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(54)  PLASMA  ARC  WELDING  METHOD  AND  APPARATUS  FOR  PRACTISING  THE  SAME 

(57)  A  plasma  arc  welding  method  characterized  by 
the  steps  of  thermally  melting  a  part  of  an  upper  work 
with  a  plasma  arc  to  form  a  molten  basin,  bringing  this 
molten  basin,  which  is  retained  by  surface  tension,  into 
contact  with  a  part  of  a  lower  work  by  the  pressures  of 
the  plasma  arc  and  sealed  gas,  and  melting  the  contact- 
ing  part  of  the  lower  work  by  the  conduction  of  heat  to 

weld  these  two  works  to  each  other,  a  swirling  force  being 
applied  to  the  plasma  gas  in  the  plasma  gas.  A  plasma 
arc  welding  apparatus  used  for  this  plasma  arc  welding 
method,  characterized  in  that  the  apparatus  is  provided 
with  a  plasma  torch  having  a  plasma  ejection  port  from 
which  a  plasma  gas  of  a  plasma  arc  is  ejected  as  it  is 
swirled  toward  a  space  around  an  electrode. 
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Description 

TECHNICAL  FIELD 

5  The  present  invention  relates  to  a  plasma  arc  welding  method  of  welding  together  a  plurality  of  plate  materials  laid 
one  over  another  and  also  to  an  apparatus  for  carrying  out  this  method. 

BACKGROUND  ART 

10  The  plasma  arc  welding  technique,  especially,  the  plasma  arc  spot  welding  technique  is  favorably  comparable  with 
the  conventional  electrical  resistance  spot  welding  technique  in  that  because  of  its  ability  to  weld  from  one  side,  it  is 
advantageously  capable  of  dealing  with  large-sized  workpieces  as  well  as  workpieces  which  are  of  an  irregular  config- 
uration.  For  this  reason,  a  research  and  development  work  has  hitherto  been  extensively  conducted  for  the  plasma  arc 
welding  technique  in  respect  of  a  variety  of  phases  thereof. 

15  In  the  conventional  typical  plasma  spot  welding  technique,  however,  while  a  so-called  thermal  conducting  process, 
i.e.  a  process  in  which  workpiece  materials  are  welded  together  by  the  thermal  conduction  of  an  arc  heat,  has  inherently 
been  adopted,  due  to  an  insufficient  stability  encountered  in  the  plasma  arc,  a  molten  pool  in  a  front  side  workpiece 
material  may  not  stably  be  brought  into  contact  with  a  rear  side  workpiece  material.  Accordingly  in  this  technique,  certain 
disadvantages  have  arisen  that  can  be  listed  as  follows: 

20 
(1)  The  weld  penetration  is  shallow  and  is  problematical  in  the  resultant  welding  strength; 
(2)  The  welding  is  susceptible  of  being  influenced  from  a  spacing  which  is  formed  between  workpiece  materials 
placed  one  over  another  to  bring  about  a  large  fluctuation  in  the  degree  of  a  weld  penetration  formed,  resulting  in 
a  lack  of  stability  in  the  quality  of  a  weld;  and 

25  (3)  It  takes  too  long  in  time  to  weld  together  thick  workpiece  materials  which  are  large  in  a  thermal  capacity  thereof. 
Hence,  being  encountered  with  a  problem  arising  in  the  reliability  in  the  quality  of  a  weld,  the  plasma  arc  welding 
technique  has  seldom  been  utilized  in  a  workpiece  welding  operation  in  which  the  welding  strength  is  especially 
important. 

30  In  an  attempt  to  resolve  this  problem,  the  prior  art  has  adopted  as  another  technique  a  plasma  arc  spot  welding 
method  as  disclosed  in  Japanese  Unexamined  Patent  Publication  No.  Sho  51  -1  42456  in  which  in  spot-welding  together 
two  or  more  workpieces  laid  one  over  another,  in  addition  to  the  use  of  a  plasma  arc  in  order  to  melt  the  workpiece 
materials  by  heating  them,  a  keyhole  action  of  the  plasma  arc  is  utilized  to  cause  the  plasma  arc  to  completely  penetrate 
into  a  rear  side  of  a  rear  side  workpiece  material  so  as  to  allow  the  weld  penetration  formed  to  be  reached  thereto. 

35  In  Fig.  1  there  is  shown  the  sequence  of  a  plasma  arc  spot  welding  method  as  set  forth  in  the  above  noted  prior  art 
publication. 

