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Explosive Forming of Low Carbon Steel Sheet into a Stepped
Disc Shape
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Abstract. This paper deals with the explosive forming of deep drawing quality
steel into a two stepped disc type shape. An attempt has been made to predict
the forming parameters from theoretical considerations by equating the disc
shape with an equivalent dome. Results of forming this shape in a single-stage
vis-a-vis forming in two-stages are compared.

1. Introduction

The development of Hot Isostatic Pressing (HIP) technology for the production of jet
engine turbine discs is being carried out at our laboratory. This requires turbine

disc shaped capsules out of sheet metal. The conventional techniques such as

spinning or deep drawing are proving to be expensive as the quantities to be produced
are limited. So, explosive forming has been chosen as an alternative technique to
form the capsules. A programme has been initiated to obtain by explosive forming a
simplified configuration out of 2 mm thick low carbon steel sheet as shown in Fig. 1.
The paper deals with deriving the explosive forming parameters from the theoretical
consideration and matching them with actual field trials on this component.
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Figure 1. Simplified turbine disc configuration for explosive forming.
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2. Theoretical Parameters

2.1 Equivalent Dome

The explosive forming method selected is a stand-off operation by under-water explo-
sion as shown schematically in Fig. 2, water being more effective than air! as a
pressure transmitting medium. Plastic explosive PEK — 1 (which is mainly 85% tetryl
with additives of rubber, oil and plasticizer), with a specific energy? of 406 Mkg per
gm is chosen for this work, as it is readily available and found to be convenient to
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Figure 2. Schematic of underwater explosive forming set-up.

work with. The two basic parameters to be known beforehand for explosive forming
are the stand-off distance and the explosive charge weight. Literature does not show
any comprehensive formulae that can be readily and precisely applied for any given
shape and material. However, a good deal of published work has formalised a fair
theoretical basis for forming dished-end type, round domes®4. An attempt has been
made here to obtain the optimised estimate of charge weight and the stand-off distance
for the component of our interest, by considering the theoretical parameters for
forming a hypothetlcal dome whose surface area will equal the surface area of the
component,

We assume that the depth of the equivalent dome is the maximum depth of the
component. namely 38 mm. Equating the surface area of the component (Table 1 a)
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with the surface area of the equivalent dome, which is taken to be a segment of a

sphere, we get ,
Table 1 (a). Surface Area calculation;.
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Therefore
D = 106 mm

However, the maximum depth of a spherical dome that can be formed without catas-
trophic thinning is limited by the onset of necking during plastic deformation of the
sheet forming operation, and is given by® the following relation

Huon= D-@n+1)@n+13) )
Where
Hpox = Maximum permissible depth of draw
D = Diameter of the dome, which, in our case is 106 mm
n = Strain-hardening coefficient in the plastic stress-strain relationship of

¢ = k" where n = 0.261 and K = 54.22 for deep drawing steel®
Hpox = 44.6 mm

Therefore, the assumed depth of 38 mm of the equlvalent dome is within the ‘necking

limit’.
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2.2 Efficiency of Explosive Forming

It is only a portion of the chemical energy released by the explosive charge that is
utilised in the deformation of the sheet blank into the die cavity. The energy transfer
medium and the stand-off distance, among other factors are known to affect the
efficiency of this energy transfer which can be taken to mean the efficiency of the
forming operation. Literature™#9%&10 cites different values for this efficiency, varying
from 0.11 to 0.5. It is therefore desirable to determine the efficiency of energy
transfer in our set-up and experimental condition.

The efficiency of the energy transfer and the configurational efficiency due to
stand-off nature of the operation find place in the energy balance method used by
Ezral! which equates Ur, the total strain energy of deformation with Ez, the amount
of explosive energy that will be utilised for the deformation at a given stand-off.
According to Ezra,

Er=4n71(1 —cos¢)We - (2
and 4 '
Ur =Up <+ Ur
where _
Ui = Efficiency of the energy transfer from the explosive to the blank through
the medium
¢ = Planar angle subtended at the centre of the charge by the die-opening

diameter (Table 1b)
Table 1 (b). Equivalent dome.

