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ABSTRACT

« Flow forrhing is a promising process for the manufacture of certain critical armament
componehts. This paper deals with the statistical design of an e}(pen'mem carried out by the authors
while flow forming different sheet metals employing various combinations of controlling variables in
order to arrive at a functional relationship between flow formability (Rp) and controlling variables. The
relationship, established has bgen tested for its adequacy by proper analysis of variance (ANOVA).
Response syrface diagrams forl a given Ryin the case of three specific materials are presented.

1. INTRODUCTION }
)

The flow forming process has bc{cn playing an
important role in the manufacture of many critical
armament cpmponents. In addition, it has been
finding application in acrospacci and other gencral
industrial sectors. R(l)ckeg' motor tubes, warhead
casings, cartridge cases, shape charge liners for
antitank munitions, etc., which were hitherto
manufacturedi by press-working, conventional
spinning and other production processes, are now
being produced by thd flow forming process
because of certain distinct ailvantages‘which make

. . 2
this process umque" ,

Flow formi‘g is a volumetric rotary forming
process for obtaining the rotationally symmetlric
hollow metallic parth of various contours—conical,
tubular, or curvilinear—to a high | degree of
accuracy and| surface finish with improved
mechanical properties. A schematic sketch showing
the flow forming bf a hollow" sheet metal cone is
depicted in Fig. 1. In this procdss, a flat sheet metal
blank, lockkd against a rotating mandrel, revolves

and thc powecr-assisted forming rollers follow the
mandrel contour, maintaining a preset gap. Under
the application of considerable forc:e through the
powered rollers, the sheet metal blank is plastically
dcformed to the shape of the rotary mandrel, and
the wall thickness of the contoured or conical
finished part is heavily reduced. The relationship
among the initial or starting blank thjckness, 7, the
included cone angle, 20, and the final wall
thickness of the finished cone, ¢ is represented by
the sine law, ¢ = T sinot. The percentage reduction
in thickness, R can be calculated as:

R=T—;—’x100=(1—sina)xloo

Flow formability (R may be‘ defined as the
relative case with which a sheet metal san be
shaped'by the flow forming process and can be
measured as the maximum percentage reduction in
thickness o malenial can undergo  just  beforo,

fracture during flow formingJ. Quantitatively,
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Figure 1. Schematlc sketch showing flow forming of a hollow cone (upper half shows th& starting position with metal blank before
forming, while the lower half shows the end position after flow forming of the cone).

-y
Flow formability = Rf—-~T x 100 W

where ' |

T is the original thickness of shect metal and
171s the final wall thickness of the flow-formed part
just before fracture. {

In the process of flow forming, as in the case
of other metal forming processes, it is very much
desirable to predict beforehand the R, of \the
work-matenal i.e. whether a given material would
undergo a desired deformation before fracturing;
otherwise there may be considerable waste in
development work by trial-and-error method.
Unfortunately, sufficient work has not been done in
the area of evaluation of R, as is evidenced by lack
of published literature on the subject.

The present paper deals with the statistical
design and analysis of an experiment carried out by
the authors while flow forming different sheet
metals employing various combinations of process
variables together with material variables in order
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'
to arrive at a furictnonal relatlonshlp between R and
the controlling factors (Vanablcs) Thel functlonal
model postulated thas been tested for ifs adequacy
by proper statistical analysis of va{iancl (ANOVA).
Response surface diagrams for ispecific R, and
specific material are prescnted. '

POSTULATION OF MATHEMATICAL
MODEL

The statistical technique is used to increase the
rate of convergence in the solution of problems.
This is accompanied by an 1terat1ve procedure. The
present work has bedome relativ ely simple, because
the individual effects and | interactions of the
important controllmg factors (variables) affecting
the sheet mctal R have been studicd earlier by Roy
and Bagchl A :

The independent varidbles investigated were
the sheet metal thickneis, T (mm), the mandrel
rotational speed, N (rpm), and the forming roller
feed, / (mm/min). The response of the dependent
variable was R,. The functional rplatlonshlp 1S now"
proposed as: L
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R=KT*N°f!

