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materials is  found to be a funct ion of the same material parameters 
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ABSTRACT The tens~le and straln- 
controlled fat~gue propertles of base 
metal (BM), weld-metal (WM),  and 
heat-affected zone (HAL) mater~al 
were determ~ned for weldments of 
ASTM A36 and A514 grade F steels and 
5083-0 alum~num The mean stress 
relaxat~on behawor ot these weld 
mater~als was also ~rivest~gated The 
HAL propertles were deterrn~netl trorn 
specrrnens produced uslng a weld 
thermal-cycle s~mulator The W M  
propertles were obta~ned uslng speci- 
mens mach~ned from weld metal 
depos~ts 

For the steel weld mater~als, the 
tens~le and stra~n-controlled fat~gue 
propert~es were found to vary w ~ t h  
hardness The fat~gue resfstance at 
l~ves greater than the transltlon tdt~gue 
l ~ f e  wa5 found to ~ncrease as the hard- 
ness of the steel weld mdter~alh (BM's, 
WM's, HAZ's) ~ncredsed Proprrtres of 
BM and W M  tor the 5083-0 alurnlnum 
welds d ~ d  not obey the hardness rela- 
t~onsh~ps tound tor thr  steels, but the 
lnean streis reldxat~on I~ehdvlor o f  all 
the weld rnater~als cons~d(,red was 
tound to be a furict~on ol th r  \ame 
mater~al mrameters 

Introduction 

The most common s~tes tor tatlgue 
crack ~ n ~ t ~ a t ~ o n  In welds are the welt1 
toe, the weld root, or Internal d~scon- 
tlnul~tles ' In the f~rst case, the crack 
ln~t~ates  In untempered weld metal 
(WM) or graln coariened hcat- 
attected zone7 (HAL) near the edge o: 
the weld relnforct3ment and then 

propagates through the HAL and base 
metal (BM) In the latter cases, the 
crack Inrt~ates and propagates In tem- 
pered weld metal These s~tes are 
shown schemat~cally In Fig 1 

Prev~ous stud~es ot the tatlgue 
behawor ot weldments, summarued 
by Gurney- and Pollard and Cover,' 
have dealt w ~ t h  fat~gue behav~or ot 
weitiments w ~ t h o u t  scpa~ating the 
effects of W M  and HAZ m~crostruc- 
tures Only d l ~ m ~ t e d  nurnbrr ot stud 
les have been undertaken to study the 
fat~gue behawor of W M  and HAZ, and 
most ot these have been studre> ot 
iatlgue crack propagatlon w h ~ c h  have 
shown that the HAL does not \trongly 
Influence the crack propagatlon 
ratr '"host stud~es ot fa t~gur  crack 
~ n ~ t ~ a t l o n  In W M  and HAL uslng 
smooth speclmms have been con- 
ducted under stress control" " 

Weld toe fat~gue tracks usuallv 
lnltlate In the graln coariened rc3glon 
of the heat affected zone (herratter 
HAZ) The ~ 1 ~ 1 t h  of the graln co~irs- 
m c d  rcy,lori In the welded jo~nt  rs too 
smdII to ~ w r m l t  direct measurcxrnents 
of i tra~n-control led fdt~gue propertles 
For A514 weitis, the w ~ d t h  of the (oars- 
rned rcglon I S  d l~ouf  005 111 ( I  3 mm) 
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Eng~nccr, M,~r~r i ,~ ls  anti I-'rocr$srs /&?part- 
rncwt, h.lcl)onnt~/l Dougias ActronSut~c-r 
(3, St. Louis, ,Cli$io~iri; F V L/\WKt.-NCf, /K 
15  I1rotc~\\or, l l ~ ~ / ) c ~ r l ~ n ? ~ ~ t  of ,\tfxl,~/Ii~r,yy ~ i ~ d  
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or less. It was necessarv. therefor0 , , 2, to 
reproduce the weld thermal cycle in a 
smooth specimen large enough for the 
normal methods of strain controlled 
fatigue testing. 

Three methods have been common- 
ly employed to reproduce HAL mi- 
crostrurtures in test specimens: furnace 
heating,',-"." high frequency induct~on 
~-it.,itlng," n.3' and direct resihtance 
Iiv~tirlg.'"' The direct resistance hcat- 
Ing method was judged most suitable 
,iritl w,ts used in this ~nvestigation. 

