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                                     Abstract

   in thisPaper,  fotigtte lives ofsingte spet-wetded.foints made  of mild  steel  (SPCC) sheets  andhigh  strength  steel {HT50)
sheets  of O.8 mm  in thickness  are  obtained  by emperiments  under  the constant  amplitude  ropeating  ieads and  the 2-stops repeat-

ing loade in tensite-shear, then.fatigue iivesfor both kituts ofsteel are  cempared,  and  moreever  the.fatigue lij} obtained  by the
erperiinent is cempared  caith the vaiue  estimated  by asing  Miner's  rule.

   Mbin  conciusions  obtained  are  summarized  asfottows:

(D Thefotig"e iijle.fbr HT50  is generally rather  tonger than  enefor  SPCC  under  the 2-stops repeating  toads including the

Peak-eveTlead; whh,h  is diflerent.from the zve.tt-knetvn rcs"lts under  the constant  atmplitude  ropeating  lead.

(2) 71Ee 
.fixtigue

 lijle obtained  by the erperiment  undler  the 2-stops rapeating  leads inctuding the Peak-overioad does nat  as  a

whoie  a.eree  uaith  the vatue  estimated  bj, using  Miner',s rute.

(3) From above  two cenctusions,  it isfollotvs that the.fotigue  ittZ is censiderably  iOuenced  by the meehanicalProperty  in

the neighborhood  of the spot weld  under  the 2-stopif ropeating  teads including the Peak-overload and  cannot  be disc!tssed without

the consideration  ofthe load histou,.
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1. introduction

  The  fatigue test of  the  single  spot-welded  joint
is usually  throughout  the world  obtained  from the

fatigue test under  the  constant  amplitude  repeat-

ing loads in tensile-shear,  based on  JIS Z  3138-

Method  of  Fatigue Testing for Spot-Welded Joint-in
Japan, According  to this test method,  the  faitgue
life of  the  single  spot-welded  joint for mild  steel  is

generally superior  to one  for high strnegth  stcel,  as

well-known,

  In the  spot-welded  joint structure  in service,  the

real  load on  each  spot  weld  is a  randorn  one,  with  the
amplitude  and  the  period of  the  load wave  irregularly

varylng.

  The  first purpose of  this  study  is to answer  the  ques-
tion  

"Is
 the  fatiguc life of  single  spot-welded  joint for

mild  steel  always  superior  to one  for high  strength

stcel,  for example  under  the  real  loads?'', The  se-

cond  purpose  of  this study  is to comparc  experimental

values  fo the  fatigue life under  various  load conditions

with  estimated  values  using  Miner's  rule  which  is
one  of  the  fatigue life estimation  methods  for the

cumulative  damage,  and  to investigate why  there  is
a  large diflerence between the  experimental  value  and

the  estimated  value.

  In  Miner's  rule,  the  fatigue damage  at  each  load
level is independent  and  the  eflEct  of  the  load history
is not  considered.  If we  usc  AL-N  (AL: load range,

N:cyclic number)  curve  obtained  under  the  constant

 *

 *****

amplitude  repeating  loads and  do the lead frequency
analysis  for the  real  lead, and  estimate  the  fatigue

life using  Miner's  rule,  the  estimated  value  will  not

necessarily  agree  with  the  experimental  valuc.  Es-

pecially in case  of  the  spot-welcled  joint, the  eflbct  of

the  load history on  the  initiation time  and  the  pro-
pagation behavior  of  the  farigue crack  is associated

with  the  elastic-plastic  deformation behavior around

the  spot-weld  and  this deforrnation bchavior probably
depends on  mechanical  properties of  the  material  of

the  test specimem,  Accordingly,  the effect  of  the

lead history on  the  fatigue life of  the  spot-weldcd

joint may  largely difller depcnding on  the  sheet  materi-

als  (mild steel  and  high strength  steel in this paper).
  In this  study,  as the first step  to make  clear  the  fa-
tigue  ]ife of  the  spot-welded  joint made  of  thin  steel

shects  under  the  real  load, we  carry  eut  the  following
experiments  and  investigations :

