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ABSTRACT

This pro gram was conducted to develop a method of explos ively formi ng
butt —welded pipe reducers . Formi ng trials were conducted In both carbon steel
and 70-30 copper -nick el material . In addition , a brief formability trial was con-
ducted on copper -nickel-chromi um alloy CA 719 . Results of burst teat s perfor med
on explosively-formed reducers are reported . Data from mechanical testing and
meta llographi c examina tion of a selected 70- 30 copper-nickel redu cer are reported .
A chart showing the various sizes of reducers that can be formed via this process .and listing the explosive charge size required , is also included . This method
offers a cold forging altern ative to conventional hot forging methods which require
significant amount s of natural gas or other fuels for heating to forging tempera-
tures .
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FOREWORD

This is the final report of work completed under NAVSEA Work Requests
W R— 6-4 105 and WR- 7-5910 issued to develop explosive forming techniques for the
manufacture of butt-welded pipe reducers as used in ship construction . The

• program was performed by Naval Ordn ance Stati on , Louisville , with funds pro-
• vided by Naval Sea Systems Comm and (SEA-0354) Manufacturing Technology Office .

Acknowledgement is given to the foliowing persons whose help with this
study is appreciated .
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Annapoli s . Mary land 21402

Mr. Dave Carson Tub e Turns Division
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and is app roved . ”
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SECTION 1

INTRODUCTION

I .  I OBJECTIVES

The objective of this p rogram was to develop a techni que for exp losively
forming the conical shape of butt -welded pipe reducers . Emp hasis was placed
on both carbon steel and 70/30 copper nickel alloy as used in modern surface
ship and submarine construction . The results of this study are intended to:

a. Provide emp irically derived exp losive forming parameters and
techniques for the cold exp losive forging of pi pe reducers from straight  pi pe.
This information is presented so that  any in-hous e Navy facility or commercial
fi t t ings supplier , wi th  sufficient space for an exp losive metalworking operation .
can dup licate these results .

b .  P rovide baseli n e hy drostatic burst test data to establish the basic
in t eg r i t y  of an exp losively-formed pipe reducer in accordance with accepted
piping  code pr actice . This information does not preclude the necessity of
addi t ional testing for a specifi c app lication , but serves to demonstrate basic
comparabil i ty wi th  hot-forged reducers .

C . Fst~ bI i sh  the ra nge of si zes ~f red ucers that  can be successf u lly
formed u s in g  this p rocess in carbon steel and 70/30 copper nickel alloy .

d .  Exp lo re briefl y the practicality of u t i l i z ing  this process on other
alloys in c l u d i n g  copper -nickel -ch romium (CA 719)

I • 2 UA ;R o t ’ N l )

Wi th  the  development of modern welding techniques . b utt -welded p i p ing
uu ’ n ts Ii ave  prol i fera ted in medi urn and high pressure applications . i nd ud—

i r i g ships  construction . But t — welded components are used in numerous shipboard
p i p i n g  sy s te m s  inc lud ing  power p lant and sea water intake systems . But t -welded
reducr~-s a i c  used extensively in these systems to transition from a p i pe of one
& l i a r i u ’ t t ’r i nto a p i pe of greater or smaller diameter .  To minimize  turbulence and
head loss , reducers are made in the shape of a f rus t rum . so that flow cross
sect ion is gradual l y changed over a length of approximately one pi pe diameter

The conventional methods of hot -forging pipe reducers are inherently
expensive , usuall y requi r ing  multip le heating and forging operations . In addi-
tion , subsequent heat- treating operations are frequently required to restore
physical properties . Surface scaling and grai n grow th are also frequent
problems . Exp losive forming offers an economical al ternat ive to hot fo r ging
techni ques , and is part icularl y suited to the corrosion resistant alloys where
grain grow th and constituent segregation are potential p roblems . Another
factor to be considered is the behavior of engineering materials used in piping
when deformed by impulsive loading. Many materials wil l  exhibit  an increase
in duct i l i ty  and formabil i ty  when subjected to a high strain rate forming operation
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such as exp losive fo rming.  This increase in ductil i ty allows mos t materials to
he expanded explosively out to their full stati c values without fracture or spring-
back . In addition , most mate rials exhibit an increase in yield stren gth and
ult imate  strength when formed at high strain rates . However , such changes in
material properties are a function of the strain rate , so that no single dynami c
value is appropriate for all operations . Material behavior in each case has to
be considered in terms of the specific loading function . The results of numerous
static and dynamic  tensile tests • as well as cylindrical and hemispherical part
forming trials have indicated that the elongation characteristics of engineering
metals fall into three categories ’~

a. Material s with hi gh static ducti l i ty and a substantially higher
dynami c ducti li ty

( 1)  17- 7 PH - Semi-austenitic stainless steel

b.  Materials with intermediate static ductility and equal to or slightly
higher dynamic ductility .

( 1)  Vascojet 1000 - Martensitic tool steel

( 2 )  USS 12 MoV -. Martensi t ic  stainless

(3) Rene 41 - Nickel base super alloy

(4 )  L— 805 - Cobalt base super alloy

(5) A 286 - Austeniti c stainless

(6) 2024 - 0 - Aluminum

c. Materials wi th low static ductility and equal to or slightly hi gher
dynamic  ductility .

( 1)  13V 11 Cr -3AL - t i tanium

(2) 6AL-4V - titanium

F x p h s i v t ’  forming is highl y applicable to the above Type a materials
Types b and c can also be processed . but with less utilizable ductility .

E xplosive forming operations fall into one of two broad categories .
standoff and contact shot s . In a contact operation . the explosive is placed
direct ly on the workp iece to be formed. Ener~~ is transfe r red by the shock-
wave  from the exp losion directl y to the workp iece . In standoff operations
(as this report addresses). . energy from the explosive is transferred to an
intervening medium such as air or water , and is then transferred by the medium
to the workpiec’e . The distance between explosive and workpiece is a pr imary
variable which influences the entire operation .

Bruno . F . .1 . ,  ( E d . ) ,  “High Velocity Forming of Metals . ” Revised Edition ,
Ame i t can  Society of Tool and Manufacturing Engineers . Dearborn . M i chig an ,
1968 , p .  43 .
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The interactive nature of the variables in an exp losive forming operation
is reason abl y easy to theoreticall y define . However , the differences in energy
coupling into the workp iece with the generation of stress waves of various
intensities can produce widely varied results in the actual behavior of materials .
Thus , in  most cases , the energy requi ”ements of an exp losive forming operation
are first estimated by theoretical calcu ..ations and then fine tuned by actual form-
ing t r ia l s . This is the p rocedure followed in this project to develop speci fi c
parameters for forging pipe reducers .

1.3 TECHNICAL APPROA CH 4

A preliminary study performed by the Manufacturing Technology Depart-
ment at NAVORDSTALOU indicated that it migh t be possible to form p ipe reducers
from cut sections of straight pipe . This work was done on thin-walled p ipe
(schedule 10) in both carbon and stainless steel . Figure 1 shows a cross-
sectional view of the basic forming setup used in this project to extend the
techni que to heavier walled fittings . The exp losive trai n (detonator , booster ,
main charge) is centered in a plas tic bag filled with water , which is p laced
inside the pipe to be expanded . The pipe in turn is placed in an external
die whose cavi ty is shaped to the exact configuration required by the reducer.
The exp losive is contained in an expendable cylinder , made of cardboard , plastic ,
or glass whose diameter is selected to give the proper standoff distance as well
as the proper volume of exp losive for the forming shot . The entire setup is
then placed on steel blocks which hold the die a slight distance off the deck .
This is done to allow venting of the gaseous products of the explosion . The
detonator and booster exp losive are placed in the top of the main exp losive .
where initi ation takes p lace . Upon detonation , the explosive at the top of the
cy linder creates a radially expanding shock wave which transfers energy through
the wa ter to the pipe blank being formed , and acts to pin the blank to the die .
As the detonation progresses dow n the explosive cylinder , the pi pe is expanded
con ica l ly out to the shape of the die cavity . A slight amount of foreshortening
occ urs as the reducer is formed. However , most metal flow occurs radially as
is evidenced by the wall th inning that occurs . After f i r ing ,  the formed reducer
will be tightly formed against the die cavi ty , requiring moderate force to break
the part loose from the die .
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SECTION 2