Strain Controlled Fatigue Properties 

Thc smooth speclmen fat~gue be- 
hav~or ot a metal tested under revrrsed 
itr'iln control may be characttwzed by 
tour rnater~al parameters, 'I " w h ~ c h  
relatr the straln amphtutle ( E ,) to the 
id~lure llfe (2N,)-see Tdhle 1 

cr; 
f. = (LN,)" + - (LN,)" 

E 
( 1 ) 

,\tr,ln strc'ss (tr,,) ~ i f e c t s  n i , l h  be 
~nc lutled through the rnodrt~(at~on- '  

where E I and e 'ire the tdtlgue t l u r t~ l -  
~ ( y  coet t~c~cnt  JII(~ t l ~ p o n ~ t i t  L~n t l  (J: 
,ind 1)  dre th(1 iatlguc.. itrcngtti cot.il~- 
c ~ m t  ancl tymr i r r i t  An add~tlonal 
useful Index ot tdt~gue res~itance 1 5  the 
trans~tlon tatlgue l ~ f e  (2N,,) w h ~ c h  IS 

the l ~ f e  ot a smooth speclmen under 
straln tonlrol at whrch the elast~c 
( A  c ,  /2) and pla5t1c ( A  E $2) straln 
amphtudeh are identlcal 
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As shown I,\; equation ( I ) ,  t l i c '  nltx,ln 
strcs (tr,,) has a11 intluence or1 cr<lc.k 
initi'ltron l i f r .  The mean stress (tr,,) at 
an), reversal (2N) has been shown to 
relax according to the power func- 
tion:.", 9 "  

whcre o,, , i s  the initial mean stress 
and k is the relaxation exponent which 
is dependent on strain amplitude 
( '0. 

The monotonic and cyclic stress- 
strain properties of a material may be 
r ty r~sented by elastic and plastic 
strain components as:" 

Monotonic 

Cyclic- 

where K (K') and n (n') are the mono- 
tonic (cycl~c) strength coeificrmt anti 
strarn-hardenrng exponent 

Object and Scope 

ASTM A36 and A514 steels and 5083- 
0 aluminum were chosen for study 
because: 

1. A36 steel i s  a typical construc- 
tional grade ferritic-pearlitic steel 
widely used for land vehicles dnd 
structures and i s  easily welded without 

5pccrdl heat treatments 
L A514 steel 1s a typrcal, construc- 

liondl grade low-alloy, martensrtic 
stcel w~de ly  used for pressure vessels 
and structure5 and IS also readlly 
welded 

3 580'3-0 alun~inum 1s a reacl~ly 
weldable hardening alumrnum alloy 
irsed in  cyrogenrc dpplrcations 

Completely reversed, unrax~al strain- 
controlled tests of the smooth spect- 
men5 were employed to study fat~gue 
behavror of BM, HAZ,  and one- and 
two-pass WM's tor A36 and A514 
welds and BM and W M  behavror of 
5083-0 wrlds Mean stress relaxatron 
tests were also conducted tor each 
materral at a constant mean $train and 
at varrous strdrn arnplrtudes 

Experimental Program 

Specimen Preparation 

Base metal specimens of A514 steel 
(A514-BM) and 5083-0 alumtnum 
(5083 0 UM) were machrned from 34 
In (19 mm) and 1 In (25 mm) thtck 
plate keep~ng thetr axes parallel to the 
rolltng drrection of the plate-Fig LA 
The HAL speclrnens were machined 
irom base plate and then subjected to 
the srrnulated weld thermal cycles 
a1tt.r whlcli they were machined to the 
hnal dimensions as shown in Frg 2B 
Heat-affected zone spec lmens ot 5083 
alurnlnum base metal were not 
made 

Flve 5eries o i  wcld metal spccrrnens 
were prepared t60S-3 -WM(  I P )  w a i  
machtnecl irom a one pas5 butt 
welded jotnt of A36 steel plates using d 

'/I,, In (I h mm) diameter EGOS 3 elec 

trode, E60S 3 WM(2P)  was machrned 
from a two-pass butt welded j o ~ n l  of 
A36 steel plates using the same elec- 
trode as E60S-3 W M ( 1  P), t 110- 
WM(1P)  wa5 machtned from a one- 
pass butt weld of A514 steel using a 
In ( 1  6 mm) drdnieter E l l 0  electrodr, 
E110-WM(21') was machrned troni a 
two-pass hlutf \ ~ e l d  of A514 steel using 
the E l l 0  electrode, and 5183-WM was 
mathrned frorn a two-pass double V 
butt weld ot 5083-0 alumrnum usrng a 
5183 electrode 

All weltlrng was In the flat posl t~on 
usrng gas rnetal arc (GMA) proccises 
After weldrng, the weld depos~ts were 
rad~ographed to check tor internal 
defects The welded plates were then 
saw-cut into blanks wtth the~r  axes 
normal to thc wc ld~ng  axis Thr blanks 
were th rn  machined to thr  dirnen- 
slons shown rn Frg LA for monotonic 
tenslon tests and Frg 2C tor fattgue 
tests 

