an increase in |R,|in 1.2 times.

The SPF in an uneven temperature field with y = 0.6 causes a
contour with a constantly decreasing value |R»,| from the pole to the
flange, at that the difference in the values of R, for x =0 and 0.95 is
4...8 times higher than for babbitt shells with a coefficient of = 0.25
and 0.60.

Free forming of the dome with a height of y = 0.6 provides
values of the radius R;, in the interval (x=0...0.95) from
Rip=-0.8+-0.7 to R;,=-1.34 at x=0.68. The second stage of
forming a cylindrical beaker is characterized by abnormally high
values of Ry, in the poles of the zones of the formed semi-finished
product. When the beaker is formed without lubrication, the values of
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R, of its contour decrease in the direction from the pole to the flange,
and at x ~ 0.7...0.8 the curve of R;, =f(x) takes place. Presence of
lubrication between the matrix and the formed semi-finished product
causes a more intensive decrease of R;, to a minimum of
Ripmin=-0.74 at x=0.63 and the subsequent growth of R;, to
Ripmar=-0.9 at x =0.9. Thus, in the range x ~ 0.25...0.7, the presence
of lubricant reduces R;, with the SPF angles of the beakers.

For all SPF stages of cylindrical beakers, the tangential radius
of curvature R3, in the pole is equal to the absolute value of the height
y = 0.6 and decreases monotonically to the flange zones. However, in
comparison with the SPF of the spherical segment, the design of the
contour of the bottom of the beaker is accompanied by a decrease in
the intensity of the change in R, by a factor of 2...3. In the interval
(x=0...0.86, Rz, =-0.6...- 0.406), the radius R, decreases at the SPF
to a lesser extent with the presence of a lubricant, which indicates a
more uniform plastic flow of the metal.

Fig. 5.2 shows the dependence of the meridional radius of
curvature R, from the angle of its inclination o to the x-axis with the
vertex in the center of reference of the radius vector R;,. The graphs
of the function R;, =f (a), calculated by formula (5.7), clearly show
that for any variants of the contours that form the angles of the shells
in SPF, the radius R;, will be a variable, and the center of its reference
in the general case will not be on the bisector of the angle between the
bottom and walls of the glass.

SPF of the corners of the cylindrical shell in the presence of oil
(curves 1, 3, 4) can provide a minimum of R;, on the contour section,
which is located either closer to the wall of the matrix, or, in some
cases, on the bisector.

The absence of oil between the bottom of the matrix and the
shell causes a minimum of R;, in the area of the contour (curve 2),
which is distant from the bisector in the direction of the bottom of the
matrix. The reference centers of radii R;, in all cases under
consideration are shifted in one direction or another from the bisector.
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Figure 5.2. Graphs of the dependence of the meridional radius of
curvature R;, on the angle of its inclination a to the x-axis at the SPF
of the angular zones of the glasses having contours for which:
1-n=23.6bm=132; 2-n=32m=9;, 3—n=15 m=19;
4-n=32,m=18; 5—-n=50,m=50; 6 -—n=36 m=060

The calculated graphs of the contours of the shells with smaller
radii R, are presented on curves 5, 6 and show qualitatively the same
results. The differences are that the growth of R;, in both directions of
change of the angle a is different in intensity and absolute values.

If in the second stage of the SPF there is no oil between the
workpiece and the stamp, then at the same pressure P and the
formation time t the minimum R, will be greater than in the SPF with
the oil. It is possible to achieve the same minimum radius R;, by
increasing the force P or time t as when using the oil, but this
minimum will be closer to the wall of the glass, and its growth in both
directions is slower (curve 3).

As a special case, it may happen that in the corner zones of the
shell at least R;, will be equidistant from the bottom and walls (curves
1, 4). The contours of cylindrical shells with a reduced radius R;, are
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characterized by an approximating function (5.3) with larger values of
the coefficients » and m (curve 4). If n <m, then the minimum R,
should always be closer to the walls of the glass, but due to the rigid
pressure of the workpiece flange to achieve a minimum in the area of
contact of the workpiece with the wall and not with the bottom of the
matrix, according to our data, impossible.

Consider SPF of angles, for example, beakers with dimensions
of @ 200x60 mm (y = 0.6) in the matrix with an angle of 90° between
the bottom and the walls. In Fig. 5.3 shows the contours of the angular
zones of the beakers for various SPF variants. The parameters of the
contours for these zones are given in Table 5.1.