According  to  such  a  method,  after  a  plasma  arc  2  has  first  been  generated  by  means  of  a  torch  1  , 

(1)  A  molten  pool  is  formed  in  a  front  side  workpiece  material  3a; 
40  (2)  An  excavation  in  the  workpiece  material  3a  is  initiated  by  means  of  the  plasma  arc  2; 

(3)  The  excavation  is  brought  about  in  both  the  workpiece  material  3a  and  a  rear  side  workpiece  material  3b; 
(4)  The  plasma  arc  2  is  penetrated  to  a  rear  side  of  the  rear  side  workpiece  material  3b  to  form  a  keyhole  extending 
through  the  two  workpiece  materials  3a  and  3b; 
(5)  By  controlling  a  welding  current,  a  plasma  gas  flow  rate  and  so  forth,  the  keyhole  is  closed;  and 

45  (6)  The  arc  is  terminated  to  end  the  welding  operation.  By  performing  a  spot  welding  operation  of  keyhole  type  in 
the  foregoing  sequence,  a  weld  penetration  as  formed  will  be  reached  into  the  rear  sides  of  the  workpiece  materials 
3a  and  3b  so  as  to  form  a  complete  nugget  therein.  Yet,  since  the  weld  penetration  obtained  is  deep  in  this  method, 
the  technique  can  be  applied  to  comparatively  thick  workpiece  materials. 

so  In  a  welding  method  of  keyhole  type  in  the  above  mentioned  prior  art,  however,  there  arise  inconveniences  such  as: 

(1)  As  shown  in  Fig.  2,  when  the  keyhole  process  is  used  for  thin  plate  workpieces  3a  and  3b,  a  material  may  be 
blown  off;  consequently,  since  a  portion  which  is  of  a  weak  strength  may  be  created,  or  a  blow-hole  may  be  formed, 
the  quality  of  a  weld  will  not  be  stabilized; 

55  (2)  Since  for  thick  workpieces  the  plasma  arc  needs  to  penetrate  therethrough,  a  plasma  unit  which  is  of  a  consid- 
erably  large  output  will  be  required;  and 
(3)  Since  a  keyhole  is  formed,  a  product  will  have  an  appearance  quality  that  is  inferior  to  those  obtained  by  the 
above  mentioned  thermal  conduction  process. 
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SUMMARY  OF  THE  INVENTION 

With  the  foregoing  in  mind,  it  is  a  primary  object  of  the  present  invention  to  provide  a  plasma  arc  welding  method 
as  well  as  an  apparatus  for  carrying  out  the  same  whereby  a  deep  weld  penetration  welding  operation  is  achieved  without 

5  creating  a  keyhole;  there  is  less  susceptibility  of  being  influenced  from  a  spacing  which  may  be  formed  between  work- 
piece  materials  placed  one  over  another;  a  stabilized  welding  operation  can  be  achieved  at  all  times;  and  a  welding 
operation  can  be  attained  with  an  apparatus  which  is  of  a  comparatively  small  output,  even  for  thick  workpieces  and  in 
a  relatively  short  period  of  time. 

In  order  to  achieve  the  above  mentioned  object,  there  is  provided  in  accordance  with  the  present  invention,  in  a  first 
10  construction  thereof,  a  plasma  arc  welding  method,  characterized  in  that  a  portion  of  a  front  side  workpiece  material  is 

heated  and  melted  by  a  plasma  arc  to  form  a  molten  pool  thereat,  that  the  said  molten  pool  is  held  not  to  fall  or  drop 
under  a  surface  tension  acting  thereto  and  is  brought  into  contact  with  a  portion  of  a  rear  side  workpiece  material  under 
a  pressure  which  is  exerted  by  the  said  plasma  arc  and/or  a  shielding  gas,  further  that  the  said  portion  of  the  said  rear 
side  workpiece  material  is  brought  into  a  molten  state  by  a  thermal  conduction  thereto  so  that  the  said  two  workpiece 

15  materials  may  be  welded  together,  and  that  a  swirling  flow  is  imparted  to  a  plasma  gas  of  the  said  plasma  arc. 
According  to  the  foregoing  construction,  with  a  swirling  flow  imparted  to  the  plasma  gas,  it  follows  that  a  stability  of 

the  plasma  arc  can  be  maintained  even  with  a  plasma  gas  flow  rate  which  is  less  than  in  the  prior  art  and  that  for  this 
reason  a  molten  pool  in  the  front  side  workpiece  material  can  stably  be  brought  into  contact  with  the  rear  side  workpiece 
material.  As  a  result,  the  thermal  conduction  required  is  accomplished  efficiently  and  with  certainty. 