Chemrcal composittons are shown 
In Table 2, and the weldrng parameters 
are lrsted In Table 3 

Simulation of HAZ 

The weld thermal cycle at the H A Z  
adjacent to the fuston lrne was 
measured Chromel-alurnel thermo- 
couples (0 020 In (0  51 mm) diameter) 
were spot welded onto the surtace of a 
A36 or A514 i teel plate near the tusron 
l ~ n e  The locatton of the thermocouple 
was determined by preltmindry niea- 
surenients to detrne the tusrori line 
posttion The thermocouples were 
t~lectrtcally anti thermally shrelcled and 
were connected to an oscrllost opc 
1 he thermal cyclc. w ~ s  pliotograph~cal 



Table 1-List of symbols 

True stress and strain 
Strain amplitude, transi- 

tion strain, and mean 
strain 

Plastic strain amplitude 
Mean stress 
Initial and current mean 

stress 
Reversals to failure, tran- 

s t ion  iatigue life, rever- 
sals 

Monotonic and cyclic 
strength coeiticient 

Monotonic and cyclic 
strdtn hardening expo- 
nent 

Elastic inodulus 
True strain and stress at 

iracture 
Fatigue ductility and 

strength coefficients 
Fatigue ductility and 

strength exponent 
Relaxation exponrnt 
Hrinnell and diamond 

pyram~d hardness nurn- 
ber 

Ultimate itrength and 
cyclic y~e ld  stress 

ly recorded Typ~cal traces are shown 
In F I ~  3 

A weld thermal cycle s~mulator was 
developed (Flg 4) to reproduce unl- 
formly the measured weld thermal 
cycle In a speclmen large enough for 
monotonic tenslon and fatigue tests 
The speclrnen In (Fig 2A) was held In a 
palr of water-cooled OFHC copper 
grlps The grips and speclmen were 
mounted on a wooden stand and f~xed 
to prevent transverse drstortlon of the 
specrmen at hrgh temperatures but not 
longltudlnal movement The spec~men 
was heated by a current i rom the 
secondary of the step down transform- 
er (Fig 4), and the temperature was 
measured by a thermocouple spot 
welded to the center of the speclmen 
The heatrng rate was controlled by 
settrng the temperature controller to 
some traction ot total output 

When the temperature of the spec[- 
men reached the maxlmum tempera- 
ture des~red, the current was 5hut o ~ f ,  
and the sprclmen was allowed to cool 
The coolrng rate was controlled by the 
flow o f  the grlp coo l~ng water and the 

l(25) Radius \ 0.250 (225) [ 5/8 NF Threads 

1 (25) Radius 
5 / 8  N F  Threads 

0.180 (4.57) [ 
-- I n .  

1 ( 2 5 )  Radius 
\.250 (225) 1 5/8  N F  Threads 

Fig. 2-Smooth specimens of A-base metal, 6-heat-aHecteti zone, and C-weld 
rne~al  materials; al l  dirnensron, are in inches (mm) 

Table 2-Chemical Compositions of Base and Filler Metals, Wt-% 

Material C M n  P S Si N I Cr M o  

ASTM A36'*' 0.21 1.1 0.12 0.021 10. I0 ccO 10 <0.08 t 0 . 1 0  
E60S-3 0.09 1 .0 0.0 17 0 024 0 50 - - - 

ASTM A514'"1 0.20 0.82 0.010 0.01 h 0 24 0 Oi3 0 .5  1 O .LO 
Ell0 0.08 1.70 O.(X)5 0 . W )  0 4 h  ? 4 0  0 . 0 5  0 50 

Si Fe Cu \ In lblg ('r L n 1- i 

ASTM 5083-0 0 14 0 22 005 0 h4 4 50 0 08 0 04 0 03 
5183 0 12 0 17 002 0 5 7  4 0 0 7  0 0 3  009 

Cu Fe 

0 1 0  Bal 
- Hal 

cOOI Bal 
- BdI 
- -- 

Zr Al 

t0.001 Bal. 
-- Bal. 

flow of argon gas d~rected onto the 
speclmen Once the correct c o r i d ~ l ~ o n  
was determined, ~t w d i  p o s s l ) l ~  to 
subject specrrnens to reproducrblr 
wold thern~al cycles 5uch '15 th,it 
shown In r ~ g  3 

Hardncw and metallograph~c itucl 
res were perforrrird on thc iiniul;ltocl 

HAL qwclrncmj ,~ncl cornpdr~cl w ~ t h  
lhc, tudl w d t i  HAL F~gure 5 j h o w  
the, r t w l t s  ot ,I \ I C  k c m  f'yr~rn~cj hdrd- 
r \ t > i i  tr,lvc'r w O I rnm (0 (104 I n  ) t)c~loiv 
Ihtn l)l,itc, wr l , l cc> tor 4 %  anti A i l 4  
on[' [ )ass hutt \\o/tls 71ie results o l  J 

hardnc>ss trwc,rw tor 1\36 ,tntl \ ? I 4  
~ ~ r ~ i u l ~ ~ t e c l  H 4L i p c ~  IIrnc'ns Jrc 4 i o ~ ~ n  