WORK PERFORMED

2. 1 E)IE MA TERIAL

The selection of a die material for high energy rate forming operationsis dependent on many factors including the severity of the forming operation ,the number of parts to be formed , the size and thickness of the part to be formed ,and the mechanical properties of the metal to be formed. Historically ,  a numberof different materials have been used for HERF dies . A list representative ofeach of the major categories would include:

a. Mild Steel (AISI 1020)

b .  Nodular Cast Iron

c. Medium Carbon Cast Alloy Steel (AISI 8630)

d . High Strength Low Alloy Steel (AISI 4140, 4340)

e. Hardened Tool Steel (AISI 01 , A2 , S5)

f . Low Melting Alloys (Kirksite , Cerrobend)

g.  Epoxy/Fiberglass

h .  Concrete

i .  Composite Construction

Due to the severity of the forming required to expand a reducer fromstrai ght pipe , the die material  chosen for this development was AISI 4340 alloysteel . This steel is widel y available in various shapes and forms and has amoderate cost due to its relatively low alloy content . However , when quenchedand tempered to a hardness of Rc 34 - 36 , 4340 has an excellent combination of
strength , toughness and fatigue life. For this effort , 4340 steel was purchasedin the annealed condition , machined to approximate final dimensions and thenheat treated. After heat treatment , the die was machined to final dimensions.Experiments indicated that  optimum die dimensional stability , after repeatedforming trials , was obtained at hi gher hardness values . Liste d below are
properties typical of those observed in the reducer dies:

AISI - SAE 4340

Typical Properties : Quenched and Tempered

Yield Strengt h 152 ,000 psi
Tensile Strength 170 ,000 psi
Elongation 20%
Reduction of Area 50%



Tensile ’ Modulus  28.5 X 106

Impact Energy . V-notch 48 ft- lb @ 70°F
Endurance Limit , 1O 7 cycles 75,000 psi
l la r dn .’ss 350 Brinell

34 — 36 Rc

Though not pursued in this development , a second choice in die material
would be AI SI - SAE 1020 mild steel. Because of the low cost and ease of fabri- j
eat ing ,  mild steel is a good choice for producing small numbers of part s . How -
ever , forming operations must  be conducted at near room temperature to avoid
bri tt le di i ’ l)eh flvio r . The duct i le-br i t t le  transition temperature (DBT) for mild
~tee1 in a dynamica l l y stressed mode can be at or above room temperature .
Uecause of the  relat ivel y good unnotched fatigue properties of mild steel , it is
a good second choice in thin-walled applications requiring moderately severe
torming pressure . Listed below are representative properties .

A ISI SAE 1020

AS ’l ’M A - 285 . Grade C

Typ ical Properties :  Hot Rolled

Yield Strengt h 32 ,000 psi
1’ensile Strength 60 .000 psi
Elongat ion 34%
Reduction of Area 60% 6-4 Tensile Modulus  28.5 x 10 psi

Imp act  Energy . V- notch 40 f t—lb @ 70°F
Endurance  L i m i t ,  IO~ cycles 24 , 000 psi
Hardness 120 Hr inef l

2 . 2  F~ E flESlGN

The dies required for the forming of pipe reducers using this  process
are essent iall\  th ick-wal led  cy linders . The conical configuration of the inside
of the  die is dictated by the req ui rements of the forme d reducer. Included
belo w is a br ie f  anal ysis concerned wi th  the determination of the outside
diameter  of the  die to insure  that  the die behaves elastically .  It is to be
noted , however , tha t  f inal  die s i z e  in this development was based on
a v a i l a b i l i t y  of su i tab le  AI SI  4340 steel billets . However , for a production
e f f o r t , t he  design considerations below should be considered.

‘l’he toLi I eri e rgy E ,
~

, ( inch Ib ) delivered from a l ine charge to a tube
is t reated by [zra  as:

ET = 2TI~CW [I~ + S/i~)2+(3/2~~ 2 _ J (I_s ÷(D/z7~.)ZJ

E4j (

~

)
E z r a . A . A . , “Pr i ncip les and Practice of Explosive Metalworking ” , Indus t r ia l
N e w sp a i -ier ~ L i m i t e d , 17 . ’ 19 .Iohn Adam h ouse. Ade iphi . London . 1973. p. 42.

6
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Where :
. 2( = exp losive con~tant , in- lb / in  (see 1 able 1. A ppendix )

S = half length of workp iece , inches
A. = half length of l ine charge , inches
W = total weight of exp losive charge . pounds
I) = inside diameter of work piece . inches

In the forming of very small parts , the energy delivered by the detonating
cap may have a measurable effect but is neglected in this anal ysis .

Since the work piece absorbs energy as it expands to the die ,  not all of
the energy E.~ is transmitted to the die. For workpiece materials which are
strain ha rden ing ,  the energy absorbed by the workpiece may be calculated as:

UT ZTh~<S (Dr ’4i) h 12~~~1~fl” L Dr’ J
where 1< and n are the constants in the stress-strain relationship

(See Table 2 , Appendix . )

S = half  lengt h of workp iece , inches
Dr = outside diameter of work piece . inches
Dd = inside diameter of the die , inches
h wall  th~ekness of the die , inches

The energy remaining  which must be dissipated and absorbed by the die
is then :

LLR = E , -—U ~,- E1(3)

In in i t i a l  forming expansions IJ.~ will  be relatively small . In s iz ing
operations , however . IJ~~ can be quite large and must be full y considered .

Consider the design of a die (Figure 2) with given inside radi u~s a
and he ight  lid which must absorb elastic*~lly given amounts of energy U.d.
Let ~~~~~~ he the yield stress of the proposed die material and 4 be a factor of
safety . The die wi l l  be designed on the basis of the Tresca yield condition
(m a x i m u m  shear ing stress) . When subjected to an internal pressure P , the
stresses in the r ad ia l  and tangential direction are :

=

V’~ = P~~z( l4 b2/r9/(bZ _ a .2) E~~5)

‘I’ imoshcn ko . S . and tioodier , .1 . N . .  “Theory of Elasticity ” , Second
Edit ion . Mc Graw -Hi l l . 1951.

7
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The mux ~mum shear stres s occurs at the’ inside ’ of the die ’ (r  a) .

t ’ ~ ing  t he’ ‘I ’ re sca y i e ld  condition wi th  the ’ fa ctor of safety f give’s . for r = a:

‘r~ =(r~-v ~)/z = P~h/(b& _ o~,
a
~ =T ~/ 2c  E~~ )

The U 8 R n Z I I 1  of energy absorbed 1 th e  die as the’ pressure ’ I’ is app I ied
is: 

P(z 1~Q. Ha) ~~
where U.L is the ’ ra d ial  disp lacement of the inside wa l l  of the die’ under the ’
action of p rt ’~-’s i~ c , .  I’ . The tangential  strai n €~ . at any point in the ’ cl iv is

. l’his in tu r n  can be related to the stresses T~ and r, through
the appropriate form of h ooky ’s law . For short cy l indr i ca l  dies , the ’ app rop r i a t , .
form of hlooke ’s la w is p la ne’ stress (no stress in the di re ’ction along the ’ ax i s  of ’
the the) . ‘Ih e ’  condition of p la ne stress leads to

tj( r) = E~~~
)

For long cy l indr ica l  die ’s . the ’ appropriate ’ form of h ooky ’s law is p la ne st r a i n
(no displacement  a long the ax i s  of th( ’ die ’) wh ich  le ’ii (lM t i ’

lt(r) = ( i+Y)  Pa 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where = \‘oung  ‘s modulus  for  the die m a ter ia l  
4

= I ’oisson ’ s r at io

E q uations (8 )  and (9 ) can be’ combined wi th  E q ea at  ions (6 ) and ( 7 )  to
give ’  the energy absorbing capability of each t y p e ’  d i e ’ , For short do’s
unrestr ain e( 1 in the a x i a l  direction :

Ug=1~&~ Ud ~~~~~~~~V) (I_ ~~~/ b&) [ c i_ v ~~~&/ bL 

~ 
E~ (uo) 

H

where a = ins ide  radius  of die , i nche ’s
1) outside rad ius  of die , inc hes
Nd = length of die , i nches

= yield strength of the die mater ia l . psi
F = modulus of elasti city of the ’ c i t e ’  mat er ia l  .