This equatié)n can be written in a more
convenient form pyt taking logarithms of both sides

Y = By + BiX, + BoX; + BX;
where

'
Y is the response oflR} on a logarithmic scale;
X,, X, and X, are the logarithmic transformations
of T, N and frespectively, and By, B,, B, and Bj are
the coefficients (constants). This equatipn can also
be written as: o l

y=botbiX, +.b2X2)+bJX'3 te @

where

y is the observed value of Ryon'a logaritﬁmic
scale; by, b, b, and b3 are the estimates of the
coefficients By, B,, B, and B, respectively and e is
the experimental error Equation (2) is a
polynomial ¢f first deg‘ree. The coefficient of this
linear equation cap be estimated using the method
of least squa!’e“, which is explain?d later.

3. EXPERIMENTAL DESIGN

The cxperimental design used in this su;dy 1S
a composite design consisting of {2 trials which
constitute a conventional 2* factoril design5 with
an additional centre point repeated four times. This
arrangemenit of experimental points is shown in
Fig. 2. THe four ﬁoefficientd in the R, model
postulated can be estimated from these trials. The
repetition (replication) of the centre point provides
an cstimate of the cxperimental error from which
the adequacy of the model can be checked.
3.1 Selection of Levelsl‘ of Variable‘s \

The design of 12 triall provides three levels
for each of the i‘hdependent variables. Choice of the
levels is made py considering the cap'acity ofithe
flow-forming machinc and the limiting l'low-formingl
conditions. The levels of the variablcé uscd in the

cxperimont urT listed in 'I'nl)l:.:l l. ¢

W
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Figuré 2. Arrangement of the experimental points indicating
trial numbers in the experimental design.

Table 1. Levelé of variables and their coding

Level Metal Mandrel Forming Coding
thickness rotational roller
speed, N feed, f —
I'(mm) (rpm) (mm/min) X, X, X5
Low 2 100 20 -1 -1 -1
Centre 3 600 70 ( 0 0
High 5 1000 100 1 1 l

For convenicnce, the levels of the variables are
coded so that the centre level corresponds to zero,
the fow level to -1 and the high level to 1 by the
following transforr;ling equations: '

In I'—=1In5 +1

1 In5-1In2)
2

\
Y. - InN-1In 1000 N 3
“27 (1n1000—-1n 100 3

T

Inf=1In 100

X5 = -+ 1

[In 100 =1In 20}

| 2 |

T'IC transformation cquations arc dctcrmincd
on the basis of fow-forming conditions. For

489



DEF SCI J, VOL 47, NO 4, OCTOBER 1997

example, the experimental unit for sheet metal
thickness, 7" is (In 5 — In 2)/2. Thus, the metal
thickness, 7, can be transformed by first choosing
appropriste  scale and then dividing by its
experimental design unit.

4 EXPERIMENTAL DETAILS

All tests and trials were conducted at the
Armament Research & Development Establishment
(ARDE), Pune,ion a CNC flow-forming machine
equipped with two hydraulically driven forming
rollers and a 25 kW variable drive motor. The
available process variables as well as material
variables made the cxact fitting of actual values of
experimental design a little difficult. However, the
effects of these discrepancies were found to be
marginal,

4  Experimental Setup

Flgure 3 shows the schematic sketch of the R,
test setup which is sxmllar to the one suggested by
Kegg and Kapakcmglu The test setup consists of
a half ellipsoid mandrel of 200 mm minor diameter.
The included cone angle of the elhpsoxd at different
sections varies from 180 deg. at thé beginning of
the flow-forming operation to'0 deg. at the end.
Therefore, when a flatsheet metal blank is
flow-formed over this mandrel, then according to
the classical sine law (t = T sina), the thickness of
the flow-formed part will vary gradually from its
original value to zero at the end. Consequently,
sheet metals of all types and grades must fracture
between these two limits.