For plotting curves 4 - 6, the centers of the radii Ry}, and pr
were determined on the normals to curves 1 - 3 at the corresponding

points with coordinates X, Y. The normals were calculated by the
formula:

n__ .,m m 1
h <r a ) -Y=x-X) mrn/mxl‘"(r" —xM)''m (5.9)
T nh

For a really achievable contour 1—R;""=0.063 and
r"in = p-R;, = 6.3 mm. The mutually perpendicular distances from the
radius reference center to the contours in the bottom and the wall of
the matrix are respectively Rj, = 6.5 and R}, = 6.6 mm, respectively,

that is 3...5 % more than R{’;,in. The radiuses of curvature in these

places are respectively Rj, =16.7 and Ry, =16.8 mm that is,
]T:rzljl'l’l
are located on the parabolic curve 4, which is separated from the
bisector 7 of the angle between the walls and the bottom of the matrix,
respectively, in the sides of the wall and the bottom of the matrix. The

larger the change in the radius R;, in the sections of the contours in

2.65 times greater than R{})™". The centers of these radii prand RTp
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question, the more intense the deviation of the parabola from the
bisector 7.

0,64~
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Figure 5.3. Contours of the angular zones of the beakers for different
versions of the SPF: 1 - 3 — respectively for the contours y;3 = f{x)
(Table 5.1); 4 - 6 — the deviation of the centers of the radii of
curvature from the minimum with the growth of the radii in the
direction of the bottom and the wall, respectively, for the contours
1 - 3; 7 — bisector of the angle between the bottom and the wall of the
matrix

Curves 2 and 3 with a minimum of R;™"=0.060, are
characteristic for angular contours of beakers with SPF with the
presence or absence of lubricant, Rq,, and R1), exceed R{';f” by 3...18 %;
the radii of curvature prand R}, in 2.5..3.0 times exceed RY5™ , and
their centers are spaced from the bisector 7 at distances equal to,
respectively: 0.052 and 0.045 for the contour 2; 0.048 and 0.033 for the

contour 3.
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Table 5.1. Calculated values of parameters linking of angles

of beakers in SPF
Distance from ..
Minim Radii of
the center of
um reference ;" curvature
. radius see Fig. 5.3
Function of the beaker o fu to the contour ( g5:3)
contour botto
curvat m wall
. y
ure, | g radius,| Ry, | Rip
pymin , > Rilp
Rip
1
y1=0.6(1x?36) /132 | 0.063 | 0065 | 0.066 | 0.167 | 0.168
1
¥,=0.6(1-x%2) /9 0.063 | 0.047 | 0.065 | 0.158 | 0.178
1
y5=0.6(1-x15) /19 0.060 | 0.071 | 0.062 | 0.181 | 0.150
It should be noted that:

1) contours with Rf,l)i” < 0.03, are achievable in practice, if in

the SPF there was a preliminary pulling operation with a rigid punch;

2) the contours 1 - 3 in Fig. 5.3 can be formed for beakers with
an initial thickness Sy < R; /3 [67] that is for our case: Sy > 2 mm.

An analytical model of superplastic forming of spherical shells
by the pressure of a gas medium created during the sublimation of
sublimate agent in the die cavity is developed. It is shown that the
control of the pressure of the gaseous medium can be effectively
performed by a corresponding change in the forming temperature
relative to the sublimate agent sublimation temperature. The
correspondence of the velocity behavior of shell superplastic forming
to theoretically calculated values according to the developed model
was experimentally confirmed.

In the case of superplastic forming of shells, the variability of
walls thickness can be reduced by creating an uneven temperature
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field along the workpiece surface during forming. In particular, SPF
spherical shells are advisable to perform with simultaneous
sublimation of sublimates covered on the central zones of the blank.
The regulation of the thermally unstable coatings sublimation intensity
should be carried out by changing the partial pressure over the
sublimate, which changes the temperature and, consequently, the
intensity of its sublimation. The sublimate sublimation temperature
should be much lower than the SPF temperature. Sublimation of
coating should begin upon reaching the height of the formed shell
equal 20...30 % of the final shell height.

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
equation 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.

57



6. EFFECT OF BLANK CURVATURE AND THINNING ON
SHELL STRESSES AT SUPERPLASTIC FORMING

In engineering analysis of the stress-strain state and the power
parameters of SPF the Laplace equation is usually used (4.1).