Poisson ’s ratio
f fac tor of safety

Note , this  equation is for the case of ’ short di es like ’  t h e ’  ri ’ t l u c e ’ r die ’s .
For the case of long cy li ndr ical  dies re stra ined in the a x i a l  d i rec tion , t he ’
coe ff i c ien t  of ’ (~i ”/h 2 ) becomes I — 2 ‘b’

9 
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‘t he re lat ionship between 1L~ and IL* is given for a perfectl y
e ’l :i.”,t i c  (‘Ollislorl as: 

I -

Lt~ = 4 1L~ Mw/ Mi Ef
where ’ ~lw = mass of work p iece

Md = mass oc (lie ’

E quat ion ( 1 1 )  may be combined wi th  Equation (10)  to yie ld  a dimension -

L 

less energy ratio which  is a fu n c t i o n  of the radi us ratio (h ‘ a) . For this ease’
of ’ shor’t dies (p lant ’ st r e ’ss)  

, 
the resul t ing eq uation is:

=( ~/ I6) ( i+~ ’)( I — i~ b2/g.z J Eq(ia)

where ’  = spe ’t ’ t t ’ t e ’ we i ght  of w or k p iece 

, 
l b / i n 3

i t ’ w e i g h t  of ( l i t ’ , l b/ i n 3

= e ) t i t s i d e  d iamete r of the work p iece . inches
wor k pie’ct ’ t h i e ’kness

H ~ h e i g h t  of w o r k p iece 

, 
inches

— h e ig h t  of die . inches

I v y  a gi ~‘ t ’n w ork p ii  i i ’  . the  e’nerg~ rat io can r eadil y be calculated for
e gi v . ’t i  di e ’ m a t e r i a l  c is i  r i g  the ’  left  hand  side’ of ’ Eq uat ion  ( 12 )  W i t h  the le f t

h and  side  k n o wn  

, 
E q uat i o n  ( 1 2 )  is found to be a cubic equation for the ra t io

( i t  a )  . Sinc, ’  c u hi ’ e qua t i ons  are ’ not re~t d i l v  solved by hand , a g raph ic  or
co mp u ter  ~i t t i e ’d  sel ci t  ion is uggeste’d g i v i n g  a va lue  f o r  the r a d i u s  ra t io  ( i t  a )
t i e r  each ~‘a! t i e ’  of t h e  energy ra t io  ( le f t  hand  side of Equat ion ( 1 2 ) )

2 . 2 .  1 l i i i ’  b a c k u p  and  Hest i ’ a in t

Wh en  u n i t i n g  pa r t s  w i t h  the ’ w a l l  th ickness  to diameter ratios common to IPt P t ~ 
rv ( lue .’e l ’-~ 

, 
E q ua t io f l  ( 1 2 )  (‘an yield (h/ a )  ratios wel l  in excess of 2 . 5  (i .

the  ‘ t i t ~-~ di’ r’ :uli us ~t I  the ’ e xp iosl Vt ’ f o r m i n g  die’ w i l l  be’ greater than  tw ice ’ the ’
i n s e t , ’  ra~ Ii u s )  . l” t e r long t erm production runs . die ’ hi  lle ’t s of th i s  diameter
would he ’ p r ’ ; t e ’t ical  . H ow ev e r  . for t h i s  development 

, 
economics dic ta ted tha t  die

‘st 4 ~ he ’ mi n i m i  zed . ‘ I t  accomp l i sh  t h i s  

, 
a reduce r die ’ made from a reasonably

si  i, ’t l  and r e a d i ly  o ht aj n a l ) l , ’  AlS l  434() hi l le’t was surrounde ’d or backed up w i t h
a h i g h  impa ct  r e ’s i s t an t  t ’p oxv svste ’rn . The epo xy encapsulant was  add i t iona l l y
surrounded by a t h i n  .v Ii n c l , ’r of ’ mi ld  steel . To asse ’mble . the  alloy steel b i l l et
was centere ’d in the  t h i n  w a l l  s teel  cy l inde r . The epoxy encap sulant was the ’n
m i  xe ’d afl(l poure’(l in the ’ ann u la r  space’ hetwee’n the ’  die and the ’ outer cv I inder
I i  gc i  re ’ 3 shows ii reducer ( lie ’ encapsulated in epoxy backup . o n  the smal le r
si re ’ reducer  shot s . t h i s  set t ip p er t ’ormed w e l l  over  repeated f i r i ng s  However

See ’ A ppe ’ndi x f~ ci’  de ’ vt ’lo pm nent  of E q uation ( I l l
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on the ’ la rge ’  i’ s i t e ’ ni ’c lue ’e’ m’ s w he’rt ’ e’ xp losi y e  charge siz e  e ’ xe ’e’t’de’d 400 g r . e m i e .
the’ I ’h coxv b ack  m u g  wou ld  on lv sus tain  a small  n u m ber  of shots

2 .  :t S I t ’ R R Y  F:XPl :osivl ’:

w tile ’  ran ge ’ of h ig h e’xp losi~ c’s ii as been ut i l i  :e ’ul in the ’ past to pt  t f o rm
e’x~ c h i e ’ f o rming  u c p e ’ m ~~ct i~ ens  ‘l’he’se’ have  iru’l ude’d I N  I’ ( tn n i t  rotol cleric ’) . I’Ei’N
(p e ’ i i t c i e  m y t h  m m  t o l te ’t ran it  m ate ’) . H DX (cy clo tm ’m meth y lent ’ t i ’m i t  m c c i i i  i i i , ’) . ume c nm tim

m i t t  r a t e’ . det ashe’(’t , h ’ t’ii t t ch i  te’ . ( ‘omposit ion C 3 ( 77 % HI )X ) . ( ‘onipost t teen  ‘ 4
(9 1 % l ( l )X ) . an t i  it einie ’r ectls g ruth ’s  of dv nami te ’ h” ae ii of these’ e’ xp losm yes has
ch aru c te ’  r is  t I c ’ .iu l v cc i t t  cc ge ’s and disad v ants ge’s iii te’ rms of erie’ rgv p rod ue ’e’d and
se’nstt cvi  ty to ii tuition ‘l i m e  Manu t ’actu r i n g  ‘l’echnology l)e ’pa t ’tme ’nt a t N a V cc

t’ u l m i c e i t i ’e ’ St ci t iou , I~oui svi  I I C ’ , has also macit ’ w i d e ’ use t ” t ’ ci sI um ’rv exp los iv e ’
de’ve lope ’d toi’  use’ in  m i n i  rig operat ions . This  exp losive ’ is ma t in f c i e ’t tire d Icy
1K F t. ‘c. ) il  ti te ’ m ’n ien in t c t i  it K c ’se ’cc m’~’li and Eng ineer ing  (‘o . . We ’~ t ,l ecr el an . I’ tah 84084 )
and is de’si gnuc t e ’d I )hi A 1011~ ’ F xp ltt~ m ye ’ S lurt ’y This is cc two  part  e’ xp los i ~ e’
c ’i e m i s i s t i m t g  vt  an o x i d i ze r solu t ion  , and an a luminum sens i t i z ing  pow der.  ‘l ’houg hi
ve t ’ v f l am m ab le ’ . the ’ ox iel iz e ’ r is v e ry  ius e ’ns i tm ye to detonation , and u ’oit~ i~~ts , c f

a so lut ion  of c i m m o u i t t m n i  n i t  m c i te ’  , sodi h u h  n i t r ate ’ . w at e ’r . and o ther  p m’ c~p n i e ’t c c i ’ v  - -
in gre’di e ’ t t t ~~ . ‘l’he ’ s ensi ti .‘e r pow de’r is t ’ima ni l >’ a l u m in u m  , ‘l’he’ t w c c con ipone ’nt s -
~i i ’ e ’ l iii  xc ’d l iv  cc ei gh t  75% , cx i ij i .‘e ’r solut ion wi th  25% a l u min u m  powder,  ‘l ’his

ca r  r v sol c i t  cmi w he ’n ni t  x i’d has cc cons i s te ’ncv of t h i ck  si c i l h i  and po u r s  e ’ccsi I y
in to ci ~‘v l i t i d n i c ’cc l c ’c t c i t v  - ‘l’he ’ sl uni ’v w i l l  begin to t h i ck en  ab out f i v e ’ n u i t t~~ t e’s

t e ’  r n it  ‘a it g 11w ii Xi  c l i  t e n  solut ion w i l l  sa l t  out ci t  t e’tiipe ’ m’i i t  um ’es Ic e ’ It ‘cc 20
c i n t i  mu st  i c e ’ p re ’wa i’me’d or 5 t u ei ’ e ’(i c i t  :io~ C f~c t’  cc f ’e’w bout’s p r i or  to n i t  x tu g  In
. i t ld i  t ion to t he ’ s c i t ’e ’ty ad vantage ’s of t h i s  p rodue ’t . t he’ s lu t ’  t’ n il x adapts  we ’l l
, u l h u l mi i c iv  be c ’c ie t  i t i t o  both cvii  net i ’ical , c ’ o miuu ’ct l  ami d  t’lcu t u ’u c t i t  cii ne’rs , I t ’ sonic of ’
the ’ a lumni  n c m i  r emains  ii rv alt , ’ r mii i  x i  rig . the  se’nsi t iv i  tv  of the ’ sI um ’ ry is sl ig h t  lv
j i l t ’ r e ’c e se ’d l ’h i e ’ p t’o 1c , ’ t t  i c ’S of t h i s  s lu t ’  i v  c m ni ’  as fol loci s

l) e ’n s it v  1 25 gut ‘c
( ‘ i’it me al  l i i  c i t l i e ’ t e ’ t’ 0. 625 inches I~si 20 ’ C
(‘ up Se’n s i t c v i t v  t. ’ap Se ’ m c s i t i v i t v  iii 20’ (~