(1) Cemparison  among  fatigue lives of  single  spot-

welded  joints for mild  steel  and  high strength  steel

under  the constant  amplitude  repeating  loads and  ithe

2-steps repeating  loads in tensile-shear,  and  the  com-

parisen between  the  crack  initiation life and  the  crack

propagation life of  each  spot-welded  joint.
(2) Cemparison bet"een the  experimenta1  vaiue  of

fatigue lives and  the  estimated  value  using  Miner's

ru]e.(3)

 Invsetigation of  the  eflect  of  the  load history by
kinds of  the  load and  of  the  material  of  thc  test spe-

cimen  on  the  fatigue life of  each  spot-weldedjoint.
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2. TheExperimentalMethod

2.1 The Tlestspecimen

  The  test  specimens  used  in this expcriment  are

two  kinds of  single  spot-welded  joint specimens  made

of  mild  steel  (SPCC) sheets  and  high  strength  steel

(HT50) sheets  ofO.8mm  in thickness.  Table 1 shows

chemical  compositions  of  these  specirnen  materials,

and  Table  2 shows  mechanical  properties of  these  spe-

cimens  sheets.

2.2 T)5e Shape and  Dimensiens of the S)bot- ualded loint
  The  shape  and  dimensions of  the  spot-welded  joint
are  shown  in Fig. 1, they  are  based on  JIS Z  3138.
Thc  nugget  diameter  ofthe  spot-weld  in this experiment
is 5.0 mm ±O.2 mm.

2.3 T)lte Determination of the Ritigue Life

  When  cracks  of  the  same  length as  diameter of

indentation on  the  spot  weld  or  its vicinity  area  have
developed  on  either  of  both  surfaces  of  the  joint, such

a  state  is defined as  exhausting  of  the  fatigue life,

2,4 Ropeating Load Patterns

  All the repeating  load patterns used  in this experi-

ment  are  R>O,  40Hz  in frequency,  which  are  illustrat-

ed  in Fig. 2. Type  I is the  constant  amplitude  re-

pcating load  that  is usually  used  in the  fatigue test,

and  Types  II, III, IV  are  the  2-steps repeating  loads,
where  the minimum  load is constant  in Type  II, the
mean  load  is constant  in Type  III, and  the  maximum

load is constant  in Type  IV. In this figure, the  range

of  the  constant  amplitude  repeating  loads is indicated
as  AL  and  a  larger load range  and  a  smaller  load

   Table 1 Chemical compesitionsofsheet  materials  used
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Fig. 2 Types  ofrepeating  load pattern  used

range  in 2-steps load patterns are  indicated as  ALi
and  AL2,  respectively,  Repeating numbcrs  of  ALi
and  AL2  in a  unit  sequence  are  indicated as  ni  and

n2,  respectivcly,  which  are  chosen  in multipliers  of

10, such  as  100, 10i, 102, I03, I04, 105. In this  paper,
results  in case  of  ni  =l  that  corresponds  to the  case  of

the  peak-overload are  mainly  described.

2.5 71ee Detection Mkthed of the &ack  l}iitiation and  the

    Crack Propagation

  The  detectien of  the  crack  initiation and  the  crack

propagation is based  on  the  semi-quantitative  behavior
of  the  strain  range  AE  (de+i, E: othet  strain)  obtained

by a  strain  gauge  which  is bonded  in the  direction
of  the  load axis  on  the  indentation  on  thejoint  sheet,

and  this method  was  developed by the  authors,r:2)

  Fig, 3 shows  an  example  of  the strain  range  behavior
under  thc  constant  amplitude  repeating  loads. In
this figure, when  the  measured  strain  range  has the

same  phase as  the  load phase, the  strain  range  is indi-
cated  as  +Ae;  and  whcn  it has a  reverse  phase, the
strain  range  is indicated as  