When analyzing the SPF process forming zones of blanks with
a uniform or predetermined wall thickness that are free from contact
with the stamp surface are often represented as spherical surface areas
with an uneven (sometimes even) wall thickness [1, 10, 22-24, 68—
69]. Such approach simplifies the determination of Riand R, and,
therefore, further calculations of stresses and forces. However, actual
contours of the shells differ from spherical ones [25-27, 58, 60, 70].
This frequently requires to apply compensating elements in the system
“deformable medium - blank™ [28, 29, 71, 72] and introduces margins
of error in the calculations, stipulating the need for their improvement.

Radii of curvature of free forming surfaces of the shells depend
on the temperature, degree, strain rate, and superplastic properties of
the material of the blanks. The principal radii of curvature R;, R, are
determined from various formulas that approximate experimental
data. The distinction of the approach we are developing, is the
assumption, that the most universal formula approximating the
contour of a deformable blank at all stages of SPF is Lame’s
superellipse (4.3) [18, 19, 30, 53, 54, 73]. In this case the relative radii
of curvature will be determined by the formulas (5.3), (5.4).

Taking into consideration formula o,,/r + gy/1, =p/S,

derived from the expression (4.1), the relative radii of curvature
rm = r1/r and rg = 1o/r are determined as:
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In the previous chapter, it was shown that for SPF domes from
blanks of variable thickness (BVT) and with different superplastic
properties, the radii of curvature Rqp, Ry, differ significantly from
the radius of the spherical cover; they can be infinitely large and have
extrema along the shell contour. Attention should be paid to the
correlation between the change in the values of Ry, Ry, 7, 79 and the
thinning of the workpiece at SPF [68, 69, 74].

This chapter examines the relationship between principal
stresses, radii of curvature, and shell thinning in SPF spherical domes
to correct calculations of process force parameters.

To estimate the effect of the blank thickness on the stress state
of the shell during the SPF, we used previously obtained experimental
data and data from other authors [18-20, 25, 26, 58, 60, 75-77].

Thinning, i.e. the relative distribution of thickness z =.5/S, along

the relative radius of the base x of shells with a relative height of y = 1
was approximated by the equations presented in Table 6.1 for different
materials (see Table 1.1).

On the basis of equation (6.1) and von Mises criterion, in works
[19, 31, 74, 75] dependences convenient for analyzing the influence
of the curvature of shell contours on the distribution of principal
stresses a;, 02, om, 0p and their intensities o. were obtained. For the
relative values of the thickness (see Table 6.1) and the radii of
curvature of the shells, these equations take the following form:
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Table 6.1. Formulas of approximation of the shell thickness at SPF

Shell parameters

Approximating
function

alloy AMg6 (analogs: 495456,
A95556 according to UNS,
USA), blanks of variable
thickness, ¢ = 0,38

z, =—1.94x" +5,03x’ —3,31x” +0,38x + 0,25

alloy Sn-38 %Pb,
t=0,60

z, =1,09x* —0,93x* + 0,17x* + 0.05x + 0,43

alloy Sn-38 %Pb,
=025

z, =0,88x" - 0,80x* + 0,44x* + 0,06x + 0,24

alloy 4/Mg5 DIN 1725
(analogs: ALMGS,

ER 5356 / AWS A5.10),
t=042

z.=1,25x" —1,82x" +1,16x* + 0,00x + 0,23

R
Assume that the shell contour is part of a sphere 2p/Rl =1,
p

and the shell thinning is uniform (z = 0.5), formula (6.2) is simplified

to the following form:
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(6.3)
o, :pr%z , i.e. o, =pry-

Fig. 6.1a shows the distribution of the ratio of principal stresses
o1/ 02, 09/ o, along the radius of the shells base. The calculations did
not take into account the presence of the interface radius of the
deformable shell and the flange, i.e. in the interval x = (0.95...1.0)r,
the calculated data were unreliable and are not shown in the graphs.

For superplastic babbitt Sn-38%Pb with = 0.6, the principal
stresses are approximately equal (margin of error does not exceed
18 %). With the deterioration of superplastic properties in alloys, the
calculated values of g;-and gy prevail over the values of ¢;°and g,, due
to a significant increase in the radius of curvature, especially for
babbitt with = 0.25.

