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T he new tri al of explosive form ing

H irofumi Iyam a●,Shiro N agano●●,and Shigeru Itoh-

In recentyear8,m any 8tudie8 fo rincrea8ed productivi ty ofm etalfo rmi ng have been perfo rm ed･
In these fields,it i8 im portant to decrease production cost m ake low er.H ow ever.in generala
very expen8ive m etaldie i8 neCe888ry for m etalfo rmi ng.Con8equently,iti8 dim cul tto decrease
the costby excluding the m etaldie.W e have been developitlg a teChnique fo r m etalformi ng
wi thoutu8ing the m etaldie a8 a novelm ethod fo rlow ering co8t与. W e have con8idered the free
fo rmi ng by explo8ive8 using underw aterShock w ave generated by detonation ofexplo8ive叩 la伊d
in w ater.Thi卓teClm ique uBe8 Only a m etaldie wi th circularedges,itdoe8 notu8e an eXpenBive
m etaldie wi th the 的m e Shape a8 the product.W e investigated varying the pre88ure COndition
acted on the m etalplate by changing the Setposition ofthe explosive. W e h ve a180 been trying
to e8tabli8h m etalpipe fo rmi ng using an underw ater 8hock w ave.In thi8 technique the cro88
8eCtion becom e8 8 desired Shape u8i叩 the underw aterShock w ave by deb nation ofexplo8ive in
w ater.
In thi且paper.W e present白om e eXPeri m entB Ofthese m ethods (free m etalfo rmi ng and m etal
pipe fo rmi ng)and Som e Sim ulation re8ult8 by FD M (Finite D iuerence M ethod).Thi8 num eri cal
Sim ulation can expre88 the detonation process 0fexplo8ive,the propagation ofthe underw ater
Shock w ave and the defo rm ation proce88 0fa tnetalplate or a pipe.

1. lntroduOtion
M any 8m all quantity batch type explo8ive

fo rmi ng production8 have been increa8ing ln
corTeBPOndence to con8um er8'need8.M any fo rm ed
m etalpArt8 0ftheBe m anuh cturi ng technique8 are
produced uJling very expensive m etaldies and
devices.T he coattO produce the8e parts are Very
high,80 8 new m ethod w as prOpOBed l). It w as a
m ethod w ithout a m etaldie fo r formi ng using
u nderw ater さhock w ave generated by the
detonation ofexplo8ive,called free fo rmi ng.T he
m ethod i8 Able to produce m etalplate fo rm ed to
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optional8hape8 by changing the Betup pO8ition of
the explosive.In thi卓m ethod,because the Set up
position ofexplo8ive i8 Changed,w e can easily
change the pre88ure distri bution im parted to the
m etalplate.
Som e experi m ent8 W ere conducted using the fr e e

fo rm ing by underw ater Shock w aveさ.In theさe
experi m ents,a Circular pre88ure Ve88elw as u8ed
and the explosive Set uP PO8ition w as Changed in
its heightfr om circtJlar m etalplate.W e obtai ned
80m e eCαntri CSpheri cal8hape ofm etalplate.From
the白e experi m entalre8ult8,W e pre8entthe effect
oftheBeCOndition80n the fo rm ed 8hape ofthe m etal
plate.
W e have a180 done m etalpipe fo rm ing u8ing thi8

m ethod.W e inve8tigated diWerentheigh t8 betw een
the explo8ive and the top ofm etalpipe.The inside
ofthe m etalpipe w as hollow or 応lled w ith 白om e
m aterials 8uCh a8 W ater,soil, air, and 80 0n.
C onsequently,w e can obtain various 8hape8 0f
m etalpipe.W e did 80m e eXperi m ent8 tO estim ate
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errect8 0n the Shape Ofthe m etalpipe by these
condition8.
N um erica1 8im ulation8 0f free m etal 8heet

form ing And 8im ple axial8ym m etri c m odeling or
m etalpipe fo rmi ng usin g FD M w ere a180Perfo rm ed.
T he m ethod8 and re8ult8 are presented in thi卓
paper･