-AE.
 The  strain  range

measured  under  the  constant  amplitude  repeating

loads kceps almost  the  same  value  as  the  initial strain

range  (AEi) up  to a  specific  number  of  cycles,  and

after  passing this number  ofcycles  shows  a  rapid  varia-

tion  and  lastly reaches  a  number  of  cyc]es  that  cor-

responds  to the  fatigue life Nf. The  start  point of

this rapid  variation  corresponds  very  exactly  to the

crack  initiation time,  The  correspondence  of  the
strain  range  behavior  to the  crack  initiation and  the

fatigue life etc.  has been preved  by the  authros.  In
Types  II, III, IV, the  behavior of  the  strain  range  is
basically the  same  as that  in Type  I. In Fig. 4, an

example  cf  the  strain  range  behavior in Type  II is
shown.  In this case  two  curves  of  the  strain  range

(4)
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   Fig. 4 An  example  of  relation  bet"Teen strain  range  and

         number  ofcycles  (Type II)

that  correspond  to ALi  and  AL2  are  detected  and

each  curve  has the  same  tcndency  as  that  in Fig. 3,
as  seen  easily.

3. Experimental  Results  and  Discussion

3.I 71ce Iiketigue Lijle under  the Cbnstant Amplitude Re-

     peating Loacts

  In  Fig. 5, AL-N  curves  of  spot-welded  joints fbr
SPCC  and  HT50  in the  case  of  TypeI  are  shown.  It

is found from  this figure that  the  fatigue Iife for SPCC
is longer than  that  fbr HT50  over  the  load range  for
N>10`,  and  at  N>106  the fatigue life for SPCC  is
very  superior  to that  fbr HT50.

  Next, we  carried  out  the  fatigue test using  test spe-

cimens  in SPCC  and  HT50  under  the  constant  am-

plitude repeating  loads for various  ALi's and  AL,'s

with  difllerent R's values.  Average  valuesof  the  fa-

tigue  life obtained  in this experiment  are  shown  in

Table  3, which  are  utilized  in the  fatigue life estima-

tion  by Miner's rule  described  later. As  seen  from

this Table,  most  cf  fatigue lives for SPCC  are  longer

than  those  for HT50.

AA
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A&
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ni=lcycle,nz=104cc[esAeftef-:Nf
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            Number  of  cydes  N

         Fig. 5 dL-N  diagram  (Type I)

Table  3 Fatigue  lives of  spot-welded  joints for SPCC  and

       HT50  under  constant  amplitude  repcating  loads

AL(kN) L]tnR-Lncx spccC[ycl[)' 11T50(cyclc)

2.94 D.03

tt1.4xlO-1.nxlo4-

196'

'
i).os R.exlo4' 6.exl04

D.Osi1.lxlo66.nxlo5tt

1.IS D.a53.sxlobttttttt2.7xLo5ttt- ttttttt2.0xlOe
O.61 z.gxlo5

O.69 o.64 >iu73,9xlo6

3.2 Zhe IJlatigtte Lijle under  the 2-Stops Ropeating Leads

  In Fig. 6, as  an  example  the  fatigue life fbr SPCC
in thc  case  of  Type  II is compared  with  that  for HT
50, where  ALi:  1.96kN and  AL2:  1,l8kN, ni:l  cyclc,

n2:  variable.  It is seen  that  the  relationship  beteeen
fatigue lives fbr SPCC  and  HT50  in this  fatigue is
reverse  to that  obtained  for Typc  I, and  especially  in
the  case  of  n2==I05  cycles,  the  fatigue life of  HT50

is about  twenty  times as  Iong  as  that  of  SPCC.

  The  crack  initiation life obtained  by  separating  the
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total  fatigue life in this case  into the  crack  initiation

life and  the  crack  propagation  life is shown  in Fig. 7.
In this figure, the  crack  initiation Iife of  HT50  fbr
n2<102  is shortcr  than  that  for SPCC.  and  this  is si-

milar  to the  case  under  the  constant  amplitude  repeat-

ing loads, However,  the crack  initiation life of  HT50
for n,>103  is longer than  that  of  SPCC,  and  this is
reverse  to  the  case  under  the  constant  amplitude  re-

peating  loads. Especially, in the  case  of  n2==105

cycles,  the crack  initiation life of  HT50  is one  hundr-
ed  tirnes as  long  as that  for the samc  value  of  AL2

under  the  constant  amplitude  repeating  loads, that

is to say,  the  crack  initiation life of  HT50  is about  ten

times  as  long as  the  total  fatiguc life ef  SPCC  for the

same  AL2. These results  clearly  indicate that  the
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           load history on  the  crack  initiation life
is very  large and  we  can  not  discuss the total fatigue
life witheut  taking  account  of  this eflbct,