N ot ( ‘cup Seri~ i t i ve ’  ~si 5~ C
l ) e ttt c l i c l t l t e t l  \ e ’Iu c u ’ i t v  :1380 m - 5C ’u ’
(‘ ci l c t i l c i t e ’ci I t e ’t~~t i c t t i u c t t  h’ re ’ssure’ :15. 7 ki  l o b i t i s

I )etonat ion was  i n i t  i a t e ’d w i t h  an At las En gine e’i ’mn g e’ I ect n i t ’ det onat or -
‘\ t’ew grams of ’ t let ashe ’c ’t we ’ ne ’ w rappe’d ar t cc ind the ’ lower end of th e ’ de tona tor
to act as cc h exi ste  r ‘l ’he ’ end of ’ the ’ detonator and b~ t’tste ’t’ we ’ re ’ mn se ’nt e ’d in t o
the ’ s l i t  I’ ry e ’ X I )  los ic’ e a m i d  t ap e ’d in p lace ’ p r i ot ’  to m u i i t ta t . i on  .

2 . 4  SI, ’ h ~S 11 l’I , ’l ’I N G W A X  FOR W ’\ ’i ’h ’ lt

H i s t o r i c a l l y  . the’ most w i tie ’lv use’d medium for I m ’ amts  t ’e’ i’ i’m r ig  e ’mte ’rgy from
the ’ e ’xp lOsi \ ’ t ’ to t h e ’ p ar t  b e i n g  fom’me ’d has bee’n wnte ’r  , In nece’nt y c cc rs ,
sm V e e’ xp er i f lmen te ’r s at l) enve ’m ’ Re’se ’arch Inst  it ti t e’ . U nc\’ e’rsi ty of ’ I ~e’tiV ‘i’ . hi ccc
st i b st i t i i t e ’d p n r a f f i n  w c m x  t’t ’e i ’  w ate’r in e’ xp los i ye ’ a c i t o f r e ’t t c m g e  shot s desi gne ’d Ii ’

pi’e’stre’ss a 5 mit ch N c iv c i l  gun bam ’re ’l It was felt  t h at  the pai’ ci t ’t’cmc cc c ix  m i g h t
also pe ’rforni wel l  iii a fo rming  mode’ applied to pi pe ’ re ’dcit ’e ’rs . ‘ i ’hie ’ cc c i x  cc’ as
sub~~tj t t i te’d for cv c i t e ’ r in t h is  de ’vc ’lopnte ’nt . ain d p roved c c i ’>  e ’t ’t\ t ’it ’t t t  vu c i i i

energy t m ’ imn sfe’r m e d i u m .  It  is t’e’lt th at  the ’ w a x  is I ranst ’om’me’d r apidl y in t o
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a li qt i i  ti .is i t  t r . u i s  t e i s  e’ne ’t’ gv to the part  being formed , and stays in p licce’
~c e ii t , ’cc m i t  I tcnge ’ r t h a n  it cite ’ !’ . Exper iments  have ’  shown tha t  the ’ wax  is 10 20%
i t s  ‘r e ’ t ’t ’ f ’i c i  e ’ mi f  thafl cc’ c i te ’ m’  in  a ‘y l ind  n eal e ’ac’i f>

‘\u i c u m i e ’xp e’ct e ’d advan tage ’  of paraf f i n w a x  over wate r  is tha t  a t h in  laye’r
~et cc c ~ iu lile ’ !’ .’s to the ’ i n t e ’rnal surface  of the reduce’r and serves to pl’ote’et the
m e t  i ( I  c c i i i  e ’ xp ls ’si c ~ ‘ p i t t i n g  its forming occurs . “c marked imp !‘ove’ment in the ’.v. f~e rme ’tl” f i n  isli of t t ie ’ i y ite ’i ’nal s urfat ’e’ of the ’ re ’duc’ei’s was ob~ e’ rve ’d

( ‘he ’ piei’ aft ’cn w a x  also prove’d e’asy to work w i t h  in set t ing  up shots~i th cc .c t , ‘ r as fIt e’ t rans fe ’ r meelu Lint • a plastic bag (or some’ other mode’ of eon
ta m nm.’nt ) has  to h.’ uti  I t  :e’el to hold the ’  li q tiid in place ’. In addition . a eon -

t ,ciu ie ’i’ sif t he ’  pmx~pe’m’ c’ o lu rn ’ and diame ’te’ r must  be incorp orated in the ’ se tup to
hold the ’  t ’ xp los i c- c’ ch arge’ . ‘Fins container must  be made of a n o n-m e t a l l i c’,
e ’ xpe ’i ie la i c l e ’  i t t . i t e ’r i  cc l  such as glass or waterp roof cardboard.  A metal l ic ’ ~‘oflt itii ’ie’i’e’amucot be’ case (I due’ to sit m ’apne ’l e’ffe’ct ~

1% t t h  it c i x  . the ’ setup  is much s i mp l er .  ‘l’he’ plas ti c’ bag is e’liminate ’d
in t h at  t h e ’ cc ci ~ ms cast di re’~’tlv Int o the p ip e’ b l a n k .  A dowel rod of the  propet ’
in ~~~ i, t ’e’nterv d in  the ’ se ’t cmp and east i i i  p lace . The’ rod is rentove’d af ter  the ’
it .i x sci l i  cli  e ’~. , f ec rn i i  r i g  c c cv l i i i  dnic ’aI c~~ I c a t > ’  . “c c’ai’dboat’d ot’ p last i ’ dt sc ’ is
I c ii ’t e ’i i t ’ sl 1~~’ 1 hi ’ bottom ~c t  t he ’ c a v i t y  . and the ’ e’ xp losi ye ’ s lut ’  n> is poure ’d di re’c’t lv
t i i t , s f l i t ’ ‘ ‘ .i c ’i t > -  \o t ’ x t c I , c s i c ’ e~ e ’on t immne ’r is i’eqtimre ’d I” igur e ’ 4 is it ~‘ross
‘~e ’ t  i o m m . e l  c t ’cc of .c f o r m i n g  setup u si n g  par tc f ’fin w ax .

2~~4 ~ Pxj’ 1~’s iv e ’ C, ic’ i t v  Sl i c i ji e ’

l ’h e ’ ems , ’ of ’ p . i t ’ i f t ’i t i  w a x  a l lowe ’d anoth e ’i’ i mp o r t a n t  var iab le ’  to be’cc c l t i . c f , ’ el - S t e e .
~ ’ 1l  ‘ i l k  , t he’ shape ’ ~ef the ’ e ’xplecsti . e’ ec u - i t  could ti e ’ c ’arie ’d