R = 6/10mm

0 = 106mm

Bo =106 « 2 x 6 = N8mm
=106 + 2 x 10 = 126mm

H = 38mm

@ = PLANAR ANGLE SUBTENDED
BY THE CHARGE

TAN ¢ =D
2L
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W = Charge weight in grams
e = Specific energy of the explosive in M kg/gm
Up = Strain energy for deformation into die cavity (Eqn. 5)
Ur = Strain energy for flange pull-in across the die corner radius (Eqn. 6)
Thus |
Ur=4%n(1 —cos¢)We 3
Therefore
= 5(1—g§s¢)We @

In order to determine Up and Ur for computing Ur values for Eqn. (4), the
following formulae!? are made use of.

For a strain hardening material

Up= 7 Dg ,%1 [Ln {1 + 4 (—gi)z}]m . )
Where
D = Diameter of the dome to be formed
H = Depth of the dome to be formed -

ty = Blank thickness

k,n = Constants in the plastic stress-strain relationship, ¢ = Ke"

Similarly
. ,\/3 n+l K . (Bo—B ) ]n+1[(&))—zn_ (_B_o)—zn]
o= (5) s a7 ) 2] L3 2
6)

Where

B, = Blank diameter before forming,

B = Blank diameter after forming,

Dy, = D + 2r,, wherer.is the> die entry radius.

(B, — B) can be determired from the empirical graph!® between normalised pull-in
(B., — B
D

) and normalised depth of draw( -g—) for values of %’- —14,15& 1.6

(Fig. 3). In our analysis, we have assumed a value of -gﬂ = 1.4
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Using a somewhat similar approach, Noble & Oxley® have related the work done
in deformation with the explosive energy of a given charge weight and given stand-
off through the expression;

02

t,,YnH2=We71T ™
Where
ty = Thickness of the blank,
Y = Yield stress of the material,
W = Charge weight,
" = Efficiency of the energy transfer from the explosive to the blank,
26 = Solid angle subtended by the blank at the charge.
This gives |
N = dn 71,—8’;'—'/,0—}, | ®)

2.3 Charge Weight and Stand-off Distance k

With a known value of 0, Eqn. (3) or Eqn. (7) can be applied to determine the
charge weight, provided the stand-off distance required for forming the component
is fixed arbitrarily. There appears to be no relationship that would enable us fo” "
calculate the stand-off distance, without the prior knowledge of the charge weight,
or vice versa.

An attempt has been made to get over this difficulty by dividing Eqn. (3) with
Eqn. (7) to eliminate W, the charge weight.
Thus

Ur _ $n(1 — cos ¢) We
to¥Ym H We 1 §*[4

Since 2, the solid angle, is geometrically related to the planar angle ¢ through
the relation

20 = 2n (1 — cos ¢) ; )

We then obtain,

2 U
m(l —cos¢) (Y H*®

or -

2
cos¢ =1 —-Zi‘:“{]TH_ (10)
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Eqn. 10 will enable us to calculate ¢ from known values of #,, ¥, H & Ur.
From Table (1b), it can be seen that

e b2 L_ 1
ané = =0 5= g

Which, from Eqn. (10), may be rewritten as

L 1

£ _ — {
b 2 tan |:cos*1 (1 _ 2 Y H? )] - an
7« Ur :

Since the component to be formed has been converted into an equivalent dome,
the dimensions of this dome and the corresponding calculation of Ur alongwith the
known characteristics of the material can now be used in Eqn. (10) and Eqn. (11) to
arrive at a plausible L/D for the actual trials. Two different values of L/D can arise,
in our study here, corresponding to two different values of Ur, one arising from
assuming a die entry radius of 6 mm as prescribed in the component drawing (Fig. 1),
and another arising from a more generous die entry radius of 10 mm which, being
less sharp in its curvature, is arbitrarily considered as an alternative choice in the
event of failure of 6 mm radius forming. With the knowledge of L/D & 4, the charge
weight for the component can be computed from Eqn. (3) or Egn. (7), by means of
the equivalent dome.

3. [Experimental Results

3.1 Determination of Efficiency

Blanks of 150 mm average diameter were cut from 2 mm thick ‘deep drawing’ quality
steel sheet conforming to B. S. 1449 : En 24. Specimens of the steel were tested for
mechanical properties and the average yield strength was found to be 22 kg/mm?. An
‘open-well’ die of 84 mm die-opening was machined from a large mild steel round.
The die entry radius was maintained at 10 mm. The water medium was contained in
disposable plywood boxes lined inside with polythene sheet. A water-head of
around three times the stand-off distance was used. A vent hole was provided at
the centre of the die. The blank and the die were greased to minimize friction
effects. Evacuation of the die, although provided for, has not been done in these
investigations.