Three different materials, namely, aluminium,
copper and deep drawn grade steel (DDS); in sheet
metal form, each with varying thickness (2, 3 and
5 mm) were tested for R, under various
combinations of process variables, as mentioned
earlier. Original thickness of the sheet metals as
well as their thickness at fracture were measured
accurately, from which the r‘naximum percentage
reduction in thickness was calculated in each case
using Eqn (1). The specifications of three different
types of sheet metals on which the tests were
conducted are given in Table 2.
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Figure 3. Sc?eme of experiment‘al setup for Ry test

1
Table 2.! Specifications of work materials

Work mélcria]s (sheet mctz;l)
1Al ’ Clu DLB Grade Steel
Thickness (mm) 2,3,5 2,3,5 1 2,3,5

Specifications

{
Hardness (VPN) 35-45 80 - 85 " 135- 145
UTS (MPa) 145 - 155 240 - 250 | 430 - 440
0.2 % Proof 52 - 58 1155 - 165 315- 325
Stress (MPa)
Elongation (%) 11-13 45 - 50 35-40
Reduction of 78 - 82 65 - 70 68 - 72
Areal(%)
Toughncss 12 17 101 105 153 155
(MPa)

. Factors or mdependent variables which were
used in the experiment dre glven in Table 1. They
are material thickness, 7,(mm); rotational speed of
mandrel, N (rpm) and feed rate of forming rollers,
S (mm/min). Gap settings between the roller and the
mandrel were mamtam‘cd at the same values as
calculated by the sine law A sul;able coolant was
used in all the trials. '

S. EXPERIMENTAL OBSERVATIONS &
ANALYSIS

The responses, i.e. the R, of the work material
from 12 trials (under vatious combinations of
dlfferent levels of the variables) were measured and
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Table 3(a). Process variables and ﬂov"-formabi'lity results for three different sheet metals

b

1

Trial No. Metal

Forming roller

Flow formability, Ry (%) for

thicknes feed, f
{mm) l (mm/min) Al Cu DDS
2 100 20 78.50 ' 81.25
2 5 100 20 90.00 92.10
3 2 1000 20 81.75 82.75
4 5 1000 20 94.80 94.40
5 2 .+ 100 100 76.75 68.00
6 5 100 100 86.60 84.50
7 2 100D 100 81.75 79.00
8 5 11000 100 92.70 88.70
9 3 600 | 70 86.20 83.50
10 3 600 70 85.30 81.00
11 3 , 660 70 87.00 85.50
12 3 600 70 89.80 82.00
Table 3(b). Coded variables and flow-formability resqlts for three different sheet metals
Trial No Coded variables Coded fow formability response, y(y = In.Rp)
[}
X, X, X, Al " Cu DDS
1 <E 4.398 ’ T
2 4.500 4.523
-1 4.404 4416
4 -1 a2 4.548
5 -1 4.341 4.220
6 4.461 4.437
7 4.403 4.369
1 4.529 4.485
9 0 0 0 4.457 4.425
10 0 0 0 4.446 l 4.394
0 0 0 4.466 4.449
12 0 0 0 ; 400 4,407 .rma

* Al= Aluminium, Cu = C‘Pppcr, DDS = Deep drawn Grade Steel

arc recorded for each of threc work materials in

Table 3(a). The same table in coded form is shown

in Table 3(b). :

5.1 Evaluation of Flow T‘\;)rmability as a
Function of Process 'Variables

1 t

1 ]
From thd 12 trials, the four! coclfigicnts

(constants) in the postulated model, y == by + b X,

|

'

+ b,X, + b3X5 +e could be estimatdd by the method
of least square® °. The basic formtla is

-1
b=(XX)". Xy 4
where
b Estimates of the cocfficients
X Design matrix of independent variabl
X Transposced matrix of X
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(,\")()'l Inverse or reciprocal matrix of the
product (X'X)

Muatiix of the observed values of K,

The design n'latrix of the independent variables
X for the 12 trials is

X X X, X, Trial No.
-1
1 R B 2
1) 3
4
5
X = -1 6
-1 7
8
0 0 0 9
0 0 0 10
0 0 0 11
0 0 0 12

Here, X 1s a dummy variable whose value is
unity in all the trials. '

The transposed matrix X” is given by

1111111 1 111
X = -1 1-1 1-1-1-1 0000¢0C
1-1-1 1 1-1~1 1 0000¢0C
-1-1-1-11 11 0000
Hence,
12 0 0 0
{0 8 0 0
WX = 0 0 8 0
0 0 0 8
and
'0.0833 0 0 0
S 0 0125 0 0
@07 = .0 0 0.125 0
0 0 0 0.125

The matrix of y consistsiof a single column
with 12 rows, e.g.
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Y12

The values of yy, y3, 4ocoeeen. Y12 aré given in
Table 3 (b) for three differgnt work materials.