Table 3-Welding Parameters 
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g5p 0 5 10 I 15 I 20 I 25 I 30 

Time . seconds 

I-S~mulated (A) and mearurcd (6) weld thermal cycler for A514 
IOP F and A16 steel welds 

I 
A514-BM 1 H A Z  / I _ _ _ _ _  , - E I I O - W M  UP1 I HAZ  A514-0M - 
Refzned _*-Coarsened Caaraened mL Refined 

Zone I 
A36-BM / HAZ / ESOS-3-WM OP) - I H A 2  1 A36-BM 

I I I I 

I I I 1 I 1 I 
7 0 4  03  0 2  01 0 01 0 2  03 0 4  0 5  

Distance f r o m  the Weld C e n t e r  L m e ,  tnchea 

Recorder 
( T ~ m e  Versus 

Thermocouple 
,-----I/ 

Transformer 

Fig. .?-Schematic of weld thermal cycle simulator 

1 , specimen Dio -- 

.5-Vickeri harcinesr survev 0.1 rnm b r l o w  the weld d a t e  surface Distance t ram the Center  of the Spsclmen, inches Dtstance, inches 

4 7 1 4  and A 3 6  butt welds 

i ig 6 whrrh 1nd1cate5 that thc srmu 
,d H A L  yxxrrnens were hornoge- 

ou5 In hardness wr th~n  the gage 
iqth 
150th average values and ranges rn 
iitiness numbrrs rnsrtfe the gage 
iigth of each speclrnen were very 

v)se to those of edch actual wcld 
' IZ (F~gs 5 dnd 6) For example, the 
! w a g e  hardness numbers of the 

lual HAZ (gra~n-coarsened regron) 
cli-irl srrnc~lated H A L  w ~ t h l n  the gage 
h g t h  were 257 DPti and 255 DPt-1 for 
1hf3 A36 steel, respectrvely, and 497 
IIPH and 4% DPH for the A514 s t ~ e l  
Ihrdness values for the. A514, A X ,  and 
%13-0 weld rnaterrals are l~sted In 

Fig 6-V~ckerr hardnets survey along the ax15 and across the 
diameter ~f hnth A514 ,?nd A36 c i r ~ i ~ ~ l , ~ t c ~ j  HAZ smooth speci- 
men5 

Tables 4 to 6 
Metallographlc examrnatlon was 

carrled out on  both the actual weld 
H A L  and the srrnulated HAZ specl- 
mens Excellent correlat~on was ob- 
served In comparison between the 
actual weld H A L  and the s~mulated 
HAZ rnlcrostructures 

Mechanical Testing 

Tension tests were conducted using 
a 20 kip MTS hydraulic test system 
similar to that described by Feltner and 
Mitchell.'" A clip-on extensometer (0.5 

In (12 7 rnni) p g e  length) was used to 
rneasur? strarn tor the base and weld 
metal cylrridr~cdl spmmrns,  whrle a 
026 In ( h 6  rnrn) gage length exten- 
sometcr was used for the HAZ specr- 
rncns The weld metal speclrnens wrre 
hourgla5s shaped and requ1rc.d the 
measurement of diametric strain and 
r t s  conversron to axial strain by mean5 
ot an analog computer '- 

Fatigue tests were conducted wrth 
the same q)plratus c~sed tor rnonoton- 
( C  tenslon tests iixral stra~n was 
controlled for the smooth ipeclmens 
of A51-1, Aih, and 5083 0 h e l d  rnaterl- 

Table 4-Tensile Properties of Base, Weld, and Heat-Affected Materials for ASTM A514F/E110 Welds 

Hairiness, L>PH/RHN 
,Modulus of c~lastcc~ty, E ,  X 10' ksi (MPa) 
0.2% ottsrt yield 5trrngth, kic (MPa) 
Uli~rnate tensile strength, Su, k51 (MP,l) 
R~duc t l on  In area, X 
r ru r  fracture strength, u,, ksi (MPa) 
True trdcturr c Iu(~ t~ l~ry ,  e ,  
Strain hardrnlng expont'nt, n 
Strength roet i i c~ f~nt ,  K ,  ksl (hl lJa) 



Table ii-Tensile Properties of Base, Weld, and Heat-Affected Materials for ASTM A36/E60S-3 Butt Welds 