In blanks of variable thickness the distributionaz/g1 = f(x),

96 / o, = f(x) has the form of the parabola with a minimum in the

range x = 0.6...0.7, i.e. in the places of interface of the central and
peripheral zones of the blank with variable thickness.
At the intersection points of curves 1-4 with ordinate

02/01 =1, 09/ o, = 1, the contours of the shells coincide with the

contour of the sphere. For babbitt shells with 7= 0.6 and blanks of
variable thickness, there are two such points in each one:

02/01 =0,99, O-B/O'm = 0.09 and 0.62, 0.27, and 0.95, respectively.
Babbitt shells with #=0.25 and 4/Mg5 alloy have the ordinate
02/01 =1, O-g/o'm =1 atx=0.09 and 0.44, respectively.
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The differences in oy and o, values along the contour of the
shells determine the stress intensity (effective stresses) values o,
which differ from the similar parameters of o, for spherical shells
(Fig. 6.1b). With the observed geometric similarity of the
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corresponding graphs in Fig. 6.1a and Fig. 6.1b spread of ¢./0, values
for all shells is less than the range of gy/0,, values. With the margin of
error of no more than 10%, it can be confirmed that it is acceptable to
calculate the intensity of the stresses in the babbitt shells with 7= 0.60
assuming that its contour is spherical and the equality gy = o0,
09 = Oy

However, for babbitt shells with 7= 0.25 and 4/Mg5 alloy, the
deviations 72 / o1 % / o, and Oe /go are more significant: 2 /01,
%/ =095.141 and 084..1.22, %/; =0.97..1.25 and
0.93...1.13 respectively. In the shells from BVT, the minima of Te /JO

o o .
and "2 / o1 o / o, are reached in some places of the contour and make

0.88 and 0.66.

In some works [1, 10, 22,32, 75, 77], when determining the
power parameters of SPF, the contour sphericity and uniformity of the
shells thinning were simultaneously assumed. According to our
calculations, such assumptions lead to the fact that even in babbitt
shells with a high level of superplastic properties (= 0.60), the
deviation of O-e/o'o values from a unity reaches + 0.15 +-0.26, i.e.

margin of error reaches 41 % (Fig. 6.1c). For shells from blanks of
variable thickness, the range of deviations is even greater:
+0.14 = - 0.43 (margin of error — 57 %). In the pole sections of domes

made of A/Mg5 alloy and babbitt with 7= 0.25, values Te /0'0 > 2, and

in the areas of blank pressing, Je/ao =0.76; 0.87, i.e. margin of error
of calculation reaches 130 %.

Hence, the graphs in Fig. 6.1c show unacceptability for the
calculations of the assumption about the uniformity of blanks thinning
at SPF.
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7. NICKEL-BASED SLAG-REMELTED SUPERALLOY FOR
DIE-TOOL SUPERPLASTIC FORMING AND ISOTHERMAL
STAMPING TI-ALLOYS

Using isothermal die forging and SPF efficiency for the
forgings from Ti-based alloys production is mostly determined by the
performance properties of the die tool. It is necessary to take into
account a number of specific requirements for such dies production
[1-6, 78—83]. The main requirements are the required strength margin
at the forming temperature, surface oxidation lack for the die material
and abrasive and fatigue properties stability under prolonged
exploitation at temperatures range (of) T =800...1000 °C. These
requirements are met by heat-resistant nickel-based superalloys dies
made with high tungsten content [7, 8, 84, 85] or intermetallics as
NiAl-Ni3Al [9-11, 86-88], which are widely used in aircraft industry
for isothermal and superplastic deformation of forgings. The die tools
manufacturing from these alloys is quite labour-intensive, as it
includes melting in vacuum arc furnaces (marked as “VD”) and
complex thermomechanical and/or electroerosive die engraves
processing [12—-16, 89-93]. Typical batch production for aircraft
manufacturing can amount to thousands of forgings per year, while the
die costs share in the forgings technological cost is low and offset by
the isothermal forming advantages.

In other industries (shipbuilding, power engineering, and
petrochemical industry) the batch production of titanium forgings, as
a rule, does not exceed a thousand per year. In this regard, choosing
die material for such conditions should be based on the improvement
of both the forgings die forging, as well as die materials
manufacturing. In the first case, the research purpose should be to
reduce tool wear, electricity consumption, materials plastic properties
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control and forming power modes [17-22, 94-99]. It is necessary to
take into account the low technological performance of die materials,
which is manifested in the fact that severe plastic deformation with
high reduction leads to their fracture due to significant stresses arising
in metals [23-27, 100-104]. In the second case, when choosing
cheaper materials and their technologies, the use of mathematical
modeling to assess the stress-strain and materials thermal state taking
into account their plastic and thermophysical properties, accumulated
damage and cracks becomes more common, with subsequently
assessing their healing [28-32, 105-109]. Such materials can reduce
the die-life to some extent, but this is quite acceptable with low batch
production and frequent changes in the forgings range. The use of
nickel-based superalloys as die materials for the Ti-based alloys
forming is the most justified [33-35, 110]. Therefore, it is necessary
to use cheaper options to produce tungsten-free die materials such as
CrNi73CuBeTeAl (for example, not in vacuum arc furnaces, but by
slag remelting process) and to evaluate their performance properties.
Accordingly, this work purpose is to study the possibility of using the
nickel alloy CrNi73CuBeTeAl (there are designations as
XH73MBTIO or DU 698), produced by electroslag remelting (ESR),
as a die material for isothermal deformation.

