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Titanium alloy(Ti6AI4V)and Iow carbon steel(LCS)were joined by explosive welding method using different ratios of 
explosive．Some metallurgical properties ofjoined samples were investigated．Joined samples were examined by means 

of opt[caI microscope，scanning electron microscope(SEM)and tensile-shearing tests．Bending．tensile．hardness 
and corrosion behaviour of the samples were investigated．Separation was not occurred on the joining Interface after 
tensile—shearing and bending tests．It is seen that hardness of both plates were Increased with increasing explosive． 

It is found that increasing explosive ratio Ieads to an increase in corrosion．It is also found that corrosion rate was 

high at the beginning of the experiment but the rate of the corrosion decreased subsequently during the experiment． 

KEY W oRDS：Explosive welding；Joining；Corrosion；Ti6AI4V；Low carbon steel 

1．Introduction 

In order to ioin metals preserving their properties 

and to join metals having different properties，solid—state 

welding methods are usedll1．Explosive welding is a solid— 

state process in which controlled explosion forces to join 
two or more materials together under high pressures[2m J． 

It is used to ioint directly a wide variety of similar or dis— 

similar metals that cannot be joined by any other weld— 
ing or bonding technique[6 引

． The parameters of the 

system include：f1)the explosive characteristics；(2)the 

butier mater[als；(3)the stand—off distance；f4)the weld— 

ing set—up；(5)the energy transfer medium；(6)the met— 
als involved；(7)the collision parameters；(8)the surface 

roughness；(9)the melting temperature；and(10)the dy— 
nam ic bend angle19 J．The bond is generally walvv with 

a good tensile strength or shear strength because of the 

large and wavy contact surface，although a straight inter— 

face can be at least equally strong as the one exhibiting 

a walvv interfacell U1．The strength of the clad is always 

greater than that of the weaker of the mating metals[9J． 

The cladding of steel with a corrosion resistan t overlay 

has a number of advantages．It is economic，since，ex— 

cept for thin sections，clad are cheaper than solid stain— 

less stee1．It minimizes the risk of catastrophic failure，for 

example，due to stress corrosion cracking or hydrogen em— 

bitterment and cracking of the austenitic mater[al，while 

for high—pressure conditions，such as nuclear vessels，hy— 

dro crackers an d coal conversion vessels．It provides the 

optimum combination of mechan ical properties with cor— 

rosion resistance[2]
． 

Titanium is one of the most important non—ferrous 

metals an d has extensive applications in the aerospace 

industry，because of its lightweight，excellent corro- 

sion resistance，high strength 1evel，attractive fracture 

behaviour and high melting point[1 1_
．  Q一 Ti alloys 

present good formability and cold strength at temper— 
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atures under 300。C．In this group．Ti一6A1—4V has been 

the main alloy for mechanical components[12J． Ti．6A1— 

4V with excellent specific tensile and fatigue strengths 

an d corrosion resistan ce have been mainly used for air— 

craft structural an d engine partsI13 J．Titan ium clad car— 

bon steel an d other clad corrosion resistan t materials 

are beginning to be used in some of the more aggres— 
sive environments． The cost of providing a component 

whose full thickness is completely comprised of titanium 

or some other expensive metal is strictly cost prohibitive． 

W ith the advent of new，efficient methods of cladding 

using titanium，stainless steel，high nickel an d inconel 

type materials，processes such as roll bonding，explo- 

slve welding and weld overlay ar e gaanlng rapid accep— 

tance and use[14J．The metallurgical characteristics an d 

mechanical properties of the explosively welded various 

metals an d their alloys have been investigated bv several 

investigators12J
． However，there lack of information about 

explosively welded Ti一6Al-4V to low carbon steel fLCS) 
an d their corrosion behaviour． The aim of this study 

is to investigate some metallurgical properties of joining 
interfac es of explosively welded titan ium alloy and LCS 

plates using various amount of explosive mater[a1． 

2．Experimental 

In this study，titan ium plates fTi6A14V)an d low 

carbon steel fLCS) plates with the dimension of 

100 mm×150 mm ×1．5 mm were bonded by explosive 

welding method．Chemical compositions of the titan ium 

and LCS were given in乃 bles 1 and 2 respectivelY． 

Some other properties of these materials were also 

giyen in Table 3．Different explosive ratios and 5。oblique 

geometry were used to see the effect of explosive ratio 

an d hence the velocity of flyer plate on bonding inteffac e． 

Microstructures．mechan ical properties an d corrosion be- 

haviour of the bonded samples were investigated． 

Elbar．5 f92％ ammonium nitrate+5％ diesel fuel+3％ 

TNT1 was used as explosive for welding．Detonator was 

used to start the explosion an d gelignite dynamite were 
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Table 1 Chemical composition of Ti-6A1—4V alloy(wt pct) 