Therefore, Eqn (4) based on 12 trigls can be
written as o

bo=0.0833(y +p+y3+ .o +fy,2)
by=0.125(=y1ty2 =3 +ya—ys+ s —y1+ yp) 5)
b, =0.125(-y, "r}’2 +y3+Ys=yi—Ysty7+¥s)
b3=0.125(-y1 =y2~y3-yatys+ys Yo+ ys)

] +

)

Equation (5)' shows that calculation of the
estimated coefficients (constants), bq, 8, b, and b4
is a simple arithmetical operation.iThe values of the
estimated coefficients are tabulated in Table 4.

Table 4. Values of estimated coefficients for the fitted model

Coefficient Estimated values -
Al Cu DDS

by 44517 44226 41023

b, 0.0664 0.0737 0.1029

b, 0.0279 0.0300 0.1309

by -0.0106 [»(],(‘)463 -0.0146

e U SIS —

The fitfed model for, evaluating Rein terms of
the input controlling ! variables is, therefore, as
under: ' b '

a) For Al sheet metal |
y=44517 + 0'.0664/\"l +0.0279X, — 0.0106.X;
Rt B

b) For Cu sheet metal :
y = 4.4226 + 0.0737X; + 0.0300X; — 0.0468X;

!

c) For DD steel shect metal '
Yy =4.1023 + 0.1029X, +0.1309X, — 0.0146.X,

b Q)
It should be noted that because of orthogonal
property of the experimental design, the estimated

coefficients, by, b, b, and b5 are uncorrelated with
one another. Further, bgcause the method of least

U 1
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Table 5(a). Analysis of variance format for the fitted model

_ i .
Source of vanaton Degree-of sum of square {(5.5.) Mean square Calculated F ratio
freedom I {M5)
PDue to all litled coellicients E & N
(B by s by b N oy ';-Zu ¥]
2 i i
Due 1o zero order model | ! [N
{1.e: due to b, slone) b
—
1
i
Due to Dirst order motlel k- [ N
{1.c. doe to b, b, ) . A \ i S5 MS of the element
5, e i d.[ MS of pure error
3 P \.' ¥ Vi - '
i i | N |
1 |
[Due 1o residual ! M-k N
| \ ¥ ¥
¥
i
PDue 1o pure error | (n-1) n
N (ye—j
Due 1o lack of it -k} {n=1) N
3- L=y i pir)
e
[atal ] "
N
Fa
W Mo. of tnals, & * Mo, of coellicients (constants) Vid Observed values of repeated trials al ecnire painl
1] Mo, of repeated trials (replication) Vo Mean of observed values of repeated trnals st centre gloini
} Observed values of results (response ) Caloculated values of results

)
square has been used, these estimates also possess
the propertyl of minimum variance.

. : t .
5.2 Testin!g Adequacy of' _Postula}ed Mode}

Adcquacy of 'thc postulated ;modcl can bc
tested by making an analysis of var'ance (ANOVA)
table. The ANOVA.of the fitted R model for three
different sbeet metals (4!, Cu and DDS) is given in
Table 5(b){ while Table 5(a) shpws the basic format
and method of chlcul;ation for ANOVA. The
ANOVA table provides, essential information for
the experiment which includes (a) sum of squares
(88); (b) deprees-of-frecdom and (c) mean squarcs
(MS) The mean square of ‘lack of fit’ can bec
compatod with the mcm‘ square of pure cuu: to test
the adequacy of the postlflatcd mo'del, usmg the

statistical /¢ lcs‘(.

'
i

}

From ANOVA Table 5(b), it is seen that the
calculated F ratio of the mean square of lack of fit
to the mean square of pure error is onl‘y. 0.72, 2.1
and 8.06 for A/, Cu and DD steel sheet mctals,
respectively. But the standard tabulated /° value
with 5 and 3 dcgrees-of—freedon} at 5 per cent
significance level is 9, which is much higher than
the calculated F values. it can be
concluded that the R;models for all the three work

materials, as postulated, are adequate. Further, the

Therefore,

calculated F-ratios for the fitted Coefficients and
the first order effects are much higher than the
tabulated 95 per cent ¥ values with relevant
degreos-ol-ficedom, which leads to the conclusion
that all the cocfficicnts or the first order cffects arc

significant.
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‘Table 5(1). Analysis of variance of fitted llow-formnbl‘lly mode} for different sheet metuls