Hardncss, DPH/BHN 
~ M o r l u l u ~  o i  vlast~city, i ,  x 10' ksi (MPa) 
0.2"b oftset yield strrngth, k s ~  (Ml'a) 
Ultilnate tenr~le strength, SLI, ksl (blf'a) 
Reduction In arra, ":, 
True !rdrturca strclngth, cr,, ksi (MPa) 
lru' trarturt. ductility, E ,  

Strain hardening exponent, n 
Strength c-oeff~cient, K, k5i (iMPa) 

~ 

Table 6-Tensile Properties of Base and Weld Metal Materials for ASTM 5083-0/5183 
Aluminum Welds 

Property 5083-BM 5183-WM 

l4,lrdness. DPl i /B I iK  
Modulus o i  Elast~city, E x 10' k i i  (MPa) 
02% ottset vield strength, ksi (MPa) 
Ui t~r i iatr  t m s ~ l e  strength, Su, ksi (iclPa) 
Retiuct~on in area, "i, 
True fracture strrrigth, tr,, ksi (MPa) 
True fracture ductilitv, E ,  

Stra~n harden~ng exponent, r i  
Strength rorff icient, K, ksi (Ml'a) 

als as previously discussed. A sine- 
wave function generator was used to 
generate the strain or .stress history. 
Test frequencies varied from 0.1 to 1 0  
Hz. Stress-strain hysteresis loops were 
recorded at intervals to determine 
cycle-dependent changes In stress and 
plastic strain amplitudes. 

Mean stress relaxation tests with 
constant mean strain but variable 
strain amplitude were conducted. A 
typical strain-block-sequence used i s  
shown in Fig. 7. A stahilrzation block 
was applied to each specimen to 
rnsure stabilization of the hysteresis 
loop before inducing a mean stress 

and studylng ~ t s  relaxatron behawor 
Each lnlt~al mean stress of the mean 
stress relaxation blocks was ~nduced 
by apply~ng a mean strarn Mean 
(u,,) as a functron o f  cycles was then 
measured under a constant 5trarn 
ampl~tutfe 

Results 

Monotonic Stress-Strain Behavior 

Tens~le proprrties of ,436, A514, c ~ r ~ d  
5083-0 weld materrals are I~s tcd  In 
Tables 4 to 6 The monoton~c true. 
stress-stra~n curves tor the ten mlcro- 

1 SB - Stobal~zotion Block 
RE - Relaxation Block 

I 

'5 
0 
Ul 

structures studled are shown In F~gs 8 
to 10 l o r  the A36 weld materrals (Frg 
8), the E6OS-3-WM(1P) has th r  hrghest 
yleld and ~ r l t ~ma te  strength, the A36- 
H A L  has the second, and the A36-BM 
has the lowest 

The order tor hrgher trcre fracture 
d u c t ~ l ~ t y  1s opposrte For the A514 weld 
mater~als (Fig 9),  the order for h~gher 
ult~rndtc tt1n5rle strength dnd lower 
true tr,lctiirc3 ductrllty 1 5  A514 HAL ,  
FI lOW'vl ( IP),  A5 I1RM and C110- 
WXl(LP) t iowwer ,  thc order for h ~ g h -  
er weld strength 1s A5 l+HAL ,  A 5 1 4  
BM, L 0 - 1  P), and E 110- 
WM(2P) 

For the 5083-0 weld mater~als (Fig 
lo),  the strength, ductlllty, and ultl- 
mate strength are essent~ally ~dent~ca l  
for bas? and weld metal 

In general, the strength and duct~l l ty  
ot the wcllcl mdter~als are relatable to 
the h,irclnr,ss-Tables 4 to 0 

Cyclic Stress-Strain Behavior 

Fatigue Behavior 

Thc f ' i t~guc 1)ropertrc.s for the. 2 lh, 
A5 1-l ' ~nd  508 1-0 ~ ~ e l d  ni ,~tcr i~ ls ,ire 
glvcn In r,il>l(.s 7 to c) rht> IatlgllC 
strmqth co(~f t rc~rnt  ((7;) ,~nd the l a -  
t r g u ~  siwngth cxponrnt (b) wrv? 
cakuidtcd as a tunct~on of reversals to 
f d~ l~ r re  u51ng a least-squares f ~ t  to the 
measured elast~c stra~n data The ta -  
tlgue duct l l~ty coeff~c~ents ( r ;) arid 
the tsttgue d u c t ~ l ~ t y  exponent (c) were 
ot)ta~nt.d In a slrnilar manner uslng the 
plast~c straln data and the number o f  
revrrsals to fa~lure t x t  ellent agree- 
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Cyclic Curves 