The CrNi73CuBeTeAl-Sh alloy (“Sh” — marked as electroslag
remelted) chemical composition, researched in this work, is shown in
Table 7.1.

Waste of CrNi73CuBeTeAl-VD alloy (“VD” —vacuum arc
remelted), which was tungsten-free and molybdenum-free, was used
as the initial charge for smelting. This allowed to machine it with a
blade tool, including on copy-milling machines. CrNi73CuBeTeAl-
VD alloy in the form of pieces with dimensions not exceeding 60 mm
was melted in an open induction furnace and cast into ingots with a
120-mm diameter. The single- or three-string electrodes were made of
ingots by welding in argon medium using a CrNi73CuBeTeAl-VD
alloy welding wire with a 3-mm diameter. The obtained electrodes
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were converted into ingots with dimensions of
160 mm x 400 mm x 600 mm by electroslag remelting (ESR), which
were cooled at 50 °C/min in a crystallizer thermoinsulated with a
mullitosilicate felt 40-mm layer (ALO; >50%, SiO> <47 %,
AlLOs + Si02 =97 %, Fe 03 <0.2 %), then heated in an electric
furnace to 900 °C, and kept 4 hours and cooled in it.

Table 7.1. CrNi73CuBeTeAl-Sh alloy chemical composition

(wt. %)
C Cr Ti Al Mo Nb Ni
0.06- 2.35-
0.07 14-15 5 55 1.5-1.62.8-3.0|1.9-2.0 Base
Si Mn Fe Ce Pb B S P
<0.45 [<0.34 | <1.8 |<0.003|<0.001|<0.005|<0.004 |<0.010

Isothermal forming in dies from the researched materials was
simulated by tests for high-temperature cyclic creep. To do this,
20 mm high and 10 mm x 10 mm plan dimensions specimens were cut
of the ingots, from their bottom, head and central zone, near the lateral
surface and in the central axis zone. A 10 mm x 10 mm specimen’s
planes were placed parallel and perpendicular to the central axis of the
ingots when cutting. Tests for high-temperature cyclic creep were
performed in isothermal environment at a 7= 900, 940 and 980 °C
temperature with cyclic application in the direction of the specimen
with 100, 200 and 300 MPa (N/mm?) upsetting pressure. It was
believed that the plane of force application is the die cavity working
face. The forming velocities V= 0.02, 0.2 and 2.0 mm/s were chosen
for the experiments, which provided loading of specimens with strain
rates = 103101 s,

After the specimen reached the ultimate plastic reduction at
& =1 % height, the number of loading cycles (#) was recorded, which
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was considered a dies life measure. Specimens were upset between
flat dies of XKCo6VY alloy (C=0.15%; Cr=5.0%; Co=9.0%;
W=11.7%; Al=59%; Ti=1.0%; Mo=1.1%; Nb=1.5%;
V = 1.0 %). Measurement accuracy: temperature =10 ° C, upsetting
pressure + 16 MPa, specimens’ height + 0.01 mm. To compare cast
CrNi73CuBeTeAl-Sh and CrNi73CuBeTeAl-VD alloys
performances properties, specimens and die inserts from hot-deformed
forging of CrNi173CuBeTeAl-VD alloy were also made and tested.

Cyclic creep tests have shown that ESR-alloy from the ingot
bottom, i.e. from zone limited by its cross section and a 40-mm height,
is inapplicable for dies, because it quickly wrinkles or cracks after 10-
15 loading cycles. When studying the defective metal structure, slag
and gating system remnants made of St3sp steel (analogs: Fe37-3FN,
S235) were found in it. In the future, it was decided to remove the
bottom part of all ESR ingots intended for the dies manufacturing with
the volume determined by gating system remnants.