t ! i . c m n  ~c s imp le ’ s ’> I i t t c l i ’ i s ’ ci l S i t c i t i t ’ in to  ci more’ e’ft ’ie ’m e u i t  s l i c cpe ’. h” igu r t ’ 5 shows ttit ’Icc ‘ .ul t t ’m ’n .u t e si t  d p i ’s e ’ c c i  I i i c c t e ’c l S hapt ’ I coitsists of ’ t w o  c> 1 m n d r i e ’al sections ,
Sb .iE )e 2 coitsi st e ’d of .i short cv Ii n d n i u ’cc I top se’c ’t ion  Imu te ’ ci to a con a ~~i l I > tc c l ’ e ’  ~e ’ut i iSe ’s ’t i s ilt I n  both sli ap e ’s . f l i t ’ t ippet ’ section it ct S ule ’e m ’ t ’cc sc ’ ci in diatuetet ’  . ct ’emcti r ig
~~~~~ t ’\ 1~ los c c  e ’ c i i  i t > -  ii! 5 m ci II, ’ r c’ t c! urn,’ mi t the ’ top of the ’ th e ’ . cc’ her e ’ v i ’!’>’ I t  f t I C ’t s e t ’n h i y c g t . ik e ’s  p lat ’e’ - A l l  t h i . u t  is r ea l ly  re’qui red c it  t h e ’ s n i c c i l  e’nd c c i ’ the ’ f ’o i ’ imi i ~ i~

~‘uffieie ’m it t ’x p Ic ’sic t ’ to p i n  the ’ b l an k  It ’ the  d i r ’ ccs dr ’t oiizt t t ~i n t t i t t t c t t e ’s
i ’~ c t  .i gi \ ‘ ‘i i  ~‘ti c c t ge ’ s i t e ’ . t in s  .c l loc c - s flie ’i’c’ e’ xp ls isi c i ’ to ice ’ posi t io n e ’d low ~‘ i ’ i it
t he ’ ‘I i i ’ ic l i i ’ a ’ , ’ t he ’ it i , c i~ ‘ i - i t >  of ’ f l i t ’ e xp lu csi i c ’ erie’ i’~Z)’ is t’ eX~ c i i  reel , S f t  . i 1 e t ’ I p t’oc’ e’dmcci’ ,’ t ’ t t , ’~ ’ t i y e ’ i i i  I , ’i’ r i i ~ v i  f ’om ’ n i i n g  , an t i  allocc ’ t ’d a 5 — 10% I’e’dh ict ion iii
s i ’ , ’ i ’~~i’ p I c ’~ l cc ~ ’t ~‘ mm t ’e n ’n t i i i g  , t h i s  w o c u l e l  be ’ a s ign i f ’i~’. c u i t  s c u c - i n g s  and cc’ould

ei ~. f i f ’> ! c f ’ m ’ t~ ’ . i I i n g  T h i s  t y p e ’ s ’ c i c i t \  f o rm  for c c l i  s t .’~’ 1e e m ’ts  he’ii t g f’ecrnu e ’e l .  I i u ’cc’
cc t ’i , t’e c r  f l i t s  ~i. ’c t ’I~q c mi i c ’uif  . t he  n ic t i e cr i t > ’  s~ t~ the ’ re’ducc’t’s W e ’re ts ’rnte’d w it h  ci
c > l i i i Ii ’ t~’~cI , ‘x 1e l t c s i i  ,‘ c ’c i V i t \ ’
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SECTION 3

RESULTS AND TESTING

3.1 CARBON STEEL DEVELOPMENT

To form carbon steel reducers , a starting pipe material conforming
to ASTM Standard A- 106-Grade B was utilized . Pipe conforming to this speci- r -fication is a permissible raw material for the manufacture of factory-made butt-
welding fittings con forming to ASTM A-234-WPB . No effort was made to purch ase
material with specific properties other than the nominal requirements of ASTM
A- 106-Grade B .  The chemical and physical property requirements of this
material are listed below .

Chemical Requirements - ASTM A-106-Grade B

Carbon , Max , Percent 0. 30
Manganese . Percent 0 ,29  to 1.06
Phosphorus , Max , Percent 0.048
Sulfur , Max , Percent 0.058
Silicon , Mm , Percent 0. 10 ,

‘ 

- ‘

Tensile Req uirements - ASTM A-106-Grade B

Tensile Strength , Mm , PSI 60 , 000
Yield Point , Mm , PSI 35 ,000
Elongation in 2 in.  Mm , Percent 30 . 00 (Long) 16.5 (Trans)

3.1. 1 Carbon Steel Reducer Sizes Prcxiucible

Listed below are the sizes of reducers that are producible using the
explosive forging process. In almost all cases , a starting pipe wall thickness
sufficient to give a standard weigh t (or Schedule 40) wall thickness at the
large end of the reducer after forming was used . This chart was developed
from numerous forming trials as well as emperical extrapolation . The finished
overall length as well as tangent lengths produced were made in accordance
with American National Standard ANSI B 16.9- 197 1 “Factory-Made Wrought Steel
Butt-welding Fittings , ” These sizes represent diametral expansion ratios that
are within the cold elongation properties of Grade B. Some additional sizes
could be added to this list provided a higher scrap rate could be justified .
However , the sizes listed are makable with a low scrap rate .

Nominal Size Designation Actual Outside Diameters , Inches

I x 3/4 1.315 x 1.050

1 1/4 x 1 1.660 x 1.315

1 1/2 x 1 1/4 l .9 0 0 ’ x 1.66 0

~~ZCLtu4G P~~~ ~~~~~
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2 x 1 1 2 2 . 3 7 5  x 1.900

2 1/ 2  x 2 2 .875  x 2 .375

3 x 2 1/ 2 3.5 x 2 .875

3 1, 2 x 3 4.0  x 3 .5

4 x 3 1/2 4 .5  x 4 .0

4 x 3 4 .5  x 3.5

5 x 4 5.563 x 4 .5

6 x 5 6 .625 x 5 .563

8 x 6 8 .625 x 6 . 625

10 x 8 10.750 x 8 .625

12 x 10 12 .750 x 10.750

14 x 12 14 x 12 . 750
I’.

14 x 10 14 x 10.750

16 x 14 16.0 x 14.0

16 x 12 16.0 x 12.750

3. 1. 2 Star t ing Pipe Wall Thickness

As indicated in the above paragraph , this  process utilizes a s tar t ing
p i pe wi th  a wall  thickness sufficiently heavy so that as forming occurs , the
th inned  wall  is still adequate for the desired service . After  forming , any
excess wall thickness at the small end of the reducer can be bore d out to
the desired inside diameter.  Excess wall on the large end can be taper-bored
to the proper matching  wall . Listed below is the anticipated wall thickness at
the large end when a starting pipe thickness corresponding to extra strong
wall  at the small  end is formed .

Nominal  Start ing Tube Thinned Wall Standard Wall
Reducer Size Small Diameter Large Diameter Large Diameter

1 x 3/4 .154 .115 .133
-‘ 1 1/4 x 1 .179 .133 .140

1 1/2 x 1 1/4 .19 1 . 161 . 145
2 x 1 1/2 .200 . 153 .154
2 1/2 x 2 .218 . 174 .203
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3 x 2 1 2 .276 . 2 1 8  . 2 16
3 1 2  x 3 . 300 .256 .22 6
4 x 3 1 - 2  .318 .277 .237
4 x 3 . 300 .224 .237
5 x 4 .337 .264 .25 8

x 5 . 375 .308 280
8 x 6 . 432 . 322 .322
10 x 8 . 500 .392 .365
12 x 10 . 500 .415 .3.
14 x 12 . 500 .452 .375
14 x 10 . 500 .376 .375
16 x 14 .500 . 433 . 375

3 . 1.  3 S t a r t t n ~~~~~~~~~~~~ g~h

A nothe r techni que which improved forming was to add addit ional  tangent
lengt h to the  overall length of the reducer. Earl y trials indicated that  when the
pip e ’  b l a n k  was cut to give a formed length close to finish length , incomp lete
t or rn i ng ~~as observed at the large end.  However , when a s tar t ing blank a few
inches  ( 1  3 inches depe’nding upon the reducer size) longer than  the f in ished
c ’ vt ’i’~t I l  length wci ~ u sed , p roper forming was obtained out to any reasonable
t a n g e n t  length . The addition al le ngt h was added to both the top an d bot tom of
the  reduce r dies , wi th  the majority going to the large end .  The addit ional  length
at the  top ( sm a l l  en d)  served to fu r the r  pin the blank as forming occurs . Figu re
6 shows an 8” x 6” reduce r wi th  an integral  tangent on the large end prior to
end detai l m a c h i n i n g .