A 36 Group 

- cycitc 
I , C  Monatonlc . 
0 o m  

Monotonic Curves 

200 
/- 

- - HA2 A 514 Group 

---.- BM 

Cyclic 

Manolon~c - 

5183 Weid Metal --- 5083-0 Base Metal  

Sf ro ln  , t Strotn , r 

I .: .i--.Llonoton~c ,?no' cyclic stress-str,iin response ior A36 sfeel Fig. 9-Monolonir and i y c l ~ c  ttrc,c,-,tra~n rcasponrc tor A514 step1 

t 0 0.002 0.004 a006 0.008 OD10 1 

S t ra in ,  

Tig. 10-Monotonic antl cyclic stress-strain responie for 5083-0 dlurninirrn weld 
ma tcr~dls 

morit was o b t a ~ n e d  be tween  t h e  W M ( I P ) ,  b u t  always l ~ e s  b e l o w  the  
( W w r ~ m e n t a l  data and  equa t i on  (1) as fo rmer  For A3h-BM a n d  A36-HAL,  t he  
w n ~n F ~ g s  1 l t o  13 higher hardnrss rnater~als have the 

l o r  t h e  A36 w e l d  rnater~als (Fig TI),  h ~ g h e r  f a t ~ g u e  r r s~s tance  at  l o n g  l ~ v e s  
?:h-WM(1P) has the h ~ g h e s t  fat igue b u t  a l ower  f a t ~ g u e  reslstance at short  
t f i is tance tor all lives The curve o f  hves The A36-BM 1s ~ n f r r ~ o r  t o  t h r  
/ i jA -WM(2P)  IS srmilar t o  tha t  of A36- o ther  materials i n  t he  A36 group, a n d  

the d ~ f f e r e n c e  In  f a t i gu r  reslstance 
be tween  A36 B M  ant l  t h e  others 
hecomcs largest at l o n g  hves 

For t he  4514 w e l d  rndterials ( r ~ g  12), 
the  r ~ l a t i o n s h i p  bctwec.n ha rc ln~ss  and 
t a t ~ g u ~  re51stance m e n t ~ o n e c l  to r  ,436- 
B M  ~ n d  A3h-t iAL 1 5  also v a l ~ r i  for  
A514 B M  a n d  4514-HAZ 

As seen In  FIE 12, A514-BM 15 s l ~ g h t -  
l y  superior at short I~ves,  A514-WM(2P)  
1s sl ightly super lor  ~t I n t e r m e d a t e  
I ~ v c ~ i ,  and  A714 H A Z  1s srgnit icantly 
supcwor at l ong  hves A514-LVM( l  P) IS 

always in fer lo r  at t he  IIVCS greater than 
ahout  LOO rfversals 

For tht1 A514 wr l c l  r na t~ r1a I5  (Fig IL) ,  
1 3 ) ,  t h r  5183 -WM 15 very s ~ r n ~ l a r  i n  
fatigue b e h a v ~ o r  t o  t h e  5083-0 base 
metal  w i t h  t he  I n s e  m r t a l  p r o d u c ~ n g  
d ~ g h t l y  greater t a t ~ g u e  re5istante at t he  
shorter l lvcs T h ~ s  rc5ult rs n o t  surpr i i -  
~ n f i  c o n v d c r i n g  the  s ~ m ~ l a r  hardness 
(Table h )  o t  the t w o  ma te r~a l s  

Mean Stress Relaxation Behavior Test 
Results 

Tahk 7-Cyclic and Fatigue Properties of Base, Weld, and Heat-Aifected Materials for ASTM A514F/E110 Welds 

Cyclic yield strength, 0.2% ottset, ksi (MPa) 
Cyclic strain hdrdening exponent, n' 
Cyclic strength coefficient, K', ksi (MPa) 
Fatigue strength coefficient, u;, ksi (MPa) 
Fat~gue ductility coeiiicient, 6 ;  

Fatigue strength exponent, b 
Fatigue ductility exponent, c 
Trans~t~on tatigue liie, 2N,,, reversdls 



Table 8-Cyclic and Fatigue Properties of Base, Weld, and Heat-Affected Materials for ASTM A36/E60S-3 Welds 

C y l i r  vielti 5trrngth. 0.2% o i i s ~ t ,  ksi (iv1Pa) 33.6 (232) 
Cyc-l~r str~lln hardrning exponcr~t, n' . 0.249 
Cycllc strength coeti~cient, K', ksi (MPa) 159 (.1Oc)7) 
Fatigue strength coetf~cipnt, tr;, kc1 (MPa) 147 (1014) 
F a t r g i ~ ~  d u ~ t ~ l ~ t y  coeificient, e j 0.271 
Fat~gue strength rxponent, b -0.1 32 
Fatrgue du r t~ l i t v  exponent. c -0.45 1 
Tranqit~on i,ttlgur hte, ZN,,, reveruls 200,000 

t ion exponent  ( k )  is p lo t t ed  i n  Fig. I 5  
as a func t ion  o f  the  strain amp l i t ude  
( e  ,) for  a l l  the  materials studied. 