Source of variation Degrees-of-freedom
Due to all fitted (tor Al) 4
coefficients (b, b, (for Cu) 4
{
ba, &3) (for DDS) 4

t

Due to zero order (for AD)r
model (i.c. due to (for Cu)

bo alone) (for DDS)
Extra due to first (for Al) 3
order model (i.c. (for Cu) 3
due to by, by, b3) (for DDS) 3
Due to residual (for AD 8
(for Cu) 8
(for DDS) 8
Due to ‘pure error’  (for A 3
(for Cu) 3
(for DDS) 3
Due to ‘lack of fit'  (for 4) 5
(for Cu) 5
(for DDS) 5
Total (for AD) 12
(for Cu) 12
(for DDS) 12

5.3 Generalized Flow Formability Equation

The fitted model postulated in Eqn (6) for A4/,
Cu and DD steel sheet metals can now be
transformed into a generalised form by the equation
(3) as

a) For Al sheet metal
R,= 66.4 70-145 No.024f0.013

b) For Cu sheet metal
R =743 70161 70.026 (-,o.osx -

c) For DD steel sheet metal
R, = 26.0 70225 N0.114f0.01s

5.4 Response Surface for Flow Formability
The relationship QctWeen the levels of
controlling factors (independent variables) and the
corresponding responses, as given by Eqn (7), can
be depicted geometrically on a 3-D mode‘l, called

494

¥
Sum of square Mean squarc" Calculated F ratio
237.8503 59.4625 1 I8125
234.7792 58.6948 978 4’
202.1602 50.5401 13300
237.8079
234.7110
201.9368
0.0424 0.0141 28.20
0.0682 0.0227 37.80
0.2234 0.0744 19.59
0.0033 0.0004 |
0.90080 0.0010
0.1647 0.0206
0.0015 0.0005
0.0017 0.0006
0.0114 0.0038
0.0018 0.00036 0.72
0.0063 0.00126 2.10
0.1533 0.03066 8.068
237.8536
234.7872

!
2 JE 3249

response surface’. As examples, the response
surface diagrams f?r a specific R, are illustrated in
Fig. 4, Fig, 5 and'Fig. 6 for 4/, Cu and DD steel
sheet metals, respectively. It can be easily
understood that numerous choices of controlling
factors (forming conditions)scan be made for a
given constant Ry . On the ot:her hand, R, can be
quantitatively evaluated for a .given set of
controlling factors (variqblcs). The responsc
surface modcl (diagram) can be utiliscd for

optimisation purposes.

5.5 Correlating Mechamcal Propertles of Work
Materials -

The R model| was evolved cofrelating the
metal thickness and other progess variables; and
three equations were derived for the three materials
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1.98 220 242
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METAL THICKNESS (mm)
L

1.564 1.76
Z

A= 66.4 70145 p\p.024 ;0013

Figure 4. Response surface diagram for Ryof Al sheet metal (for Ry= 80 %)

under inlvestigation. Mechanical properties of the
materials were nlot included in tiese equations. For
the purpose of v‘isualising the iqdividual effects of
material properties, the values of R,were compared
with Various mechanical properties like 0.2
percent:age proof stress, lpercentage e.longation,
percentage reduction of area and toughness for
each work materi:al tested at a particular
combinlation of controlling variables. It was
nhmrvmi that tho most consistent and  logical
correlation could e)(:‘ist with the material toughness

which is a combined property of‘ matcrigl strength

and ductility. The relationships between R, and
various mechanical properties of material are
graphically presented in Fig. 7.

6. CONCLUSIONS

(a) Testing and eyaluation of Ry can be more
economically and effectively done by proper
statistical design and analysis of experiment than
by thc convcntional one! variable-at-a-time
methods. For example, 12 trials are good enough
to fit a first order Ry equation with the three
variables under investigation in the present work.
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A = 74370101 pp0%0 , 0.050

Ry =80 %).

Within the region of the experiment, Ry of three
different materials can be predicted by simple first
order equations. '

The four coefficients (or exponents/constants) in
the postulated (predicting) equations are
independently determined.

The adequacy of the fitted model and significance
of the constants/coefficients have been tested
statistically.