3. 1 . 4 ForrnJp j~a~~imet ers- Ca rbon Steel

L i s t e d  below are the exp losive charge weights required to form the
various reducer sizes in ASTM A- 106-Grade B carbon steel . In addit ion , the
re’co mmended exp lostc ’e cav ity length and diameter to be cast into the w a x
medi um is l is ted.  The exp losive cavity length also corresponds to the
recomme nded s ta r t ing  b lank  length and also the overall die length . The
exp losive uti l ized is the DBA 1OHV slurry discussed earlier.

Blank & Explosive Exp losive Cavity
Nomina l  Cavity Length , Diameter , Exp losive Charge

Size Inches Inches ~~~~ght , Grams

I x 3 4  3 .5 3” of 200 gm ’ain  ft
pr imacord

1 1/ 4 x 1 3 .6
1 1/ 2 x I 1 . 4 3 .75 .75 33
2 x 1 1/2 4 . 5  .84 1 50
2 1 2 x 2 5 . 2 5  .934 72
3 x 2 1/2 5 .25  .985 80
3 1 2  x 3 6 .977 90
4 x 3 1/ 2 6 1.030 100
4 x 3 6 1.128 120
5 x 4 7 .5 1.427  2 40
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ii x 5 8.25 1.666 360
H x 6 9 1.842 480
to x 8 10 2 .173  742
12 x 10 11 2.500 1080
14 x 12 18 2 . 2 7 4  1300
14 x 10 16 2 .443  1500
16 x 14 17 2.523 1700
16 x 12 17 2 .681  1920

3 . 1 . 5  Uur $t Te~~~~ er AN SI  B 16 .9  of Carbon Steel Reducer

A widely used measure of performance for wrought steel but twelding
f i t t i r i ~~s is the hydrostat ic burst test as speci fied by American National Standard
( A N S I )  1116.9 , paragraph 8 . To determine the bursting pressure of a fitting .
strai ght p i pe ot ’ the matching schedule (or nominal wall thickness) and material
are ’ welded to each end; each pipe being at least equal in length to twice the
outside diameter  of the p i pe and having proper end closures , applied beyond
the’ nt in cmun i  Length of straigh t p ipe. Hydrostatic pressure is applied until
e i ther  the ’ computed burst  pressure , or an actual fa ilure  is achieved . The
computed burs t  pi’e ’ssure is computed by the standard Barlow Formula:

- 
2 St

D

whe’re:

P = b u r s t i n g  pressure of pi pe .  psi
S = M i n i m u m  specified tensile strength of p i pe material , psi
t = M i n i m u m  p ipe wal l  thickness . inches . For the purpose of this

formula . t is defined as 87 1/2 percent of the nominal  thickness
of the pipe for whi ch  the f i t t ing  is recommended for use.

1) Speci fied outside diameter of pipe ,  inches

A n 8” x 6” s tandard weigh t carbon steel pi pe reducer that was repre ’-
se ’nt a t iv e ’  of the  product of th is  process was burst  tested in accordance wi th
AN SI 11 16.9 .  The m i n i m u m  requi red burst pressure was calculated to be:

fo r  8” P =

P - 
2 ( 60 , 000)_( . 3 2 2 ) ( . 8 7 5 )

— 8.625

P = 3 , 920 psi

,, 2 ( 60 ,0 0 0 ) ( . 2 8 0 ) ( . 8 7 5 )for B p =

P = 4 ,438 psi ( m in i m u m )
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The’ reduee’r was welded into 8” and 6” pipe legs whose ’ u l t ima t e  ten si le ’
s t ren g t h  was  72 , i~4O psi and 68 , 800 1)51 re spe ’cti  v e l v  - The end outside’ cli  ~imt ’t , ’rs
ot the ’ reducer measured  8. (152” and 6 . 6 45 ”  pr ior  to t e s t ing .  The I i  ( I i  r ig w as
h v d  r’ott ’sted and ii fa i l  t ire ’ was  recorded in the H’ ’ p ipe  at 5 , 735 f ) 5  I . ‘l’lw br i  I t i I ’ e

c ir r ed as a Ienig t r id ina l  sp l i t  13 1 2 ’  long t h a t  di (I not encroach on t h e  red uce’ t’
.-\ t ’t ‘ i~ fa i lure ’  , the  e’nd outside ’  diameters  of the  reducer meas rii’ ed H . 7( 15” and
6. 756” . 1” i ~ ii i’es 7 9 show t he’ test \‘ e’i~se’1 be’ t ’or ’e and  a ftei’ bu rs t  tes t  i n  ~ -

3 . 2  ( ‘(WPEH N I C K E l ,  1 I :VI:I .OPME N ’r

A f t e r  f o r m i n g  setup parameters  Were e s t ab l ished  in c~ii’bo ri steel . t he
techni que was extended to inc lude  the more cost ly  70/30 copper nickel  a l loy  -I t  is w i t h  th is  a l lo y  (as we l l  irs other corrosion resis tant  a l l oy s )  tha t  t h i s
process WO ul e l  be most att rae ’t i ye . The ~iI b y u t i l i zed  in th i s  dev elopment  l i-c
designated C.’\ 715 and has the  fo l lowing  composition:

(‘A 7 15

‘omposit ion . percent  70 - -  :10
Copper (m i i i  . ) 65 .0
N i c ke ’l 2 9 .0  3:’ .o
/ i f l e ’ (ma x , 1 . 0()
I ron 0. 4 0 - 0 . 7 0
I .e:Rl ( w a x .  ) ( 1.0 5
Manganese  (ma x - ) 1 .00
( ‘oppe r ’ I ~~~~~ c c l ’ named  e ’le ’nren t i-  ~9
Phospho roris ( m a x  . ) 

. 02
S u l f u r ( m a x . )  .02

‘I ’ he ’ uu ’ch an i cal p r ip e ’ rt i ‘s asseR’i at ed w i t h  t h i s  mate ’ n a  I a i’r ’ l i s ted  be low
as stated in \ I i l i t : r r ’ v Sp ecit ’ica t i o i r  l’or l’ube ~\ 1I l ,  ‘1’ 16 420. 1 (S HI PS )

Me ’c h an i cal I ’ ~‘~ pe ’ i’t ies

Y i e l d  S t r e ng t h
at 0 . 5  percent

) r i  ( si de l ens i I, ’ F xt ens i em I 1nde ’r F I on ga t i on i
l ) i a m r ’t e r  S t r e n g t h  U \ l in  - ) Load ( M i i i  - ) 2 1  l i i e ’he ’~( ‘on ip os i t  ion ( I n c ’he ’o) ( l ’S l  ‘I (l ’Sl /\1 i n  . 1

70 30 E T p to 50 . 000 18 .000 35 .0
4 I 2 in e ’ l r i s n ~ ’ ,’

O v e r ’  4 1 2 50 .000 15 , 000 35 .0

3. 2 . 1 70 30 Ccp 1~ ’n ’ N icLe ’l  I~e ’e I ucc ’n ’ S i  ;~,‘s P r oelue ’ihle

l is te ’e l  h , ’lc ’w ii’ , ’ the  si;’ e ’i-c of n’ , ’dr i ,~en’s t h a t  are p i ’ Oc I i i c ’ I ’ I e ’ i i i  70 10
copper n i cke l  r i s i n g  t h e  ‘xp losi ye f o r g i n g  p i’oc ’e~iic . N ot e  t h a t  a 1’e ’’.~ i i e i d it ion i i l

.~

- -___ 
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sizes have been added to the listing derived for carbon steel , even though the
elongation of 70/30 copper nickel is the same as carbon steel . This is due
to the increase in dynamic ductility that the alloy exhibits ~t high strain rates .
The starting pipe blanks were also given an anneal at 1400 F for one hour
prior to forming .

Nominal Size Designation Actual Outside Diameters, Inches

1 x 3/4 1.315 x 1.050

1 1/4 x 1 1.660 x 1.050

1 1/2 x 1 1/4 1.900 x 1.660

1 1/2 x 1 1.900 x 1.315

2 x 1 1/2 2.375 x 1.900

2 x 1 1 / 4  2 . 3 7 5 x 1 . 6 6 ~

2 1/2 x 2 2.875 x 2 .375

3 x 2 1/2 3.5 x 2.875

3 x 2  3 . 5 x 2 .375

3 1/2 x 3 4 x 3.5

3 1/2 x 2 1/2 4 x 2.875

4 x 3 1/2 4.5 x 4

4 x 3  4 . 5 x 3 . 5

5 x 4  5.563 x 4. 5

5 x 3 1/2 5.563 x 4

6 x 5 6.625 x 5.56 3

6 x 4 6.625 x 4 .5

8 x 6 8.625 x 8.825

10 x 8 10.75 x 8:825

12 x 10 12.75 x 10.75

14 x 12 14 x 12 .75

14 x 10 14 x 10 . 75

16 x 14 16 x 14

16 x 12 16 x 12.75
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3 , 2 . 2  S t r L~ip~’ Wall ’rhickness

As w it h  carbon steel , a s tart ing  p i pe wi th  a wa l l  thi ckness suf f ic i t ’n t lv