Table 2 Chemical composition of the LCS(wt pct) 

Table 3 Hardness and tensile strength values of bonded samples 

used to make a contact between detonator and powder 

explosive．Powder explosive was filled into a cardboard 

box with the dimension of 150 mmx100 mm×50 mm． 

Detonator and gelignite were attac hed into the explosive 

an d then the box was sealed to prevent the powder to 

spread out． 

Explosive amount used was in a ratio with the total 

weight of flyer plate(Ti6A14V)and buffer plate．LCS 
plate was used as buffer between explosive an d Ti6Al4V 

flyer plate．Ti6A14V plate was placed onto LCS with a 

5。oblique an gle．W elding assembly was placed on a steel 

anvil an d then the explosion was carried out in a sand 

poo1． A rubber layer with the thickness of 6 mm was 

plac ed onto anvil to prorect it．Detonation was started 

with a magnetic remote system． Three samples were 

welded together each time．Explosive amounts used in 

this study are given in Table 4．This was calculated us— 

ing the following equation． 

：2E [1+ (1) 

where is flyer plate velocity；M  is flyer plate mass； 

2E is gurney energy；2E is 2560000 m／s；c is detonator 
m as s． 

Metallographic exam ination was carried out through 

the standard metallographic preparation method using 

hot mounting．As the etching agent．2％nitric acid+98％ 

methan ol and 45 ml HCl、15 ml HF，15 ml nitric acid． 

25 ml distilled water were used to etch the steel and 

Ti6A14V，respectively． 

A PR10R optical microscope at the University of 

Gazi．Department of M aterials and a Jeol JSM．5600 type 

scanning electron microscope fSEM)at the University of 
Kirikkale，Department of Physics were used for the mi． 

crostructural exam ination．Microhardness measurement 

was also done with a ZWICK 3212002／00 type micro- 
hardness machine applying 200 g load． Microhardness 

measurement was taken from the various distan ces of the 

interface and average values were obtained after five dif- 

ferent measurements． 

Three sam ples，which were cut parallel to the deto- 

nation were obtalned from each of 15 explosively welded 

sam ples for tensile-shearing tests．Sam ples were prepared 

in accordan ce with ASTM D 3165．95i15】bv machining 

(sam ple with 25．4 mm in width and 12．7 mm in length 

wI 
Fig．1 Schematic representation of tensile-shearing test in 

accordan ce with ASTM D 3165．95 

with a coating of 1．62 mm in thickness)．Sam ples were 
prepared an d tested in dimensions as indicated in Fig．1， 

where “u”shows the thickness of flyer plate while“W ” 

shows the width of the tensile．shearing test specimens． 

Additional tensile-shearing tests were performed on the 

specimens whose width was equal to the thickness of coat- 

ing material(L=a：t：2％)in accordance with the literature 

[5]． 
Explosively welded samples which were prepared ac． 

cording to ASTM D 3165-95 and literature I 5 1 were tested 
using an  INSTR0N MFL SYSTEM tensile machine at 

the tensile speed of 1 mm／s and three measurements were 
carried out for each identical sam ple． 

Ⅵ lded sam ples were subiected to the bending test． 

Bending test was done by placing both Ti6A14V an d LCS 

plates up and down．Bonding test was also carried out 

with the INSTR0N MFL SYSTEM tensile machine at a 

bending rate of 0．5 mm／s． 
Corrosion test was car ried out in accordan ce with TS 

8589 by holding the 15 mm×15 mm sam ple in ％ 3，5 

NaC1．water solution for 672．1344 an d 2016 h．Mass vari— 

ation of the sam ples was checked with scale，which has 

1／10000 precision． 

3．Results and Discussion 

The ratio of R=I of the explosive did not result in a 

successful welding．The reason for the unsuccessful at- 

tempt of explosive welding is insufficient power to make a 

bonding between plates．Insufficient explosive could not 

accelerate enough to weld plates． 

3．1 MetMlographic results 

Optical micrographs of explosively welded sam ples 
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Fig．2 ()pt_ieal pietlIre8 of interface welded with different expl~ive rlttio：faJ R=I 2．(b) =1 5，{ )R=2 