Sixteen experiments of forming trials were conducted with arbitrarily chosen
charge weights and stand-off distances and the resulting dome depths in the blanks
were measured as detailed in Table 2.

Both Eqns. (4) and (8) have been applied to the above experimentsto obtain a
comparison of efficiency. The calculations, tabulated in Tables 3 and 4, show that
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Table 2. - Explosive forining trials with varied charge weights and stand-off

distances
Blank Dia of Blank Charge Stand-off Formed
Diameter after forming weight Distance Depth
(Bo) N¢:)) (gms) (mm) (mm)
150 145 10.5 47 34
150 146 5 47 28.5
151 147 10 80 30
150 145 13 94 32,7
152 149 5 80 21
152 149 8 113 23.5
152 151 8 141 13
152 151 10 170 12
144 143 12 170 13.3
147 146 18 188 13.5
152 150 23 188 15.2
152 150 28 188 19.9
152 150 13 141 18
152 150 20 150 . . 22
152 150 23 170 18
152 150 30 170 21.3
Table 3. Trials for computation of efficiency of energy transfer based on Ezra's
method
L 1
w L p  (1=Cos ¢) Up Ur Ur 5 (1=Cos ¢) We ~
(gms) Stand-off D=104mm (Mkg) (Mkg) Up+Ugp (e=406 Mkg/gm)
o Distance (Mkg) (Mkg)
(mm) :
10.5 47 0.45 0.331 198.6 20.3 218.9 705.5
5 47 0.45 0.331 1354 15.3 150.7 335.9
10 80 0.77 0.162 151.6 15.7 167.3 328.8
13 94 0.90 0.126 182.8 20.3 203.1 332.5
5 . 80 0.77 0.162 67.4 11.2 78.6 164.4
8 113 1.1 0.089 87.5 11.2 98.7 144.5
8 141 1.36 0.062 21.3 2.8 24.1 100.7
10 170 1.63 0.044 175 28 20.3 89.3
12 170 1.63 0.044 22,5 2.3 24.8 107.2
18 188 1.81 0.036 23.4 2.5 25.9 131.5
23 188 1.81 0.036 - 31.2 6.7 379 168.1
28 188 1.81 0.036 59.4 6.7 66.1 204.1
13 141 1.36 0.062 46.8 6.7 53.5 163.6
20 150 1.44 0.056 75.1 6.7 81.8 227.4
23 170 1.63 . 0.044 46.8 6.7 53.5 205.4
30 170 1.63 0.044 69.7 6.7 76.4 267.9

2 Ur
2%(1-Cos #) We

1
, 2Ur = 1381.6, 3 3 (1-Cos ¢)

We = 3677.3 and 4 = 0.38 (approx.
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Table 4. Trials for computaﬁon of efficiency of energy transfer based on Noble &

Oxley’s method

L Weo: X 1000
w L D 26 62 H H? Fo¥ " (mm k)
(gm) Stand-off (D=104mm) (mm)
Distance —
(mm)

10.5 47 0.45 2.08 1.08 34 1156 104637.3

5 47 0.45 2.08 1.08 28.5 812.3 49827.3

10 80 0.77 1.012 0.256 30 900 23621.8
13 94 0.90 0.792 0.157 32.7 1069.3 18832.8

5 : 80 0.77 1.012 0.256 21 441 11810.9

8 113 1.1 0.566 0.08 23,5 552.3 5905.5

8 141 1.36 0.39 0.038 13 169 280S.1

10 170 1.63 0.276 0.019 12 144 1753.2 |

12 170 1.63 0.276 0.019 13.3 176.9 2103.8

18 188 1.81 0.226 0.0128 13.5 182.3 2125.9
33 188 1.81 0.226 0.0128 15.2 231 2716.5
28 188 1.81 0.226 0.0128 19.9 396 3307.1

13 141 1.36 0.39 0.038 18 324 4558.3
20 150 1.44 0.346 0.03 22 484 5536.4
23 170 1.63 0.276 0.019 18 324 4032.3
34 170 1.63 0.276 0.019 21.3 453.7 5259.5
2 2
n=dn—e  BH? =T8I5S, : "t’:]f X 1000 = 24883.7, - - .