  Fig. 8 shows  the  fatigue life of  SPCC  for two  ALi's

in Type  II. From  this figure, it is seen  that  the  fatigue
life fbr the  larger AL,  becomes longer than  that  fbr
the smaller  ALi  for n2>104,  Rcsults shown  in Figs.
6, 7 and  8 are  diflerent from  the  common  knowledge

obtained  under  the  constant  amplitude  repeating  loads.

3,3 Zhe Cbmparison of Emperimental Results of the thti-
    gue Lijb with  Its E3timated Restttts

  Figs. 9.-.I3 show  the  comparison  of  experimental

results of  the  fatigue life with  the  estirnated  results

by using  Miner's rule, where  the  solid  line and

the  dashed line correspond  to cstimated  results  for
SPCC  and  HT50,  respectively,  As Miner's rule  is
basically a  linear cumulative  law  of  damage, it is

possible to  presume  an  effect  of  load history on  the

fatigue life, from  thc  comparison  of  expcrimental

values  with  estirnated  values  by  using  Miner's  rule.

In Fig. 9, where  the  load pattern is Type  II, ALi:

2.94 kN,  AL2:  1,18 kN, the  experimental  value  of

thc fatiguc life ef  HT50  is longer than  that  of

SPCC  with  an  increasing n2,  the same  as  Fig, 6, In
the  case  of  SPCC,  for n2>103  cycles  cxperimental

values  are  a  little smaller  than  estimated  values,  and

fbr n2>104  cycles  experimental  values  are  a  little lar-
ger than  estimated  values,  that  is to  say,  it is conclud-

ed  that  bDth values  agree  to some  extent  with  each

other.  Meanwhile  in the  case  of  HT50,  experirnen-

tal values  arc  larger than  estimated  values  with  an

increasing n2;  especially  when  n2  is I05 cycles,  the ex-

perimental value  is about  one  hundred  times as  large
as  the  estimated  valuc.  It is considered  from  the

abovc  results  that  the  fatigue damage  due  to AL2

after  the application  of  AL,  in Type  II is much  smal-
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Fig. 10 Comparisen of  experimental  results  with  estimated
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ler than  the  fatigue damage  due to AL2  in Type  I.

  In Fig. 10, the  load pattern is Type  III and  each

load range  is the  same  as  Fig. 9. In these  load cen-

ditions, the  fatigue life of  HT50  is longer  than  that  of

SPCC.  The  relationship  between experirnental  values

and  estimated  values  for SPCC  is similar  te that  ob-

tained  fbr Type  II (Fig. 9). However,  the  experi-

rnental  value  for HT50  at  n2==105  cycles  is smaller

than  that  at  n2=!104  cycles.  Under  this  condition,

both  the  crack  initiation life and  the  crack  porpaga-
tion  life are  almost  the  same  as  those  for the  sarne  load
range  in Type  I with  this AL2･

  In Fig. II, the  load pattern is Type  IV  and  each

-ovh

 Uw

-Zog

o--oe

Fig. 11

1
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l

load range  is the same  as  Fig. 9. Under  this condi-

tion,  experimental  values  agree  with  the  estimated

ones  for both  SPCC  and  HT50,  and  ratio  of  the  crack

initiation life to the  crack  propagation  life or  the  pro-
pagation  behavior of  the  fatigue crack  almost  agrees

with  the  results obtained  in Type  I. It is considered

from this fact that  the  fatigue damage  for each  load
range  is independent,  when  twe  maximum  loads of

2-steps repeating  loads are  the  same.