Studies of the flat ESR ingots porosity have shown that most
microcavities during casting are shifted to the top part up to the ingot
central axis, and the defect zone size depends on the remelting
electrodes cross section. For single-string electrodes with 113-cm?
cross-sectional area, the defective zone extends from the top to the
ingot central zone at a 30-45 mm distance; for three-string electrodes
with 340-cm? cross-sectional area — at up to 90-mm distance. The
residual deformation exceeding 1 % for test specimens cut from
defective zone was recorded after 24-40 loading cycles, which is
unacceptable for the dies. In this regard, before cutting the billets for
the dies the ESR ingots top part was removed at the 90-mm distance
from the ingot top end.

At p =300 MPa upsetting pressure, 7= 940 °C temperature and
V= 0.2 mm/s forming velocity, the alloy specimens cut near the lateral
surface of the ingot central part with the working face parallel to the
ingot central axis, have withstood maximum number of loading cycles
(n.=272...285) to percent reduction by ¢ = 1 % or 3 %. In cases where
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the die working face was perpendicular to the ingot central axis, the
specimens cut from the lateral surface were upset to ¢ =1 % for
n.=253...268 cycles, while for specimens cut from the central zone,
the test results were the same. Therefore, further tests of
CrNi73CuBeTeAl-Sh alloy were performed on specimens cut from
the lateral surface, with a working face parallel to the ingot central
axis.

Fig. 7.1 shows the temperature and upsetting pressure effect on
the number of loading cycles 7., which causes the specimens upsetting
to e=1% at V=0.02..2.0 mm/s deformation velocities. The
electroslag remelting metal is inferior in efficiency of vacuum arc
remelting alloy. Exceeding the number of loading cycles for vacuum
arc remelting alloy in comparison with electroslag alloy is
7..9% at p=200MPa and 300 MPa upsetting pressure, and
12...14 % at 100 MPa. With increasing the upsetting pressure from
100 MPa to 300 MPa the specimens upset accelerates, moreover with
the greatest intensity it happens at 7'=980 °C: with increasing
upsetting pressure by 100 MPa, the alloy efficiency decreases to
n. = 125-140 loading cycles. However, with increasing the upsetting
pressure p from 200 MPa to 300 MPa at temperatures 940 °C and
980 °C, the alloy upset intensity decreases by 30-40 cycles.

The specimens performances properties (efficiency) is
determined more by the change in pressure than the testing
temperature, but in some cases that interested us, for example, at
n. =400 loading cycles within 100...140 MPa at 900...940 °C, the
effect of p and 7 on # is the same. At the /= 0.02 mm/s deformation
velocity (Fig. 7.1a), the dependences n. = f (7, p) have qualitatively
the same form, as at "= 0.2 mm/s (Fig. 7.1b). However, the ultimate
deformation ¢ = 1 % in the specimens is fixed at a significantly greater
number of loading cycles than at = 0.02 mm/s. When decreasing
deformation velocity, the number of load cycles increases for “VD”
alloy by 80-120 cycles, for ESR (“Sh”) alloy — by 70-125 cycles in the
entire temperature range and at any upsetting pressure. A close
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percentage ratio in the performance of CrNi73CuBeTeAl-VD and
CrNi73CuBeTeAl-Sh alloys specimens, i.e. 8...15 %, is observed. But
in absolute terms the increase of the loading cycles with deformation
velocity decrease for VAF (“VD”) alloy, in comparison with “Sh”
alloy, is more significant, especially at 7" and p small values, and
reaches 100 loading cycles at p = 100 MPa and 7 = 900 °C.
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Figure 7.1. Loading cycles number
dependence to e€=1% percent
reduction of CrNi73CuBeTeAl-Sh
and CrNi73CuBeTeAl-VD alloys
specimens on temperature (7),
pressure (p) and deformation
velocity (V):

(a), (b), (¢) -V=0.02, 0.2,2.0 mm/s;
1, 2,3 — CrNi73CuBeTeAl-Sh alloy
at  p=100, 200, 300 MPa,
respectively;

280 4.5, 6 — CrNi73CuBeTeAl-VD

alloy at p=100,200,300 MPa,

respectively

From the viewpoint of the forging processes productivity
increase, the deformation velocity at specialized presses for isothermal
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die-forging is often increased to a maximum, i.e. up to 2.0 mm/s.
Fig. 7.1c shows how negatively it affects the die-tool. At 300 MPa
upsetting pressure and 980 °C temperature, the maximum number of
specimens loading cycles does not exceed 100, even for vacuum-arc
remelting specimens. This is completely unacceptable for such
processes, because in these cases it is better to make products by
machining. The ultimate deformation of the die crumpling equal to
e =1 %, provides, for example, the allowance on the blade airfoil with
10-mm thickness only 0.1-mm high. In some cases, forgings with this
allowance can not be further processed by EDM to the blade final size,
so often tool shops require forgings with at least 0.3 mm tolerances
per side. In this case, the ultimate die deformation increases to ¢ = 3 %.