2—;;y—>< 1000

w = 0.40 (approx.)

both Ezra’s Eqn. (4) as well as Noble & Oxley’s Eqn. (8) yield approximately identi-
cal values of this efficiency : 0.38 and 0.40 respectively. The mean values of these
two, 0.39, is assumed to be the efficiency for the conditions of our set up, which is

almost the same as reported by Noble & Oxley?®.

3.2 Determination of L|D

The total strain energy for forming the equivalent dome can now be determined from

Eqn. (5) in the following manner:

Since
.Bo .
DI assumed to be 1.4,
By, = 148.4 mm for D = 106 mm
Do = D + 2re

= 106 + 12 = 118 mm — for 7, = 6 mm
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and _

Dy = 106 + 20 = 126 mm — for r. = 10 mm
For

‘1%? = 0.36, the graph at Fig. 3 by extrapolation gives
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Figure 3. Parametric curves for blank-pull-in-vs draw depth-

By, — B =254
Using other known values
Up = 250.2 Mkg
From Eqn. (6),
' Ur = 94.5 Mkg for 6 mm die corner radii,
= 66.5 Mkg for 10 mm die corner radii

The total strain energy for the equivalent dome

Ur = Up 4+ Ur == 344.7 Mkg for 6 mm die corner radii
= 316.7 Mkg fbr 10 mm die corner radii
Applying these values of Ur in Eqn. (11)

% = 0.94 for 6 mm die corner radii,

%— = 0.89 for 10 mm die corner radii.
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3.3 Single Stage Forming

Two mild steel dies were. made conforming to the component shape of Fig. 2, one
with corner radii machined to 6 mm (referred to hereafter as 6 mm die), and another
with corner radii of 10 mm die. The overall die dimensions are as in Fig. 4. ~ Using
the equivalent dome dimensions Eqns. (3), (7) and (11) have been applied to calculate
the charge weight W, and;stand-off distance ratio L/D for forming the component in
a single shot. These calculations are presented in Table 5, wherein Table 5a shows
the parameters obtained for 6 mm die and in Table 5b the parameters for 10 mm die.

| g @ 260
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¢ 180 - - 1
Figure 4. Explosive forming die in mild steel.

Table 5 Charge weights and stand-off distance for single-stage formiug of the
component based on the equivalent dome.
Table 5a 6 mm corner radii die

Up Ur Ur teYnH® (1-Cos¢) 20 0 n W W W LD L

From From From From Based Based Roun- From Stand-
Eqn.5 Eqn. 6 Eqn. 10 Egn. 9 on on ded Eqn. off dist-
Eqn.3 Eqn.7 off 11 ance for
(Mkg) (Mkg) (Mkg) (C.M. (gms) (gms) (gms) the die
Kg) opening
‘ of 96mm
(84+12)

(mm)

2502 94.5 3447 199.6 0.117 0.735 0.135 0.39 37.2 374 37 094 90

Table 5b 10 mm corner radii die Die
opening D
of 104 mm
(84+4-20)
mm

250.2 66.5 316.7 199.6 0.128 0.804 0.162 0.39 31.3 312 31 0.89 93




246 S Balasubramaniam et al.

The stand-off distance L to be used for the field trials is derived from the appropriate
L/D ratio and the appropriate die opening diameter which in the case of 6 mm die
is 96 mm, and in the case of 10 mm die is 104 mm. In order to evaluate the compo-
nents formed from parameters of Table Sa, a few other arbitrary combinations of
charge weight and stand-off distance, higher and lower than the calculated para-
meters, have been selected for further trials as shown in Table 6.

Table 6. Results of trials on 6 mm corner radii die for single stage forming

Trial w L
No. Charge Stand-off Result of Forming
Weight Distance
(gm) (mm)
EF 1 37 920 Both steps formed with partial fracture at 84 dia
and small fracture at the bottom.
EF 2 34 90 Both steps formed with 30 dia semi-circular
fracture at the bottom.
EF 3 40 90 Both steps formed with 32 dia circular fracture
at the bottom.
EF 4 37 80 84 dia formed and 54 dia sheared off
EF 5 37 110 Both steps formed with big triangular fracture

at the bottom.

The results of the trials on 6 mm die are presented in Table 6 and Fig. 5 and the
results of the trials on 10 mm die are shown in Table 7 and Fig. 6. All the trials on
6 mm die have resulted in cracking in the bottom surface of the component; it is also
seen that all the components have some taper in the two vertical faces of the com-
ponent. From the taper analysis shown in Table 12, it can be noticed that the least
taper with least fracture belongs to trial EF 1 which has the calculated parameters
of 37 gm charge weight and 90 mm stand-off distance.