heavy to allow for t h inn ing  as a result of forming was used. Excess wa l l  at
the small end was bored out to the standard wall inside diameter;  excess wall
at the large end was 3. 1 taper bored. Reference the chart in paragraph 3 . 1 . 2
as the th inning  observed proved essentially the same for copper -nickel.

3 , 2 .3 t i~~~~1 p e L ,~~j~ h

A s tar t ing p i pe length a few inches longer than the required finish
lengt h was utilized . In fact , for comparability , the same s tar t ing  lengt h as
developed for carbon steel was used .

3. 2 . 4  Forming ~~~~~~~~~ r~~~~~~~~~ 0 Copper N i e

Listed below are the exp losive charge weights  and dimensions required
to form the var iou s  reducer sizes in 70, 30 copper-nickel u t i l i z i n g  the 1)HA 1OHV
slurry wi th  wax  as the energy transfe r medium .

I l lank  & E x p losive Ex p losi~ Cavi ty
N ominal  (‘rr~’ i ty I .e ’ugt h . 1)i ameter  . F xp bosi ye ’ ( ‘harge’

Si .‘e - 
Inches  

- 
tnches  

- -- W v r g ht , Gr ams

I i-~ a ~ 3 . 5 3” of 200 g rai n ft
pr imacord

i l ’4  ~ 1 .6 17
1 1 . 2  ~ 1 t 4 :1 .75 .75 33
1 l 2 x 1 3. 75 . 75 :13
2 x 1 1/2 4.5 .807 46
2 x 1 1/4 4 . 5  . 890 56
2 1 2  x 2 5 . 2 5  .895 6(1
3 x 2 1 2 5 .25  .947 74
3 x 2 5 .25 .985 80
3 1 2 x 6 .938 83
3 I 2 x 2 1 2 6 .977 90
4 x 3 1’2 6 .988 92
4 x 3 6 1.080 110
5 x 4 7 .5  l. :170 22 1
5 x 3 1 2 7 .5 1.456 250
6 ~ 5 8.25 1.598 331 H
6 x 4 8.25 1.757  400
8 x 6  9 1.768 44 2
to x 8 10 2 .084 682
12 x 10 ‘

i i  2 .3 9 8  9 9 4

14 x 12 16 2 . 1 8 1  1196
14 x 10 16 2 .343  1380
16 x 14 17 2 .4 2 0  156 4
16 x 12 17 2 . 5 7 4  177( 1
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1 , 2 . 5  } L u i ’ st ‘l ’ e~ t 1e r  A N S I  B l 6  .9 of (‘oj~p er-N icke l  Reducers

Hurst tests were’ conducted on both 8” x 6” standard weight , and 4” x 3”
s tandard  we igh t  70 / 30 copper-ni ckel  reducers in accordance with ANSI B 16.9.
\ l a t~’h in g  p i pe legs of carbon steel heat treated to a y ield and t ens i le  strengt h
comparable  to copper nickel , The reducers were ’ welded into the legs w i t h  a
‘I’ IG root pass made w i t h  3 ‘:12 ’ n i ck e l  rod . The balance of we ld ing  was SMAW
u s i n g  1 / 8 and 5, 32 rods of Morn ’ l 190 . ‘I ’ he 8 inch end of the 8 x 6 reducer
was sli ght l y o v e r s i z e  and was resized s l igh t l y smal ler  on a reround press
before testing. The 8 x 6 reducer sustained a pressure of 6 . 720 psi before
fai lu re occurred as a l on g i t u d i n a l  sp l i t  in the 8” leg. The 4 x 3 reducer
sus ta ined  a p ressure of 9 , 900 psi before failure ’ occurred as a long i tud ina l
sp lit in the 4” leg . In both (‘u ses , fa i lu r e  occurred at a pre ssure  wel l  above
that  required by A N S I  1316.9 .

3 . 2 . 6  Mechanical  Tes t ing  and Metal lograph y of 7O/ 3 0 C~~~per N i c k e ’ I th .due~-r

To evaluate the effects of the explosive fo rming process on mechanica l
properties , an 8 x 6 70/30 copper nickel  was sectioned for tensi le  and Impact
testing and photographic evaluation . Figure 12 shows the position of’ the
var ious  coupons cut from the r educer.  Specimens I - 4 we re used fur sub -
scale tensile coupons . Specimens A - F were used for notched charpy impact . L
However , because of the l i m i t i n g  di mensions of the mater ia l , the ch arp y
specimens were undersize thus rendering the charpy values ap p r o x i m a t e  at
best .

The four tensile specimens were manufac tu red  per AST~~ F - S  and
tested at room temperature . Test conditions and results were as follows -

Nominal  Gage Section: . 158” dia x .645” long
Head Rate: .05 i n ./ m i n .
Strain Rate: .0 05 i n . / i n . / m i n .

Specimen IT TS 0 . 2 %  YS R . A .  E lon g .
Identification (KS!) (KSI) (%) (%)

1 83.2 81.6 76.8 16.7
2 82.3 78.5 73.3 16.9
3 89.1 85.1 73.3 16.3
4 89.1 86.3 72.6 15. 7

The six charp y specimens recorded approximate  energy values as fol lows’

Samp le Energy
Identification (f t - lbs)

6A 77
6B 59
6C 73
71’) 58
7E 68
7F 70
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~~~~~~~~~~~~~~~~~ at 2X and phot ornicr ogr aphs  at lOO N were  taken  at
th ret’ t r ansve ’r ’se’ s c ’ t~ ons  h ‘catt ’d at the t~ ‘p ( sma l l  end d iamete r )  , middle  . and
b ot t om ( l a r g e ’ e’nd tj i a i n , ’t ’ ’ r u t  the  8 x 6 reducer  as shown in Figure 12 . As
would  i c t ’  t ’x pt ’c t ’ d  . t he ’ nu crop hotographs show ev dt ’nce ut increas ing  cold w
t’i” ’ni t h e  s m a l l  end t the large e’nd of the reducer .

3 , 3 EX PI .O SIVI:  l ’ O R M I N G __corpi-: n NIC KEL - ( ‘I1 R OMIUM ALLOY CA 7 19

At  t he  r’eques t u ’t t h e ’ N A \ ’ SL~\ (0354)  ~1anu 1’a ct u r in g  Technology Office ,
for m in g  t r i . i l s  We ’re ’ l’Ufl On th~ i i l lov  designated (‘A 719.  This alloy is a h igh
s t r e n g t h  r n . i t e ’ r - i , i l  w i t h  a n o m i n a l  cornp o s i t  ion of 67% copper — 30% nickel  —

3% h r ~’n.~uu~ . t h i s  . i l lov is b eing  considered by D a v i d  W Tay lo r  N a v a l  Shi p
R , ’~~~ t ’ .i  rc -h and 1’)e vt ,’lopment ( ‘e l it e  , Annapol is  1, abt i r ’a tor v  , as a high strength
a l t c ’ i~~t i . it i  \ t ’ to 70 / 30 copp e ’ F n i . ’ke ’l - H owever  , conventiona l  hot forming methods
used in p rod uci r ig s t ’ani l , ’ss ’- , ’ d’.icers h a v e  gi ~‘en var -i  able resul ts  . It w ~~ fel t
tha t  the  e x p losiv e  t’o rn~.i ng  te ’chi ,  - que might  o f f e r  an a l t e r n a t e  to hot forming
methods . A t h i n  wa l l ed  tub  t ’ ‘vi  th  the  p h vs  ical  p rope i’t it ’s l i s t ed  below was

rr, ishe ’d to \ : \VOR I ~S 1’A LO( NS U Pt ’ ,.\ r inap ol i s  .

( : \  719 lu b e  2.  375” 01) x 18” OIL
U l t i r n a t , ’ ‘Fens i lt ’ ( K S I )  95
‘i’ It ’ld St ~’en gth (K S I  ) 6 5
F lu n g .  ~‘~t 28
Re d A r e a  (‘? ) 35

,‘\ n u i n h e ’r o~ 2 1/2 x 2 reducers were ’ success t ’u l l v  formed from th i s
n i a t e ’r i a l  - H o w e v e r’ , s ince  f in i shed  2 inch tub ing  was ut i l ized r athe r  than a
t h i ck  - w a l l  p ipe  b l a n k  , the  w a l l  t h i c k n e ss  in the expanded p or t i on  of the
redu ce ’ r~ wa s  b t ’I~ ‘w the  m l  ni in urn i’equi red b y the app l icab le  sped fi ~‘at io ns
(MI I . — T —  16420 , 1 arid ~e I I l .  F ’ 2 4 2 0 2 )  for ’ a class 700 fi t t i ng .

In or’d~’ r t ,  p r ’oduce .r f i t t i n g  of a d e q u a t e ’ wa l l  th ickn ess  for’ c lass 700
se ’F V t et’ , \S  U l ) i .’ : \nnap olis  fo r ’warded to N. -\ \’ORl ) STALOU a sec t ion  removed
t r , ’n~ an e x t  r t i d e d  CA 719 p i pe h a v i n g  the fo l l owing  dimensions  . pr ’oct’ssi rig