  In Fig. 12, the  load pattern is Type  III and  ALi:

2.94 kN, AL,:  O.69 kN.  The  fatigue life of  SPCC  in

thc  case  of  the  constant  amplitude  repeating  loads:

AL=O.69  kN  is more  than  10' cycles,  and  that  of

HT50  is 3.9× 106 cycles  as  shown  in iTable 3. It is

understood  from  the  above  fact that  the  ]oad range

AL=O.69  kN  is below  the  fatigue limit for SPCC,
while  this load range  is ovcr  the fatigue limit for HT
50. However,  even  under  such  a  load  range  the  fa-

tigue  life of  HT50  is much  longer  than  that  of  S?CC
for n2>103.  Moreover, experimental  values  for HT
50  are  larger than  estimated  ones  as in Fig. 9, whilc

cxperimenta1  values  for SPCC  are  much  smaller  than

estimated  values,  for example  the  experimental  value

at  n2==105  cyclcs  is about  one  200th  of  the  estimated

value,  unlike  all  results  of  cases  described hitherto.
It is supposed  from the  above  fact that  the  compres-

sive  residual  strain  formed in the  neighborhood  of  the

spot-weld  by the  application  of  ALi  decreases after

rnany  times  ofapplication  of  AL2,  thus  the  load range

of  ALi  after  applications  ef  AL?  increases substantia]ly
and  the  fatigue damage  after  application  of  ALi  in-

creases.

  In Fig. 13, the load pattern is Type  II, ALi:  2,94

kN, AL2:  1.18kN  and  n2  is fixed at  10  ̀ cycles,  while

ni  is varied  ever  a  range  10en-103 cycles.  In this

condition,  the  fatigue life of  HT50  is also  Ionger than

that  of  SPCC.  And  experimental  values  for SPCC
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agree  as  a  whole  with  estimated  values,  while  experi-

mental  valucs  for HT50  are  much  largcr than  cstimat-

ed  values  for ni<102.

3,4 The Efact of the Load flistorp,

  Thc  cfll]ct ofthe  load history on  the  fatigue life of

spot-welded  joint fbr SPCC  quantitatively is very  difler-
ent  from that  for HT50,  as  seen  from the result  in the

forgoing section,  Here  is stated  our  reasoning

about  the eflbct of  the  load history. Firstly, it is con-
sidered  that  this efiect  is caused  bv diflbrent mechanical                            '
propertics such  as  yicld stress  and  elongation  in the

neighborhood  of  the  spot-weld  between SPCC  and

HT50.  And  it is supposed  that  the  size  of  the  plastic
region  and  the  magnitude  of  the  compressive  residual

stress formed in the  neighborhood  of  the  spot-wled  by
the  application  of  AL,  are  largely diffbrent betwecn
SPaC  and  HT50,

  On  the  other  hand,  when  the  maximum  load of

AL2  is smaller  than  that  of  ALi,  thp local bending
behavior  and  the  opening  displacement  in the  ncigh-

borhood of  the  spot-weld  edge  or  the  crack  top  are  res-

tricted  by the  compressive  residual  stress  formed by
the  application  of  ALi,  Hence,  the  fatigue damage
due  to  AL2  after  thc  application  of  ALi  dccreases
unlike  that  due  to the  same  AL2  under  the  constant

amplitude  repeating  loads. Consequently, the  fatigue
life in this case  becomes larger compared  with  the  case

under  the  constant  amplitude  repeating  loads. (For
example,  refer  to the  case  for HT50  in Fig. 9.) Frem
now  this  eflbct  is called  

`Can

 eflect  to lengthen the fa-
tigue  life",

  While, the  compressive  residual  stress  formed by ALi
is released  partially by  multiple  applications  of  AL2,
Ocurrence of  this phenomenon  is proved  from the  vari-

ation  of  the ofllset  strain  in Fig. 14, which  shows  a

ne1o"
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number  of  cycles  (Type II)

sudden  variation  toward  minus  side  of  the  offset  strain

aftcr  the applications  ef  AL,  at  N=1  × lO  ̀ and  2 × IO`
and  the  variation  toward  plus side  of  offset  strain  im-
mediately  after each  application  of  ALi  by  the  ap-

plications of  AI{,,

  It is considered  that  the  oflSet  strain  obtained  from
the strain  gauge  bonded  on  the  indentation on  the

test specimen  under  the  constant  amplitude  repcating

loads of  AL,  larger than  thc  fatigue limit generally
increases linearly toward  minus  side  with  an  increasing
repeating  number  N.  Hence,  thc  variation  toward

plus side  of  the  offset  strain  means  a  partial release  of

compressive  residual  stress  after  the applications  of

AL2, As a  result,  the  Ioad range  of  ALi  after  ap-

plications of  AL,  increases substantially  and  the  fa-
tigue  damage  by the  application  of  AL,  increases.