If the failure of bottom cracking is mainly on account of the sharpness of die
corner radii, which is known to be a factor in causing excessively localized thinning
leading to fracture, then the use of increased radii in conjunction with corresponding
forming parameters should result in a totally crack-free formation. This is borne
out by the crack-free forming result of trial EF6 (Table 7 and Fig. 6) obtained with

Table 7. Result of trial on 10 mm corner radii die for single stage forming

Trial Charge Weight Stand-of Distance Result of Forming
No. (sm) (mm)

EF 6 31 93 Both steps formed perfectly
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Figure 6. Components-single stage formed on 10 mm die
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10 mm die and charge parameters of Table 5b. Although the use of arbitrarily
increased 10 mm radii has also resulted (EF6) in an overall decrease in taper of the
vertical faces as compared to the taper of the trial EF1 with 6 mm die (Table 12), the
observed average taper of 7.5° in EF 6 still calls for further improvement.

3.4 Two Stage Forming Trials

In order to overcome both the bottom cracking problem in forming the 6 mm corner
radius component and the taper problem persisting in 6 mm and the 10 mm corner
radius component, it was proposed to form the shape in two stages, first to a dome
and then to the final component with 6 mm corner radii. The size of the dome for
the first stage operation has been geometrically determined (Fig. 7) on the basis of a
segment of a sphere that will touch the steps inside at 84 mm diameter and at 54 mm
diameter. The diameter of this dome remains the same as that of the component,
namely, 84 mm and maximum depth at central point works out to 34.5 mm (which,
it may be noted, is within the maximum permissible limit of 43.8mm as given by
Eqn. (2)).

S

Figure 7. Derivation of dome shape for first stage (dotted line shows final
component).

A mild steel die for the first stage dome with these dimensions has been fabricated,
with a die entry radius of 10 mm. Based on calculations similar to the single-stage
shown previously, the charge weight and stand-off distance have been determined
(Table 8). Since the charge weight from Eqn. (3) and Eqn. (7) are found to be

Table 8. Charge weight and stand-off distance for the first stage dome

Up Up Ur ToyrH? (1-Cos ¢) 20 62 g w W W LD L

From From From From Based Based Roun- From Stand-off
Eqn. 5 Eqn. 6 Egn. 10 Eqgn.9 on on ded off Eqn.11 Distance
Eqgn.3 Eqn.7 Charge for the Die
Weight opening Dia
104mm
(Mkg) (Mkg) (Mkg) (Mkg) (gms) (gms)  (gms) (mm)

206.7 37.2 243.9 164.5 0.128 0.804 0.162 0.39 24.1 25.5 25 0.89 93
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nearly the same, the rounded off value of 25 gm is chosen for the first stage trial with
a stand-off of 93 mm, the result of which (Table 9) shows that these parameters have
given a dome conforming closely with the die (Fig. 8). To facilitate second-stage

forming, the first stage dome which is in a strain-hardened condition has been anneal-
ed at 950°C for two hours.

Table 9 Result of Trial for the first stage dome

Trial No. Charge Weight Stand-off Result of Forming
(gms) Distance
(mm)
EF 7 25 93 Dome formed perfectly

Figure 8. Dome-first stage formed.

To arrive at the forming parameters for the second stage, firstly from Eqn. (3), we
can consider the strain energy of the second stage to be the difference between Ur,
the strain energy of the component based on equivalent dome calculations and, Ur,
the strain energy of the first stage dome.

Ur (Second stage) = Ur (Component)-UT (First stage)
Applying Eqn. (10) to the second stage to obtain (1 — cos ¢)

21,Y 2
cos ¢ =1- © UT (Sec:nd Smge)( H(ZCW"M ent) _‘H(Fi"‘ Slaze))
In the same manner, Eqn. (7) may be used by equating the difference of ¢, ¥ = H?
(work done for the component) and t, Y = H? (work done for the first stage) to the
effective explosive energy.
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Thus, applying Eqn. (7) i.e.

to Ya H(z.':‘econd Stage) = lo Ya H(2Camponent) - to Y HfF(‘r:t Stoge)
The charge weight calculations are tabulated in Table 10 which shows that both
Eqn. (3) and Eqn. (7) predict 18 gms for second stage forming.