(d)R=2 5．(e)R=3 

are given in Fig 2 Exph)sive ratio is increasing fronl min— 

iiuuln [0 a ma)口iIlUln througlI胛=l 2 to ，f=3 in Fig．2 

Increasing explosive ratio caused some changes in mi— 

erostructure of LCS while eaas ing 1imited changes ln 

Ti6Al4V．In the Ti6A14V plall(1 welded with high ra|．io 

of explosive．grains near t[)1 tn-interface,riFe elongated 

parallel to the detonation dir~-etion，Grains far orn the 

hirerfaee are not affected frOI11 the detona|．ion． Such a 

result is eonsist．ent with 1iterature⋯ ． 

As ca~1 be s -】l in Fig．2 tila wavelengi Ii and ampli— 

tnde of the lnterfaee lncreases with [nereasiug explosive 

ratio．In Fig 2(a】 f0r samjpIes welded with the mininltlnl 

ratio of explosive(R=l_2l tile surfa~：e of the interface 

iS aknost planar． Amplitll1]e of 1：he jnterface Was pro． 

nouneed with increasii~g exph)sire ratio and aalplitltde 

and wavelengtil of the wa*c-e reached a valne of 10~15 1tiu 

and 10() 120“m、respectirely． 

Ttie interface ofwelde(1 LCS and Ti6Al4V．whidl were 

welded using an explosive ratio of R=2(Fig．2(c))，ex- 
hihits an interface with a wavelengtll of 18()~200 ttlI1 and 

amplitude of 15~20 nn Wavelength altd amplitude of 

the interface continued t()increas e with in creasing explo— 

sive ratio 

Explos ive ratio of R=2 5 resulted in a wax,den【g*h of 

220~235“I】1 and axnplitude of 25~30／lnl The ratio of 

3．tile In．a~xinlIltil one gave wavelength of 280~300／xm 

and amplitude of 40~50 Ⅱ1 fFig．2( " 
Welding interf~：e of LCS aⅡd Ti6A14V is tran sform— 

ing t,o a waviness form from th cI linear form with inereas— 

ing explosive ratk)It is known that as the explosive ratio 

inereases，collision speed of welding mf reases(1'le to high 

explosion energy Titus high collision pressure leads to 

defortnation and then interffme t)f the bonding plates be— 

e&Fae wavhiess．Cowan e1． ． J jnvE~stigat,ed the for·Ul of 

wavin,g 0f the explosively welded nterfag2es Their work 

showed that explosively weldec̈ nterfaee ha8 a waviness 

form；however welding with】OW cellisiOil sDeed does not 

give rise to a w&viuess interfaee But using high explos ive 

ratio and increasing collision angle res／Ilted jn a wavhiess 

ktterfaee Liw【p all(1 MuuitzI】 J explosively welde{l r【)D— 

per and steel plates and investigated w ditI jntefface 

by scan tling；electron mieros co1)5r and X—rnv difirartion 

(XRD)Investigat．ions shown(1 thai b【mcling iilterfttce rx— 

lfihits a wavy R】I nt all(1 the wavelength Is rk tly depen． 

dent．on explosive ratio anel Ll1( distance h_ltweerl p[at~-s 

Welding with low explosive ratlos (R x~lues1 caused 

minor changes in Lhe shape of thi grains close to tl1e in- 

terfaee while welding with high ratios changed a lot．It,is 

seen frOltl the lnierostrllcttlr~·that grahls were elongate{l 

parallel to die detonation propagation，howevei’grains 

far fronl the welding interfax：e Yen[ained unat~-t．ed．In a 

sinfilar work，5；aalg et ． expk)sivelv we hind LCS t,o 

Ti6AJ4V and investigated wehliitg iliterfa P They found 

that，in the Joining area grains were elongated in the 

direction of detOltation by a sudden cohI deformation 

SEM images ot"t,he samples oined with explosive 

welding nsitIg tnaxilnlllll au(1 miniinUlll explosive ratios 

(R=I．2 m1d R=3)are Veil itl Fig．3，respectively．There 
is UO evident e for anv intcrmeta1]ic or anv bonding fail— 

llre in the jnterface area Elemeatal point analyses taken 

frOIIl both sides ditl not i21dicate aov difhtsiOll Oil both 

SI(L?S 

3 2Tensile-shearing resuIU," 