Thus, it is interesting how much the die life will increase at the
restriction of deformation to &=3 %. The effect of upsetting
temperature and pressure on the loading cycles number 7., which
causes the specimens upset to ¢ =3 % is shown on Fig. 7.2. The
Ti-alloys isothermal die forging is most often a cost-effective
operation at the die life near 400 forgings or more. The graphs in
Fig. 7.2 show that at a deformation rate of 2.0 mm/s and a draft
pressure of 200 and 300 MPa, the dies still sag at n. < 400 cycles, and
a pressure of 100 MPa even at T = 90 °C is not suitable for stamping
alloyed titanium alloys.

In this case, the die forging should be carried out with low
deformation velocity (0.02...0.2 mm/s), but the die life will obtain the
range of 420-550 forgings.

The obtained results were approximated by equations
acceptable for further calculations, according to which it is possible to
determine the maximum allowable process modes of isothermal die
forging which provide a predetermined die life (in loading
cycles numbers n.). Given the linear nature of the graphs, many
variables linear functions were chosen. These independent variables
were the upsetting pressure p (MPa), the deformation temperature
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T (°C), the deformation velocity V' (mm/s) and the allowable residual
deformation ¢ (%). The function was obtained:

n,=-251-p—446-T—8513-V +51.61-£+4904.85 (7.1)

according to which the temperature-force parameters of deformation
for other indicators 7. 1 € were predicted (Fig. 7.3).
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Figure 7.2. Loading cycles number dependence to & = 3 %percent
reduction of CrNi73CuBeTeAl-Sh alloy specimens on temperature
(7), pressure (p) and velocity of deformation (V):
1,2,3-V=0.02 mm/s at p = 100, 200, 300 MPa, respectively;
4,5,6—V=2.0mm/s at p = 100, 200, 300 MPa, respectively

The increase in the deformation velocity from 0.02 to 0.2 mm/s
changes the graphs 1, 2 and 4, 5 rather slightly, and the difference of
the pressure at the same temperature is 5...7 MPa. This difference
becomes significant with increasing V value from 0.2 to 2.0 mm/s and
reaches 60...70 MPa, i.e. increases by one order. Comparing the
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graphs, we can conclude that, for example, at '=0.2 mm/s and
T=900 °C the die life of n.= 500 forgings can be achieved by die
forging with a pressure not exceeding 190 MPa. If die life of
n. =300 forgings is sufficient, the deformation temperature can be
increased to 945 °C or to increase the upsetting pressure to 265 MPa
at 7=900 °C.
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Figure 7.3. Analytically determined relation between
upsetting pressure and temperature for providing a predetermined die
life n. at & = 2 % for CrNi73CuBeTeAl-Sh alloy: 1, 2, 3 — n. = 300
forgings at V'=0.02, 0.2, 2.0 mm/s, respectively; 4, 5, 6 —n. = 500
forgings at V'=0.02, 0.2, 2.0 mm/s, respectively

Technologists often design die forging processes with a
constant maximum allowable deformation of the die face, i.e. for

¢ =const. In this case, for ¢ =1 %, the approximation equation is
simplified to the form:

n=-123-p—-225-T—-9596-V +2829.42 (7.2)
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Fig. 7.4 shows the change in the maximum allowable upsetting
pressure depending on the die forging temperature, if at 1.0 mm/s
deformation velocity it is necessary to ensure the die life of 300 and
500 forgings to restore the die. If we compare the graphs in Fig. 7.3
and Fig. 7.4, we can see that for n. =300 forgings can be forged at
T=900 °C with a 325-MPa maximum pressure at /= 1.0 mm/s, and
210 MPa at V'=2.0 mm/s. If the die life must be increased to 500
forgings at 7=900 °C, then the maximum upsetting pressure should
be reduced from 170 MPa to 125 MPa. Such pressure values at the
above-mentioned die forging temperatures can usually be only in
sizing or flattening finishing operations of forgings that have already
been forged.
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Figure 7.4. Analytically calculated relation between upsetting
pressure and temperature to provide a predetermined die life n. at
V= 1.0 mm/s for CrNi73CuBeTeAl-Sh alloy: 1, 2 — n. = 300 and