The stand-off distance ratio, L/D can now be obtained from Eqn. (11). Asshown
in Table 10, L/D for second stage works out to 1.26. D for second stage is the die
opening diameter of the second stage, ‘namely, 96 mm (84+12) and ‘L’ should be
121 mm. However, since the second stage forming is to be dome from the first
stage which is 34.5 mm deep at centre, the effective stand-off distance should be
121 —34.5 =~ 87 mm.

In order to have a comparative evaluation, an additional trial consisting of 19 gm
with 87 mm stand-off was also chosen for the second stage forming.

5. Thinning

Certain amount of thinning (thickness reduction) is inevitable on account of several
factors such as blank hold-down pressure, friction, die corner radii etc. While the
Ezra’s formulae, that have been used have assumed uniform thinning throughout the
dome, the actual thinning observed is non-uniform, the maximum occuring near the
bottom of the component. Percentage thinning with respect to blank thickness, at ~ -
identical location in the bottom of the component. for 6 mm die single stage forming,

10 mm die single stage forming, first stage dome forming and second stage forming are
presented in Table 13. )

The location of the thinning measurements, which is same for all the components
studied, is so chosen as to be well away from the cracked regions in the case of
cracked components (Viz trials EF 1, EF 2, EF 3 and EF 5).

6. Discussion

The results of explosive forming trials bring out the validity of the use of the concept
of an ‘equivalent dome’ (equivalent in terms of component surface area and a dome
depth limited to component depth) in predicting the forming parameters for the
component shape in Fig. 1 and its extension to other shapes is also expected to have
similar validity. Two formulae have been applied throughout ‘our study. Equation
(3) of Ezrais based on the strain energy of deformation as a sum of the energy of
deformation to form a dome plus the energy involved in the inevitable flange ‘pull-in’
arising out of the difference in surface areas between the flat plane of the die opening
and the curved dome surface; Ezra’s formula also takes into account the strain
hardening effect thatis inherent in explosive forming. On the other hand, the
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formulae (Eqn. 7) owing to Noble & Oxley while equating the forming work done in
creating the additional surface area with the amount of explosive energy utilised,
totally ignores the strain hardening effect. But our results show that Noble & Oxley’s
approach is none the worse for it, because the efficiency of energy transfer turns out
to be essentially the same either by Ezra’s equation or by Noble & Oxley’s formula,
and further, the charge weights predicted by the two formulae for single stage forming,
first stage forming and second stage forming are almost identical, indicating that
either of the two formulae should serve well in arriving at the charge weight.

For computation of the stand-off distance, however one needs the Ezra’s formulae
(Eqns. 5 & 6) to calculate Ur, the total strain energy. Itis seen from the forming
results that in all the four cases, viz. (i) single stage forming (6 mm corner radii), (ii)
single stage component forming (10 mm corner radii), (iii) first stage dome forming
and (iv) the second stage component forming, the L/D ratio lies in the range of
0.89—1.26 which is close to 1.0, a value often reported to have been used. It is to
be noted, however, that the variation in stand-off distance that would arise from the
use of LD ratios differing as little as 0.89 and 1.26 can be significant in their effect
on forming—as indeed it was—in view of the relatively small size of the component
involved and the relatively high draw depth-to-diameter ratio. But an important
deviation of L/D ratio from the above mentioned mean value of 1.0 cited in literature
is by Ezra himself, who has based his strain energy derivations leading to Eqns. )
& (6) on an assumption of L/D = 0.167. That our analysis here, using Eqns. (5) &
(6) with L/D close to 1.0 should still lead to a valid prediction of the charge para-
meters, may be taken to mean a wider applicability of the ultimate form of Ezra’s- -
formulae. An additional point to be noted in the context of the question of stand-off
distance is that the valid stand-off distance is to be obtained from the appropriate
L|D ratio and the D pertaining to the appropriate diameter of die opening inclusive
of die entry radii. Although Eqn. (11) has been found to be valid in predicting the
L/D ratio for the limited variations of the forming trials in this investigation, its
universal validity remains to be checked by further studies.

The result of forming second stage with these parameters, is shown in Table 11.
The components formed with no cracking, (Fig. 9) and the taper of the vertical
faces as shown in the taper analysis in Table 12 is found to be the least among the
three variants tried, namely 6 mm die single-stage forming, 10 mm die single-stage
forming and two-stage forming.