Tensile-sltear iag test results 21d'e tabulated in Tab Le 

5 for explosirely welded santp]es Tensile~shearing tests 

were done in aeeordanee with ASTM D 31665—95．Any 

of explosively welded samples did uot show a falhire af 

ter tensile-shearing test All explosively wehle<1 S,NtlI1ties 

fractured frOnl the LCS si‘l c1_ nnsile strength of clle LCS 

wan lower than t It of Ti6Ai V {TaI>le 31 ntrth clrmore． 

the tensile-sheal ing strength of wehled Salnples increase(1 

with increasing explosive ratio．A1l the test,results suN- 

gest that bonding strengths of all explosively claded COHI— 

posites are higher than that of the softer of tWO met山 e 

components．This reslflt iB consistent with the literat． 
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Fig．3 SE31 ltrier( grapl1 of exp]I)sivel5r we Lded~lmples wil,h R=t 2 ca1 and R=3(b) 

Table 4 Exllk,sive i?atk~s,if f1 f。xperillwnt- 

T ble-5 Ti n ~}waring test rr?SllJI n i．he explo— 

Mvely wehled st r,tplm-wfl Jlled with different 

xO1OS1v[1 Ta 1̈l_ 

咀 l二：= 坠 

5 ；5 i ⋯ t ⋯ ⋯  口．5 1 i_1 

0一s n 1m m I 由 睢 ‘m 0 

Fig．4 Hartlne~ values”f IM gin 1 a【1l1 f l “1“1 plat 4- 

ure【6】_AnlKhor work of exp],，s veb wf hh!d irort aml rnI)_ 
per plat es reveals that t,lu、bOtl~titI f r(-ngl,h of inI elfact 

is at least high I st⋯ 】 h el’n’【)lI 1 ( tted cop— 

per nild iron eom1)osil}-free|．1lr{-d r̈)_“  ̈ ropper{Ii c】tie| 

fronl t,1lf，interh“·eB 
．  

3．0口ending test t liltS 

Bending test w{ aplll_cltl 1(1 IlK- al1 ela(1~- 】 

LCS／Ti6AI4V eonlposit．es iii_J[)．h sides Aft．er lmnding 
to 180。 no sellara1．jan Or"cracking wHs SPell for anv SalIl- 