2. Experirnental study
2.1 Eccentric spherical free form ing
Figure 18how 8 the devi ce for the experim ent8･

The devi ce w 88a88em bled fr om tw opart8,the upper
part w 88 the preBOure Ve88eland the low er part
w 88 tO hold the blank.A 1m m thick circuh rcopper
plate w ag held betw een the tw o partB wi th
fastening bolt8.T hese devices w ere Subm erged,
allow ing the pre88ure Ve88elto be 以led wi th w ater･
T he edge orthe low er parthas Circular cuⅣature
and w ater could not now under the blank.T he
low erp rthas 8n exhaustportto allow a vacuum
via a vi nylhose.T heexplosivew a卓SE P (detDnation
velocity:6970m /8,detonation pre88ure: )5.9G Pa,
initialdensity:1310kg/m りprovi ded by A 88hiK a8ei
C orp.T he Set up pO8ition ofthiS eXPlo8ive w as
changed a8 Fig.1. h̀.iS heightofthe Surface from
the blank.W e defined the 冗-y coordinate in Fig,L
to correspondence to experiJnentalresults.Table 1
i8 the Set uP COndition ofthis experim ent.A 8 this
table indic8te8.W e COnSidered rlVe Ca8e8 0f8et･up
po8ition orexplo8ive.The hori 2K)ntalpo8ition.x i8
di8t8nCe from the leLt･8idew all.The m easurem ent
or lhe finaldefo rm ed Shape ofthe copperplate in

T

lFig.1Schem atic diA即am Ofexperi m e
ntaldevicefor the eccentric 8pherical m
etal 8heetfo rm ing.

Tab一e 1 Set･up conditionsofexplo8ive positi

on.N o. H eight H ori zontalpo8itionh(m

m ) 冗(m m )1 200 190.9(8idew all)2 150 1

90.9(8idew all)3 100 190.9(8idew all)4 75 190.9(8i

dew all)5 50 190.9(Sidew all)three dim en8ion8 W as perform e
d wi th m e88uri ng8y8tetn LEG EX 910 m anu血ctur

ed by M itutoyo Co.,Japan.2.2 Experi
mental results of eOcentric spheri-Gal form in

g.Figure 2 8how 8 photographs 0f deform ation8hap
e or the copper plate. F ig. 3 8how 8tnea8urem ent

re8ult8 0fSurface 8hape ofcopperplate.In the8e fig
ure,it i与Can be Seen that theexplo8ive w as βet
at right Side and below to thecopperplate.ln c88
e OfN o.3 to 5,how ever.leftBidepart ofcopper pla
te i8 m ore projected than therightSide.Itca

n be understood tlm tthe projectedpartorcopperplate i8 lar
gerw hen the height■h'i8elo8er.Im ca月e Or

N o.5,though the quantity orprojection i8
the large8t,the projected partW asfractured.

F igure 4 8how 8 a distri bution of thickne88logarit
hm ic Strain of copper plate to them e88urem ent re

8ult8 0fSurface Shape orcopperplate (N o.4).T he
logAri tlm icStrain w a8Calculatedby m ea8uri ng the thickn e88 0ffo rm ed copper

plateby m icrom eter.F
igure 4 8how 8 the di8tribution orthick

ne88 10印ri thm ic 8train i8 8imi Iar tO thefo rm ed S

hape orcopperplate.2.3 Netal pipe forming

F igure 5 8how 8 a 8Chem atic diagram Orexperim en
tal8etting fo r m etalpipe fo rmi ng usingunderw ate
r Shock w ave.A copperpipe 150m m inlength w as
0n the Sheet 1 and 2.The in8ide andout8ide diam
eterw ere 20 and 22 m m re8peCtively.A detonati

ng cord 250m m in length w ag Setabovethe copper
pipe.O ut8ide and inside di8m eter8 0rdetonating
cord w ere 5.4m m and 4.4m m each.Thedetonating cor
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h= I50m m806 0=i■こコ∈{ 40200 Fig･2 Ph

otographs 0fderorm ation Shape orcopperplate.
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atb19 Cq d 15h nsh-1 2: l cop rpip r b tT
l. t血 W Atq l=D例M th 9 ccTd lh ○C○ppeT触 She〇