Table 11. Results of trials for second stage forming

Trial No. Charge Weight Stand-off Result of Forming
(gm) Distance
(mm)
EF 8 18 87 Both steps formed well

EF 9 19 87 Both steps formed well
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Figure 9. Components-second stage formed

Table 12. Measurement of taper on the formed components

Trial Component Charge Stand-Off Taper angle Taper angle Average of

No. Description Weight  Distance on the vertical on the vertical taper angles
(gm) (mm) face of 84 mm face of 54 mm on vertical
dia (deg) dia (deg) faces at 84
: and 54 mm
Diameters
(deg)
EF 1 6 R Single 37 9 8 10 9
stage Forming
EF 2 ~—do— 34 90 13 14 135
EF 3 —do— 40 90 6 6 6
EF 4 —do— 37 80 7 —_— 7
EF 5 —do ~— 37 110 25 13 19
EF 6 10 R Single 31 93 6 9 7.5
stage Forming
EF 7 First stage 25 93 — —_ —
Dome Forming
EF 8 Second Stage 18 87 5 8 6.5
Forming
EF 9 —do— 19 87 5 5 5

The taper of 6.5° observed in two stage forming could be decreased further to 5°
by increasing the charge weight slightly from 18 gm to 19 gm, but at the expense
of thinning which is found to increase from 42.4 to 45% (Table 13). In other words,
with corner radii as sharp as 6 mm, the least observed taper close to 5° would corres-
pond to maximum observed thinning of the component. Further improvement in
taper by increasing charge weight can only be achieved at the risk of increased
thinning. Thus, a compromise is to be struck between the degree of taper that could
be permitted and the extentof thinning that could be tolerated depending on the
ultimate application of the formed shape.
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Table 13. Percentage thinning in the formed components

Trial No. Component Description Charge weight Stand-Off Distance Percentage thinn-

(gm) (mm) ing as measured in
Fig. 1.
EF 1 6 R Single Stage Forming 37 90 43.0
EF 2 —do— 34 920 38.5
EF 3 —do— 40 90 46.0
EF 4 —do— 37 80 -

" EF S —do— 37 110 40.8
EF 6 10 R Single Stage Forming 31 93 34.0
EF 7 First Stage Dome Forming 25 93 15.4
EF 8 Second Stage Forming 18 87 42.4
EF 9 —do— 19 87 45.0

From Table 13, it will be noticed that increasing the die corner radii to 10 mm has
decreased the thinning effect to an extent lower than any of the other resuits of the
component thinning. The least thinning (15.4%) observed in the first stage dome
could thus be attributed to the total absence of any corners whatsoever in this shape.
Thus die corner radius seems to be a dominant factor in causing thinning. Forming
the component of 6 mm corner radii in two stages, has not only helped crack-free
formation with least taper on the vertical faces, but also contained thinning to about
the same extent as in single-stage forming in 10 mm die. The effect of having dyna-
mic vacuum on thinning has not been studied in these experiments. The effect of
hydrostatic head, which is kept constant, is also not within the scope of this study.

7. Conclusions

1. The efficiency of energy transfer in the under-water, stand-off, explosive forming
using disposable plywood containers carried out under the conditions described
here is found to be approximately 39 per cent.

2. The conversion, of non-spherical shape to be formed, into a dome of spherical
segment of equal surface area enables one to apply well established formulae of
dome for valid charge prediction.

3. The charge weights predicted through Ezra’s approach that accounts for strain
hardening, and Noble & Oxley’s approach that ignores strain hardening effect,
are almost identical.

4. The stand-off distance L, for a given set of experimental conditions can be
predicted with reasonable accuracy from the equation,
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L _ 1
b 2 tan [cos‘1 (l _iLTH )]
= Ur

A die-corner radius of 6 mm in shaped contours such as the one chosen in our
work is too sharp to be reproduced in single-stage explosive forming with crack-
free results in 2 mm thick, low carbon steel sheet. A more generous arbitrary
radius of 10 mm in the corners of the subject component has fully eliminated
cracking in single shot forming, but could not fully eliminate the problem of
taper in the vertical faces.

The taper in vertical faces of the component is the least for two stage forming
among the three variants tried, namely, singlestage forming in 6 mm die, single

stage forming in 10 mm die and two stage forming, the first stage being a dome
shape.

The taper is virtually eliminated only at the expense of significant thinning in
the blank thickness; the least taper obtained corresponds to maximum thinning
that occurred among the trials conducted.
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