500 forgings, respectively
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Taking into account the performed research, we made and
tested dies from CrNi73CuBeTeAl-VD and CrNi73CuBeTeAl-Sh
alloys in the form of inserts with 150 mm % 150 mm overall
dimensions with a working face depth up to 65 mm, by cutting on lathe
and milling machine from the lateral surface side of the ESR ingot
central zone and from the side of “VD” alloy forging face. The inserts
were installed in the die block located on a hydraulic press of PA2638
model with a 6.3 MN nominal force, and under isothermal conditions
at 940 °C temperature were used for die forging with titanium VT3-1
alloy forgings closed upsetting (Fe =0.2...0.7 %, Si=0.15...0.4 %;
Cr=0.8..2%; Mo=2..3%; Ti=285.95..91.05 %; Al=5.5...7 %)
using OBT-24 grease (lubricating and heat-insulating coating based on
an aqueous glass powders dispersion system and colloidal solid
lubricating particles for Ti-alloys hot forging with a 850...1000 °C
operating temperature range). The press worked in the mode of
“constant force”, which provided the forming pressure within
280...310 MPa and the &=6-10"...102 s strain rate. After the
manufacture of 40 forgings, the die insert face upsetting was 0.11 mm
and 0.09 mm for CrNi73CuBeTeAl-Sh and CrNi73CuBeTeAl-VD
alloys, respectively.
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CONCLUSION

An analytical model of superplastic forming of spherical shells
by the pressure of a gas medium created during the sublimation of
sublimate agent in the die cavity is developed. It is shown that the
control of the pressure of the gaseous medium can be effectively
performed by a corresponding change in the forming temperature
relative to the sublimate agent sublimation temperature. The
correspondence of the velocity behavior of shell superplastic forming
to theoretically calculated values according to the developed model
was experimentally confirmed.

In the case of superplastic forming of shells, the variability of
walls thickness can be reduced by creating an uneven temperature
field along the workpiece surface during forming. In particular, SPF
spherical shells are advisable to perform with simultaneous
sublimation of sublimates covered on the central zones of the blank.
The regulation of the thermally unstable coatings sublimation intensity
should be carried out by changing the partial pressure over the
sublimate, which changes the temperature and, consequently, the
intensity of its sublimation. The sublimate sublimation temperature
should be much lower than the SPF temperature. Sublimation of
coating should begin upon reaching the height of the formed shell
equal 20...30 % of the final shell height.

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
equation 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
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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.

It is established that different versions of the SPF cause
different radii of curvature of the shell contours that differ
significantly from the radius of the spherical segment. It is shown that
the radius of the linking between the bottom and the wall of the
beakers increases along the contour of the shell from a minimum in
the sides of the bottom and walls, and its center moves away from the
bisector of the angle of the beaker along two branches of the parabola.

Simulation of the processes of super-plastic deformation with
the help of optically transparent non-linear viscous block-copolymers,
on the basis of diene and vinyl-aromatic carbohydrates of polar
softener and achromatic stabilizer makes it possible to observe
physically the process of deformation along the entire process of
samples deforming. By means of a coordinate grid, placed upon the
diametric plane of such samples and video recording of the process it
is possible to analyze quantitative and qualitative and qualitative
changes along the entire volume at any time span.

The principal stresses, in particular the tangential stress, depend
on the principal radii of curvature. The intensity of stresses also
depends on the thinning of the shells at superplastic forming. The
higher the level of superplastic properties of the blank material, the
less the main stresses and their intensity depend on the difference
between the principal radii of curvature. When calculating the power
mode of SPF shells, the assumption of uniform thinning of the blank
during forming is unacceptable, since margin of error of the
calculations can reach 130 %.

The fundamental possibility to use the tungsten-free
CrNi73CuBeTeAl alloy manufactured of both vacuum arc remelting
and electroslag remelting as die tool material for isothermal die
forging is shown. It will be efficient to use such dies for isothermal die
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forging blades made of Ti-alloy with rather big allowance on the
overall sizes, which assumes residual dies upsetting ¢ =1.0-3.0 %
during exploitation. If the forging temperature does not exceed
940 °C, the die life for these forgings can be increased to 600-700
loading cycles. It will be quite effective to use such dies for isothermal
sizing of Ti-alloys compressor and aircraft turbine engine blades,
which is carried out at 7= 850...950 °C and p = 100...150 MPa. In
this case, the die life will be 400...550 cycles of sizing. By reducing
the complexity of ingot smelting and the ability to make the working
face on copiers and milling machines instead of EDM, the dies
manufacturing from ESP alloys will reduce the dies expenses in the
blade forgings technological cost from 32 % to 20...22 %.
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