日Shod 2 - '- -＼､.遥曽堅くFig.5 Schem atic di叩ram Of experim enta1getting for coppe
r pipe form ing uSlngunderw ater Shock w ave generated by underw aterexpl

osion orexplosive.Table 2 E xperim entalcondition

ofm etal pipe fo rmi ng.C loSing m ethod ofboth pipe end Filling in8ide ofpip
e Sheet l Sheet2 h(m m )A R ubbercap H ollow N ot九ng Steel

178a R軸 H ollow N oth ng Slかel
67C R ubber cap H ollow N oth ng

Steel 45D Rubbereap H ollow
N oth ng Steel 23E N othing W ater
N oth ng Steel 45F A dhe8iVe tape H Ollow R ubber Stee

l 45G N othing C u8hioning m edium(A irbubble 8heet) R ubber

Steel 45H N othi叩 C u8Ilioning
m edium(Airbubble 8heet) Rubber Steel 40I

A dhe8ive Lape Sand R ubber Steel 02.4 Exp
erimental reBUlt8 0f metal pipe formingFigure 6
8how 8 CrO88 Sectionalphotograph8 0feach experim en

talcondition.In aH reelult8,theexplosive Betabove
tlle COPPerpipe.A 10 m m thickcro88Section of

the centerofthe piped w a8Obtainedfr om each
experim ent.In experim entalcondition8A to D ,only
h w as Changed.T he cro88 8eCtionalshape ofconditio
n A w as alm ostcircular.how ever.thedefo m ation
orthe top orthecopperpipe i8largeras h i8 Sm a

ller.In the ca卓e OrCOndition D ,thequantity or
derorm aLion i8 extrem ely large,T hu合,ifh i8 8m Z)l
ler a Very 8trOng underw ater Shockw ave acts0n the
top orcopperpipe and the quantityofdefo rm ation iS
larger.T he com pari 80n Offillingthe inside ofcop
perpipe provided 80m e intere8tingreSultS.ln the cas
e Orfilled wi th w ater (conditionE),the cro88 8e

Ctional8118pe i8 &lm 08tCircular.Incase OfGued w ith
air bubble 8heet (condition G ),the top ofcopper pi
pe i8 8 little nat,and then h i8closer (condit

ion H ),itcan be Seen thatthe top orcopper pIPe i
8 alm ostnatand the cro関与eCtionalShape look8 li
ke a triangle.W hen a harderm aterialsuch aS Sand (condition I)

w a8 placed in8ide thecopper pipe, the quantity of deform ation w as ■--A ち■
■■I}■■-G H I

Fig･6 Cro88 8cctionalphotographs0fcopper

p late for each experim en talcondition8.Sm
aller than the other condition8,E ven thoughthe e
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a heartShape.

3. NLJmerical study
3.1 NLJmerical simulation method
Som e num eri cal8im ulation8 fo rfree m etal8heet

form ing and m etal pipe form ing using the
underw ater Shock w ave w ere perfo rm ed.
Figure 7 8how 8 a Sim ulation m odelfo r the free

m etal8heetfo rmi ng.In thisanaly8iS m odel,itw a卓
a88um ed to be a tw o dim en8ion81plane problem
and the depth direction w as infinite.The explo8ive
w ag SE P.T he Size ofthe explosive w as A8 Show n
in Fig 7.A n x-y coordinate 8y8tem W as arranged
a8 8how n in a figtlre.T he blank w as 2m m thick
copper,and the 8i2ie Ofthe pre88ure Ve88eland die
w as a8 Show n in the figure.The w alland m odelof
both 8ide8 W ere a88um ed a8 rigid bodies.D istance
from a left w allto the center ofthe exp108ive w a台
Set tO Ẁ 'and distance from a m etalph te to the
explo8ive upperpartw as SettO Lh'. W w a8丘Ⅹed at
3m m and h m akeさitchange wi th 50 and 200m m .
Figure 8 8how 8 a Sim ulation m odelfo r copper