(For example,  refer  to the  case  of  SPCC  in Fig. I2.)
From  now  this eflect  is called  

CCan
 effect  to  shorten

the  fatigue life".

  In the case  ef  AL2  larger than  the  fatigue limlt in
Types  II and  III, the  fatigue life obtained  by the  ex-

periment  for SPCC  apparently  agrees  with  that  esti-

mated  by Miner's rule  because an  eflbct  to lcngthen
thc fatigue lifei:ian cfl}:ct  to shorten  the  fatigue life,
while  the fatigue life obtained  by the  experiment  for
HT50  becomes  much  Iarger than  that  estimated  by
using  Miner's rule  because an  eflbct  to lengthen  the

fatigue life is much  larger than  an  effect  to shorten  the

fatigue life. The  reason  why  an  eflbet  to lengthen the
fatigue life fbr HT50  is larger than  that  fbr SPCC  is

because the  yield point of  HT50  is larger than  that  of

SPCC,  while  thc  reason  why  an  eflbct  to shorten  thc

fatigue life for SPCC  is larger than  that  for HT50  is
because  the  yield point ef  SPCC  is smaller  than  that
ef  HT50.

  Moreover,  in the  case  of  AL2  smal]er  than  thc  fa-
tigue  limit in Type  II and  Type  III, thc  fatigue life
for SPCC  obtained  by  the  experirnent  becomes smallcr

with  an  increasing nz  than  the  fatigue life estirnated

by using  Miner's rule,  because there  is only  an  eflbct

to shorten  the  fatigue life in this case,

  In addition,  the  eflbct  of  the  load historv on  the                                      .
fatigue life in the  multispot-welded  structure  may  be
smaller  than  that  in the single  spot-welded  joint.

(8)
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4. Cenclusions

  In this paper, fatigue lives of  single  spot-welded

joints made  ofmild  steel  (SPCC) sheets  and  high  stren-

gth steel(HT50)  shects  of  O.8 mm  in thickness  are  ob-

tained  by epxeriments  under  the  constant  amplitude

repeating  Ioads and  the  2-steps repeating  loads in

tensile-shear,  then  fatigue lives for both  kinds of  steel

are  compared,  and  moreover  the  fagitue life obtained

by the  experiment  is compared  with  the  value  estimat-

ed  by using  Miner's  rule,  that  is one  of  the  cumulative

damage  rules.

  Main  conclusions  obtained  are  summarized  as  fo1-
lews:(1)

 The  fatigue life of  HT50  is gencrally rather  longer

than  one  of  SPCC  under  the  2-steps repeating  loads
including the  peak-overload,  which  is diflerent from
the well-known  result  under  the  constant  amplitude

repeating  loads. (Refer to Figs. 6, 7, 9, 10, 12 and  IS,)

This  conclusion  will  give rise  to discussion on  the

testing  method  of  thc  spot-welded  joint made  of  vari-

ous  materials  sheets.

(2) The  fatigue Iife obtained  by the  experiment  un-

der the 2-stcps repeating  Ioads including  the  peak-

overload  does not  as  a  whole  agree  with  the  value

estimated  by using  Miner's rule,  (Refer to Figs. 9,

IO, 12 and  13)

(3) From  above  two  conclusions,  it fbllows that  the

fatigue life is considerably  influenced  by the  mechani-

cal  property  in the  neighborhood  of  the  spot-weld

under  the  2-steps repeating  loads including  the  peak-
overload  and  it can  not  be  discussed without  the  con-

sideration  of  the  load  historv,                       i
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