From Fig. 15, i t  can b e  seen that t h e  
A36 w e l d  mater~d ls  have the greatest 
relaxation rate w h i l e  t he  A514 w e l d  
materials have the least fo r  a g iven 
strain ampl i tude.  The  relaxat ion be-  
havior o f  the  5183-WM is in terme-  
diate. Mater ia ls w i t h  t he  higher transi- 
t i on  fat igue lives, A36 w e l d  materials 
(Tables 7 t o  9), have the  greater relaxa- 
t i on  rates, w h ~ l e  the  materials w i t h  t h e  
shorter t ransi t ion fat igue lives, A5-14 
and 5183 w e l d  materials, have the  
lower  relaxation rates at a g iven strain 
ampl i tude. 

Discussion 

Variation of Weld Materials Properties with 
Hardness 

The r e l a t ~ o n s h ~ p s  be tween  hardness 
and mechan~ca l  and f a t ~ g u e  p rop r r t l es  
-equation (2)-have been  e s t a b l ~ s h r d  
b y  Landgrafn and  M o r r o w  r , t  , I /  " for  
steels A c o m p a r ~ s o n  o f  thesr  k n o w n  
r e l a t ~ o n s h ~ p s  be tween  hardncss ant i  
i a t ~ g u e  propr r t les  a n d  the  test results 
for  A3h 'ind A514 BM ' j ,  WM's ,  and  
HAZ'5 was made  

- - - -- 

Table 9-Cyclic and Fatigue Properties of Base and Weld  Materials for ASTM 5083-0/5183 
Aluminum Welds 

Cyclic yield strengih, 0.2% oitset, ksi (MPa) 
Cychc stran hardening exponent, n' 
Cyclic strength coeiiicient, K', ksi (MPa) 
Fatigue s t r~ng th  coeii ic~ent, (7:. k s ~  (MPa) 
Fat igu~ cluct~litv coeificient, 6 j 
FCltigue strength exponent, h 
Idtigue ductility exponent, c 
Tran~it ion f r~t iguc Ihie, ZN,,, revrrsals 

Landgrafm f o u n d  a l inear relat ion- 
ship be tween  the  transi t ion fat igue l i fe  
(2N,,) and  hardness w h i c h  is s h o w n  b y  
t h e  so l id  l ine  i n  Fig. 16. Bo th  A36 and  
A514 w e l d  materials c o n f o r m  t o  t h e  
l inear relat ionship w h i c h  is shown  as a 
dashed extension o f  t h e  so l id  l ine.  The 
true fracture strength (v,) has been 
f o u n d  t o  b e  equal  t o  hal f  t he  Brinell 
hardness number  ( B H N )  fo r  steels.'.' f o r  
l o w  and  in termedia te  hardnesses as 
shown  i n  Fig. 17. T h e  u, fo r  t he  A36 
and  A514 w e l d  materials was also 
f o u n d  t o  obey  this relat ionship (Fig. 
17).  

Values o f  t he  t r ue  f racture duc t i l i t y  

( r  ,) were  f o u n d  t o  decrease w i t h  
increases i n  hardness (Fig. 18). A single 
relationship, however ,  was n o t  f ound  
for ei ther t he  A36 a n d  A514 w e l d  mate- 
rials or  t he  steels previously investi- 
gated b y  Landgrafn ( s h o w n  as dashed 
lines i n  Fig. 18). T h e  m o n o t o n i c  strain 
harding exponent  (n), also shown  in  
Fig. 18, was f o u n d  t o  b e  a parabolic 
func t ion  o f  hardness w i t h  its m i n i m u m  
occurr ing at 400 B H N .  

The cycl ic strain harden ing expo- 
nent  (n') was p l o t t e d  vs. hardness (Fig. 
19), and  was f o u n d  t o  decrease as the 
hardncss increased for  t he  A36 dnd 
A514 w e l d  materials. N o  trend was 

AEIIO-WM ' 1  ' 4  
Reversals to  F a ~ l u r e ,  2 N f  
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Reversals To Fa i l u re ,  2Nf  

reportrd by Landgraf, howevpr for 
h~gher hardness 5teels as shown by the 
sterr scatter bdnd In F I ~  19 

ased on hardness, the rnonotonrc 
IIC properties (n, cr,, c ,, and 

be estrrnated The fat~gue 
(a;) and duct~hty (c ;) cofffl- 

lay be approx~rnated b y  therr 
onotonic counterparts." 

a( g a, ( 8 )  
, 

G r =  c r  (9) 

The cyclic strength coefficient is:'" 