As can be seen, the Ry of a sheet metal is related
not only to the matenal properties (specification),
but also to the material thickness and other
process variables like rotational speed of the
mandrel and feed ratc of the forming rollers. The
functional relationship of Rs with the process
variables (as evaluated in this paper) is very much
desirable to f)redict beforehand whether a material

-of given properties would undergo a desired

reduction before fracturing. Further, for constant
Rp, numerous choices of forming conditions can
be made. On the other hand, Ry can be evaluated
for a given forming condition in the case of the

I = 26.0 10225 Ap-114 - 001

.,

Figure 6. Response surface diagram for Ry of DD steel sheet
metal (for Rr= 60 %).
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three spécific sheet metal materials under

investigation. 2

(f) Three separate equations for evaluating Ry of
three sﬁemﬁc matehals have been established.
However, there is further scope for including the
thaterial properties hs a fourth variable in the
predicting equation, so that a broad urliversal
equation can be established, which. will be
applicable to allnmatenals

It is hoped that the findings of this study will
be uscful to practising cnginecers for design and
manufacture offthe critical armament components
with stringent lspecifications which are to be
manufactured‘:.by flow-forming technique.

ACKNOWLEDGEMENT

The authors express Iltheir gratitude to Dr. SK.
Basu, Professor Emeritus, Univer§ity of Pune,
Poona for his constructive suggéstions and help in
preparing this pa;;er. ; They also wish to thank
Sarvashri R.K. Pathak, A.S. Joshi, P.N. Murali and
N. Prakash Nair, ARDE Pune, for their assnstance

in carrying out the experimental work. .

Contributor:

REFERENCES

Roy, P.K. Flow forming < A promising trend in
metal working. The Engmeer 1986, 69(12),
p. 1-8.

2 Patkar, M.R. & Roy, P.K. Engineering aspects of
shaped charge liners. Proceedings of the First
Symposium on Warhead Technology, TBRL,
Chandigarh, March 1983, p. 126-39.

3. Roy, P.K. & Bagchi, H. An investigation into the
parameters affecting flow formability of
materials, J. Inst. Engrs. (India), 1996, 77, p.
27-30. :

4  Adler, Y.P; Markova, E.V. & Granovsky, V. Yu.
The design of experiments to find optimal
conditions. Mir Publishers, Moscow, 1975. p.
182-89.

5 Davies, O.L. (Ed). The design & analysis of
industrial experiments, Ed.2. Longman Group
Ltd., New York, 1979. p. 280-89.

6. Kegg, R.L. A new test method for determination
of spinnability of metals, Trans. ASME, Ser B, J.
Engg. for Ind., 1961, 83.p..119-24.

7. Kapakcxoglu S. A study of shear-spinnability of
metals, Trans. ASME, Ser B, J. Engg for Ind.,
November 1961, 83, p. 478-84.

Mr P* Roy is Jt Director at the Armament Research & Development Establishment (ARDE), Pune.
He obtalncd his BE (Mcch) from Regional Engincering College, Durgapur, Post- -graduate Diploma
(Dcmgsn Engg) from Indian Institute of Technology (IIT), Bombay and ME (Mech) from University
of Pung, Poona. He has vast experience in design/development as well as manufacture and quality
assurance of armament components and military stores. He is a fellow ang chartered cngineer of
Institution of Mechanical Engineers & Institution of Engineers (India). He has published about 35

apers in international/national journals and also authored five textbooks on manufacturing
processes and production engincering. He is a Visiting/Guest Professor in mechanical and
production enginceting disciplines at the University of Pune, for the past*12 years,

t

497



DEF SCI J, VOL 47, NO 4, OCTOBER 1997

Mr SD Godse did his MSc (Statistics) from University ok' Pune, Poona, in '1964. He got training
in software on NORSK DATA systems at OSLO, Nor»}/ay. He joined Armament Research &
Development Establishment (ARDE), Pune, in 1965. He has vast experience in design and
development of software for scientific, engineering and gommercial applications. He has been a
faculty member for teaching computer languages and system design/analy‘sis in mapy training
courses. He is on the panel of examiners for MTech (simu‘ation & modelling) at the University of
Pune. He is Alumnus of Indian Institute of Management '(IIM), Ahmedabad. Predently, he is
heading the Design Au?it Analysis and Reliability Cell in Engineering Support, Servites Division
of ARDE. 1

498