his tory , and tens i l e  p r’ ope r ’ t i , ’s - —

(‘1 719 P ipe  3 1 2 ”  01) x 7 16” W a I l  x 6” 011,
1’ r’ s~ ’ - s i n g  - I ’:xtrud t ’d and w at e r  quenched whi l e

red h ot of f  the  r un ou t t ab le .
U l t i m a t e ’ Ten s ile (KSI  66 .8 

—

Y i e l d  S t ren g t h K SI 28.  3 (at  0 . 5% e xt r us~ on)
!- ‘ l ~’r ~~ ( % ) 4 4 . 0
Red A r e ’ a (% ) 6 1 .

An a t t e mp t  to  fo r ’m t h i s  p ipe  i n to  .i x 3 reducer  was  t m n s u c ~’e ss f r i l
as e ’’~ i de ’nc ,nI  by 1- ’ go r e ’  17 . ‘ons id , ’ r a t ’  It ’ c r ack ing  ( i t  some ’ points corr p l et e lv
through the w a l l  t h i ckness)  wa s  ob serv ed  f~’om the  mid point of the t’x p a nd e d
,i r e a  to the ’ large’ end .  It wa s  fe l t  t h a t  f t i n ’ t h e ’n ’ t r i a l s  u s in g  a s t a r t i n g  p ipe  t h a t
had been fu flY an n e a l e d  n ’i ch t  produce be t ter  i’ e su lt  s - Ii owev er • no fur ther ’

n ’i a Is we ’r e ’ c o n i lu c t t ’~i due ’ to un ava il ah i  Ii lv of m a t e r i a l  . Based on t h i s  b r i e f
‘‘xpt ’r ien ce , it w ou l d  appea r  that  ( ‘A 719 doe ’s ne t • or’n as re ’adilv under hi gh
st r a i n  r ’att ’ condi t ‘ns as 70/30 ~~~ cpp e ’ m’ n i c k e l

:~
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SECTION 4

SUMMARY AND CONCLUSIONS

4 . 1  ECONOMI C PRACTICALITY

This process wou ld be most competitive when utilized on corrosion
resistant a lloys . Unlike carbon steel reducers which are manufactured in large
volumes , corrosion resistant alloy reducers are only manufactured in small
quantities as demand requires . In addition , hot forging conditions must be
closely monitored to avoid grain grow th and other scrap problems . It is in
this area where quantities are relatively low and raw material cost high that
explosive forming would offer an economic advantage .

4 . 2  ADDITIONAL MA TERIALS FORMED

Figure 18 shows a number of additional materials that were eva lute d
briefl y to determine if forming were feasible using this process . These mate-
rials included 806 1 and 5083 aluminum , Monel 400 , and austenit i c stainless
steel. It appears that as long as a material has sufficient dynamic ductility ,
forming is possible .

4 . 3  ADDITIONAL SHAPES FORMABLE

As shown by Figure 6 , this process offers an excellent method of pro.-
ducing long tangent reducers . The process is also well suited for the manu-
facture of the shallow tapere d venturi type reducers . These reducers are used
in high flow velocity app lications , or where low head loss is required . Eccentric
reducers are also formable using this process . A 4 x 3 reducer was successfully
formed in both carbon steel and aluminum using an eccentric die and wax with
the exp losive charge offset away from the strai ght side .

4 . 4  RECOMMENDED IMPL EMENTATION

As previously indicated , the major utilization for this techni~~-ie should
be in the area of corrosion resistant alloys commonly used in submarine and
surface shi p p ip ing. It is recommended that this technique now be imp le-
mented by placing explosive formed reducers into service in selected appl ica—
tions aboard Naval vessels . The performance of the reducers could then be
periodically monitored in an actual shipboard envi ronment . Based on feedback
from this trial utilization , the imp lementation could be expanded to include a ll
the sizes produc ible by this process .

Naval Ordnance Station , Louisville is currently equipped with an exp lo-
sive forming capability that could be utilized to produce reducers now . Numerous
other Naval facilities have sufficient real estate , facil it ies , and trained exp losive
personnel that could be ut i l ized to produce reducers . In addi tion , commercial
fittings manufacturers  could be outfitted for explosive forming with a nominal
investment.
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Table 1 - Plasti c Strain Hardenin g Relationshi ps

Tabl e 2 - K and n values

(Development of collision . Ezra , p .  120)

Burst Test Data Sheet 8 x 8 Car bon Steel Red ucer

Burst Test Data Sheet 8 x 6 Copper -Nickel Reducer

Burst Test Data Sheet 4 x 3 Copper-Nickel Reducer 
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TABLE 1

ENERGY CONSTANTS FOR UNDERWATER EXPLOSIONS

Explosive C x 1O ’
~~

TNT 390
Loose Tetry l 555
Pentoli te 840
PETN 520
HBX - 1 805
HBX -3 388

P t
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TABLE 2

PLASTIC STRAIN HARDENING RELATIONSHIPS

Material Strain Hardening Relationshi p
K n

Aluminum Alloy s
6061-0 35 ,000 0 .24
606 1-T8 80 , 000 0 .075
2014 -0 48 . 500 0 .244
2024- 0 58 , 000 0 .25
1100-0 28 .000 0 . 3 2

2. Mild Steels
1020 78 , 000 0 . 1 2
0 . 05% Carbon rimmed -annealed 77 , 100 0. 261
0 .05% Carbon killed -annealed temper 73 , 100 0 . 2 34
Rolled

3. Stai nless Steels
PH 15- 7 Mo 660 ,000 0.829

17-7 PH 205 ,000 0.32
304 Austenitic 160, 000 0.29 ‘ -

225 ,000 0.51
430 ( 17% Cr Ferrite) 143. 000 0 .224

4. High Strength Steels
Marag ing Steel ( 18% Ni ) 270 .000 0.158
AM 350 770 , 000 0.87
4130 120 , 000 0.35
A-286 195 ,000 0.390
USS 12 MoV 180,000 0 .22
Vascojet 1000 155.000 0. 15
L-605 310,000 0.386
Lad ish D6-AC 387 . 000 0 .0 73

5. Refractory Metals
Rene -41 315 . 000 0 . 3 9
Inconel-X 220 .000 0. 39
Haste lloy-X 250 , 000 0 .426

6. Titanium Alloys
Ti 6Al-4V 170 , 000 0.08
Ti (Beta) 182 ,000 0.05
75-A 128 , 000 0.10

7 . Copper
An nealed Copper 75 .000 0 .38

8. Brass
Brass , Soft 106 ,000 0.48
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COLLISI ON MECHANI CS

(Derivatio n of Eq.  11)

From the mechanics of two colliding bodies , it is found that the veloci tyof the die after the collision Va is related to the velocity of the wor k piecebefore the collision by the formula:

V â = V w  I+C — ‘s.. ( i+c.) M~~ v,1

where C is the coeffi cient of restitution and (M w / M d )  is the ratio of the mass of
the workpie ce to the mass of the die . Since the mass of the die is usually muchgreater than the mass of the workpiece M d /Mw ’)’~~ l , unity has been neglected incomparison to the~ value of Md /Mw . By recognizing that Ltd * Md V~d r/Z
and Lt~ M~ Vw/2 . the collision equation becomes:

= U.R c ‘+c)2 
.

~~~~~~~~~~

For a perfectly elastic collision , C’ is zero ; while for a perfectly elastic one inwhich no ener ~~r is lost . C is unity . For a large class of metal to metal collisions .C varies from 0 . 5  to 0 .8 .  In view of the uncertainties involved , C’ is taken to be -
-unity .

-r
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