The fatigue ductility (c) and strength 
(h) exponents are also functions of 
hardness for the A36 and A514 weld 
materials. The Yatigue strength expo- 
nent increases as hardness increases as 
shown in Fig. 20, while the fatigue 
ductility exponent decreases as hard- 

. 74-Normalired mean 5trect relax,~fion test recultc for 5183 
inurn weld rncxt,11 

5 (right)-Rel,~x,ltion pxponc3nt ( k )  a f ~ ~ n c  tion o i  the strain 
itude for A36, A 5 14, ,jnrl 508 3 - 0  wr l r l  n ~ a  t r r~alc 

and thr. ohstwed decrease rn n' w ~ t h  
Inc rcvslng hardness shown In FIR f C )  

Facton Influencing Mean Stress Relaxation 
Behavior 

I hc rnwn strt3ss rr laxat~on behav~nr 
ol CI rnatt,rr,il h,~s Iwen found to bt. ,I 

funt lion of thc2 strarn ampl r t~~t l ( l  
(c , )  " ' " McClsured mean strrs5 rt, 
laxallon exponents-equat~on (4)- 
w h ~ t  h d(~terrn~nc~ the relaxat~on ratr 
and rnmn strrss fat~gue darnaqc. 
h~h'lvror w t w  plotted as a functron of  
hardness In r ~ g  21 Here ~t can be s w n  
that k clcy~twis on hardness for tho 
A514 wcvld rnaterlals but not tor th r  
A lh  weld mater~als However, by 
drvidrng the plast~c stra~n arnpl~tud(> 
(tlc.!(wnrned from the total straln 
arnpl~tutlcl) by the plast~c modulus ( L )  
anrl trans~tlon straln ( c ,,) of the mat? 
r~al, a lrnear rc lat~onsh~p shown In Fig 
22 was ohta~ned whrch appears to be 
val~cl for all the mater~als studred - 

The trans~tlon srraln ( t , , )  1 5  half the 
straln ampl~tutie ( c ,,) w h ~ c h  corrc- 
sponds to L N , ,  

Thls study has been supported In 
part by the Unlvers~ty ot l l l ~ n o ~ s  Frac- 
ture Control Program, the U 5 Arrny 
Corps of Eng~ncers, Grant DACA 88- 
75-C-0014, and the U S Navy-Naval 



Table 10-Cyclic Mean Stress Relaxation Exponent (k) for A514, A%, and 5083-0 Base and Weld Materials"' 

-- - A514 -- - - - A36 -- 5083 0 - 

B M HAL WM(IP) WM(LP) 13 M 7 W,U(lP) WM(2f') B M WM"" 
< 

0 0010 0 009 0 007 0 009 0 0 I 2 0012 0 030 0 030 0 028 0 
(0015) (0008) (0016) ( i l l )  (OoOI) (0030) (0031) (0032) 

00315 0 01 5 0 007 0 018 OOlh 0 O(,tI 0 Oh 1 0 065 0 075 
(0 025) (0 008) (0 01 7) 10 0 I l ) (0 0 if,) (0 060) (0 065) (0 063) 

0 OOLO 0 023 0010 0 0 l f7  0 (1 I0 0 ILL 0 ILL 0 10 1 0 1 5 1  0 032 
(0 027) (0 01 3 )  (0 0 lei) (0 0 2 0 )  (0 l Oh) (0 127) (0 1 0 )  (0 127) 

0 0025 0 038 0013 0 OL h 0 0 10 0 090 
(0 046) (0 017) (0 035) (0 017) 

0 (XI 30 0 (%L 0 021 0 04h 0 04 1 0 LL I 021  3 0 180 0 256 0 256 
(0 079) (0 023) (0 043) (O (160) (0 1 1 ) (0 LOCI) (0 166) (0 180) 

0 (I335 0 084 0 029 0 073 0 Oh 3 
(0 116) (0 034) (0 066) (0 076) 

0 (I340 0152 0 048 0 100 O 087 0 271 0 282 0 283 0 337 
(0 150) (0 082) (0 100) (0 223) (0 257) (0 I '-If>) (0 IeI8) 

(1 0350 0 351 0 349 0 359 0 457 
(0 232) (0 283) (0 267) (0 258) 

A 514 Group 
A 

A A 36 Group 

I 
\ 

Hardness, BHN 

A 514 Group 
A A 36 Group 

Hardness , B U N  , 
Fig. 17-Truc f r a c t u r ~  st r rngth (cr,) , I  Iunc l ion of h,~rtinrss'.' 

Fig. 16-Tranrition f a t i g u ~  l i fe (2N,,) as a 
funt t ion of  h , l r d n ~ w ' '  

Hardness, BHN 
Fig 78-iClonotonit i train hardening r i p o n e n t  ( n )  ,inti rrur3 ir,1itiirc3 
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