pie by ua1 exaarnilt&tiOil Bentling l,esLs akso showed 

that all explosively wehled pint,eb ItILV(·perfeet lloll|jiⅡE 

properties Bending test-l：esalts are also consisten1．wil,h 

the Iitersfl：ure『191 

HaItinCKS reh'~dts 

H at,r(1liens vahI C!S of original plates and explosively 

w lde~l CC)III【)IlHjLes kide giv( II【n F 只4 -fhe Itaa'dness curve 

I'f I aI】『l 5 in Fig 4 1eprf!sellls Eh samph*s welded using 

i!xp】嗍iv cJ ratlOS'】I' =1 2 I】(I R=3．respectively．As can1 

1,c、 ·en r 111 Fig．4 Lha0 al】hardness vahles taken from 

 ̈f- 勘 renl al‘f!as of aJ】clade(J：ian)ples are higher i-,Saal 

tItat of l,ht!se ll Itat plates 1I_tIle LCS side while the 

Il~lYdlI{!SS 1,qlh c】f tlllwelde(i sl,e( l is l42 HV llardness val- 

I【 ̂ i【l t i％1 ea,s of 50、l∞ ．200，750 l300．1450 nm awav 

frl J【II{．he jnh t i'm-( Ilf I hf c：rossec|,io]l are 165．4．165．3 

1 )6 I 4了3．【53．3 u1(I 15l l HV respect．ively for the 

SaltlI)le、vI I1t 1 wilh R=1．2 I'xplosivc r~ttio． These val— 

IIPS( f llal diiess show that,Int(!r[-aee al't~a gave the high— 

est llal'dlless va】lie al1d the<2el|leE of the('rossection gave 

tile 111itt[IllllllL va』ue of flardness．In addition．while the 

= 1 2 explosive-ra J．io resl1lt．ed i11 a llaxdrtess value of 

16 4 HV 斤=3 exph ivo r O l'eSldted in a h&rdness 

vallle‘)r l88 3 HV Tha1．ineails ltardness value of the 

welded Sall1])_P ilI《。reasl w L】1 incl'e&'Sillg explosive ratio． 

T1” ln(‘1(!klsjng lIm ditess va]lip in the welded s~unple 

ceil IjfI atti_l1tlte(1 tO 1．he e qlid deformalion I)ecause of 

high cellist(1I『rate． Mamalis showed that t,he 

iIlterfaco d “exhit)its tlle 1lIkL"~ilnlltn llardness vahle and 

hoth plal(一̂E-xhil)it．e(1 higher lt&rdiless values t,hem |．heir 

initiaI vi／llleS They indica1．e|．hat．the increasing hard— 

ness Wkl ·salt{?(1 fruI1 J localized shock ltardening． AI1 

illvest[gatlO[1 L̈r {l Out 5 Jr tile stee1／steel cladding 
sllow{etI that J*m'dness涮 ue decreases as the measurement 

area rt llrliItg away from the interface．That investigation 

akso says thm hardness value of we!ded smnpte increases 

due to che plastic deformation during the collision．n ut一 

l P 
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Table 6 Weight variation of the explosively welded samples subjected to the corrosion test 

747 

Tifile ／h 

Fig．5 W eight variation of the explosively welded and origi— 

nal materials due to corrosion 

nev et a1．【 】has investigated the welding of A1／Ti and 

Ni／steel by means of microhardness．They revealed that 
the hardness ofthe interface area ofTi，steel an d Ni are 

higher than  that of other areas because of work hardening 

during the collision． 

3．5 Corrosion test results 

As clad materials are USUally used in sea environment， 

all explosively welded LCS—Ti6A14V samples were sub— 

iected to the corrosion test in seawater．Table 6 tabulates 

the chan ges in weight for original materials． 

Figure 5 also shows the weight variation in the ex— 

plosively welded samples． Figure 5 indicates that the 

mass of unwelded LCS and all claded sam ples decreases 

while mass of original Ti6A14V increases．The reason for 

increasing mass of Ti6A14V is its oxidation while the rea- 

son for decreasing mass of unwelded LCS and explosively 

welded components is the formation of a brittle metal ox— 

ide layer on the surface of those metals．In addition．in— 

creasing explosive ratio led to high degree of deformation 

consequently high activation energy．The more the ac ti— 

vation the more the corrosion tendency．This tendency 

increases nucleation intensity on the deformed surfaces． 

In a similar work Turkert22J investigated high tempera- 

ture oxidation behaviour of MA 956 an d ODM 751 su- 

peralloys an d found that nucleation density increased on 

the plastically deformed surfac es as a result of cold de- 

formation． In addition，he also stated that increasing 

nucleation decreased the grain size of the oxide layer． 

In another study on oxidation behaviour of ODS alloys， 

Turker and Hughes[23J found that after a certain thickness 

oxide layer breaks away an d it also removes a fragment 

of the surface．This，in turn，causes mass loss． 

It can  also be seen in Fig．5 that corrosion rate was 

higher at the beginning of the test．M ass losses for ex— 

plosively welded sam ple were 3 an d 5 g after a test period 

of 672 h an d 2016 h，respectively．Here，the corrosion test 

time was increased 3 times，but weight loss increased less 

than  two times．In the corrosion test，initially an oxida- 

tion layer was formed on the surface of the metals an d 

this layer prevents the metals from oxidation．These find— 

ings are in agreement with the published studies【24,25]
．  

Prevention ability of this oxide film is affected by solu— 

bility of corrosion product，adhesion properties of prod— 

ucts，diflusivity of film，electrical resistance of film and 

the mechan ical strength offilm ．Soluble film is easily re- 

moved from the surface，for this reason it cannot protect 

the metal surface． 

4．Conclusions 

(1)None of the explosively welded sam ples was sepa- 
rated after tensile-shearing test． 

f2)Microstructural exam ination of the interface of 
the explosively welded samples showed that low explo- 

sive ratio resulted in a plan ar interface while the interface 

was tran sformed from planar to walvy form with increas— 

ing explosive ratio． 

(3)Explosively welded sam ples were subjected to a 
bending test on both sides an d any kind of failure was 

not observed． 

(4)The hardness of the cladded sam ples was found 
to be higher than those of original plates． 

(5)Corrosion tests revealed that corrosion rate of the 

samples was relatively high at the beginning of the test 

an d then it got slower gradually． 

(6)Increasing explosive ratio increases the deforma- 
tion． This increasing deformation made a more active 

inaterial for the corrosion． 
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