pipe fo rm lng u81ng an underw ater 8hock w ave.A
Sim ulation field of half of the copper pipe w as
considered.T he Sim ul ation m ethod w as a粥um ed
aさa p)aner problem using tw o dim entional
Lagrangean 8Chem e FD M .The depth orthis丘eld
w as 且et 88 unit length.T hen an X-y COOrdinate
Sy8tem A8 Show n in the 丘gure and a halfGeld fr om
center w ae calculated.The explosive and copper
plpe W a8 placed in w ater.The 8im ulation rleld w as
divided radially and concentrically by a
rectangularm esh.The di8tamCe betw een the copper
pipe and explo8ive w as 23 m m aS descri bed in the
experi m entalcondition D in Table 2.W e con8idered
the explo8ive w 88 SE P.Sixty･three percentofSE P
w as PE T N . T he explosive 8i2ie W a白decided in
F ig.8.
The b88icequation fo rthe num eri calcalcul ation

are those Of m aB8, m om entu m and energy
con8erVation in rectangularcoordinates.

也 . 也 . 吐 = o
∂J ∂∫ ∂γ

也 . 也 . 吐 = _ ∂(P ･ q)
∂J ∂∫ ∂γ ∂∫

也 + 也 _. 壁土=_BiLd
∂J ∂∫ ∂γ ∂γ

吐 +旦旦巴 . 也 - .-V ･U (p ･ q ) (4)∂J ∂∫ ∂y

w here u, I, are x ･, y･directional velocity
com ponents,p,P q,e indicate density.pre88ure,
artificialvi 8COuS pre88ure and 8peCiLic internal
energy , respectively, V ･U i8 the velocity
divergence.

V ･U - 詰 ･ 告 (5)
T he copperplate i8 treated 88 the vi BCOuB el88tic･

p188tic m aterial.The con8titutive equation ofthe
copperplate i8described by the fo llowi ng equation 2),
q p = 20+ 430EpOl415十2･9×10･1̀ p

+ 3.2911n(i,/5.0×10●4) (M Pa) (6)

w here,q p i8 the equivalent 8tre88 , E p i8 the
equivalentStrain and E p i8 the equivalent8tmi n
rate.
T he defo rm ation due to the 8tre88e8 i8dependent

ofthe fo llow ing m otion equation8,

賢 い 1 -誓 謹 ･ ㌢ (7,

_ ≡_ ⊥ ∂(p - S y ).三三ヱ∂γ
∂J p ∂γ ∂∫ (8)

w here P i8 Static hydrodynami c pre88ure, P i8
den8ity.Sx i8 8tre88 deviator in r-direction.Sy i8
the 8tre88 deviator along the y･direction･TT_,18

8hear8tre88.u and vdenote the x and y -direction
velocity com ponents,reBpeCtively.
T he pre88ure i8 80lved from the fo llow ing M ie･

G rum ei8en equation of8tate3I,

p - 露 ll一升 r Q7 cc (9,
w here, pol阜initialden8ity.e IS energy,G ｡ iB

G riinei8en param eter, q --I -pC/P , co and s are
m ateri alconstants.For the related m ateri als,the
value白0fthose COnStantB are gi ven in Table 3.

Table 3 M ateri alcon8tant8 fo r w ater in M ie-
G rもneiBen EO S.
ph(kg/m 3) CA(m /8) S

∩W ater 1000 1490 1

.79 1_65Initialpre88ure8 0fallexplosive ele
m ent8 W eregiven the detonation pre的ure OfSE P,an
d atlatertim es the pre88ure Ofthe elem entsw er

eはlculateda8 the preBSure Ofthe detonation pro
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pre88ure in detonation products 0f explo8ive i自
calculated by using the JW L (Jone8lW ilkin8･Le e)
equation of8tate･l'･The equation h88 the fo llow ing
expre88ion,

p -A(.-蒜 )exp(-R･V)･4 L一蒜 )叩 (-R2V)･芋 (10,
w here,A ,B ,R ,,R 2,a,and ひ̀are COn8tant8 (or

JW L param eters). V i早the ratio ofthe volum e of
the product gases tO initial volum e of the
undetonated explosive.For the explo8ive ofSEP,
tho8e COn8tant8 W ere Obtained from cylindri cal
expan8ion teatand are given in Table 4.

Table 4 aw l param eters for SE P cxplo8ive.
A(GPa) a(G Pa) R 1 R t 0365 2.31 4.30 1.10 0.2

8Fig.7 Sim ulation m odel rbr free m eta
l8heet fo rmi ng.

Forthe boundari es involve
d in the problem ,theboundary ofw ater wi th

copper w as treated a8 aLqP＼:∈:三三コてこ=L

=b ･/ ･･ q p■=l lt _ ･- L

q J} ･' ･r--よ__ :三二(a) h=50m m ,W =3m m --､.___ ⊥' )叫LS - F

iど.8 Sim ulatiotlm Odelfo rcopperpipefo r

mi ng u81ng underw ater 8hockW ave.81iding bound
ary5',and the Surface at the halfcopperw as a r

igid 8tlrface.3.2 Numerical simulation results
Figure 9 (a)and (b)Show pre88ure COntOur8 fo r

m etalSheet form ing in tw o caSeS.Figure 10 (a)an
d (b)8how deform ation proces8eS in each ca卓e.Tn the
com pari 80n Of(a)wi th (b),the diStanCe fr omthe
copper plate tO the explo8ive is closer, arem ark
able AqeCti80bBerVed.An interesting resultw asObserved,the defo rm ation 8hape ofthe leLtaide

(explosive
白ide) of the copper plate w as deeperearlier,but at later tim es the ri ght Side
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-I-,-､ t _ll12.5FLSA-T̀:.ll l'32.5LLSF ig.I1 P re88ure COntOur8 and defo rm ation proce88 0fcopper pi

pe fo r each tim es by8im ulation re8ult8.reSult8,
itw as understood thatifthe expLo8ive w as母etatthe 8idew allofthe pre88ure Ve88eland

atam oderate height from the m eta l plate
anunSym m etric Shap

e of m etal plate cou ld beexploSively fo

rm ed.F igu re ll Show 8 pre88ure COntOu r8 anddefo rm ation proce88eS Ofcopper pipe by num erical

8im ulation at interval tim es.T he 8hock w avegene
rated by underw aterexplosion w a白propagatedradially
,then the copperpipe began to defo rm afteri

t about 7.5 pB.T he achieved pre88ure Of theund
erw atershock w ave re皿ected and 80m e portionw
ent through the copper pipe.T he defo rm ationShape o
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and therL,the top ofone becam e dented at32.5 p 8.
T his Shape w as 0r Sim ilar tendency to the
experim entalresultofC,D or l in Table 2.

4.ConcJusion
The new type ofexploSive form ing,free fo rmi ng,

w a8 investigated.rrhe new m ethod doesnotrequire
a m etaldie even fo r un8ym m etrica18hape8,W hich
are obtainable by 'changing the Setup position of
the explosive. M etal pipe form ing w as 8180
exam ined.T his m ethod provided a heartShaped
cross 8eCtion of the m etal plpe. N um erical
8im ulationS u8ing F D M w ere also perform ed.
8im u18ting m etalplate and pipe fo rm ing w ith
underw ater 8hockw ave8. Som e experim ental
re8ult8 and tendencies W ere presented.
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