20  In  addition  to  the  above  mentioned  construction,  the  above  mentioned  method  preferably  includes  a  feature  that  in 
the  step  in  which  the  said  molten  pool  of  the  said  front  side  workpiece  is  brought  into  contact  with  the  said  rear  side 
workpiece  material,  the  said  pressure  which  is  exerted  by  the  said  plasma  gas  and/or  the  said  shielding  gas  is  adjusted 
by  controlling  at  least  one  of  a  flow  rate  of  the  said  plasma  gas,  a  flow  rate  of  the  said  shielding  gas,  a  plasma  welding 
current  magnitude  and  a  standoff  in  accordance  with  a  particular  quality  of  the  said  front  side  workpiece  material  and  a 

25  particular  spacing  in  size  which  is  formed  between  the  said  two  workpiece  materials. 
According  to  the  foregoing  construction,  the  said  molten  pool  of  the  front  side  workpiece  material  is  still  more  stably 

brought  into  contact  with  the  rear  side  workpiece  material. 
Further,  it  has  been  discovered  that  in  addition  to  the  above  mentioned  construction,  if  the  said  plasma  gas  flow 

rate  with  respect  to  the  the  welding  current  magnitude  which  is  determined  by  the  quality  of  the  said  front  side  workpiece 
30  material  and  the  welding  bonded  area  (i.  e.  the  welding  strength)  is  controlled  so  as  to  lie  within  a  particular  range  in 

the  above  mentioned  method,  a  plasma  arc  welding  operation  can  be  performed  with  a  stability  and  that  as  a  result  a 
plasma  welding  operation  is  made  possible  even  for  a  thick  plate  workpiece  material. 

It  has  been  found  that  the  above  mentioned  range  has  an  above  mentioned  plasma  gas  flow  rate  of  2  to  5.6  liters/min 
when  the  above  mentioned  plasma  welding  current  magnitude  lies  between  40  to  100  amperes. 

35  The  present  invention  also  provides,  in  a  second  construction  thereof,  a  plasma  arc  welding  apparatus  in  which  a 
portion  of  a  front  side  workpiece  material  is  heated  and  melted  by  a  plasma  arc  to  form  a  molten  pool  thereat,  the  said 
molten  pool  is  held  not  to  fall  or  drop  under  a  surface  tension  acting  thereto  and  is  brought  into  contact  with  a  portion  of 
a  rear  side  workpiece  material  under  a  pressure  which  is  exerted  by  the  said  plasma  arc  and/or  a  shielding  gas  and 
further  in  which  the  said  portion  of  the  said  rear  side  workpiece  material  is  brought  into  a  molten  state  by  a  thermal 

40  conduction  thereto  so  that  the  said  two  workpiece  materials  may  be  welded  together,  the  said  apparatus  comprising  a 
plasma  torch  which  has  a  plasma  flushing  outlet  for  swirling  and  flushing  a  plasma  gas  of  the  said  plasma  arc  around 
an  electrode  therefor. 

In  addition  to  the  above  mentioned  construction,  the  above  mentioned  apparatus  preferably  comprises:  an  articu- 
lated  robot  for  supporting  the  said  plasma  torch,  a  plasma  power  supply  connected  to  the  said  electrode,  a  gas  supply 

45  source  connected  to  the  said  plasma  flushing  outlet,  and  a  shielding  gas  flushing  outlet  disposed  around  the  gas  flushing 
outlet  of  the  said  plasma  torch  and  connected  to  the  said  gas  supply  source  or  another  gas  supply  source,  and  is  further 
provided  with  a  control  unit  for  controlling  at  least  one  of  an  operation  of  the  said  articulated  robot,  an  electric  current 
from  the  said  plasma  power  supply  and  a  flow  rate  of  the  said  plasma  gas  and/or  a  flow  rate  of  the  said  shielding  gas 
from  the  said  gas  supply  source. 

50 
BRIEF  EXPLANATION  OF  THE  DRAWINGS 

The  present  invention  will  better  be  understood  from  the  following  detailed  description  and  the  drawings  attached 
hereto  showing  certain  illustrative  embodiments  of  the  present  invention.  In  this  connection,  it  should  be  noted  that  such 

55  embodiments  as  illustrated  in  the  accompanying  drawings  are  intended  in  no  way  to  limit  the  present  invention,  but  to 
facilitate  an  explanation  and  understanding  thereof. 

In  the  accompanying  drawings: 

Fig.  1  is  a  schematic  sequence  diagram  illustrating  a  conventional  plasma  arc  spot  welding  method; 

3 
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Fig.  2  is  a  schematic  diagram  illustrating  a  state  in  which  a  keyhole  is  formed  through  thin  plate  workpiece  materials 
in  accordance  with  the  above  mentioned  conventional  method; 
Fig.  3  is  a  schematic  sequence  diagram  illustrating  one  embodiment  of  a  plasma  arc  welding  method  according  to 
the  present  invention; 
Fig.  4  is  a  graph  demonstrating  such  a  range  of  the  plasma  gas  flow  rate  in  regard  to  the  plasma  welding  current 
magnitude  that  a  plasma  welding  operation  can  be  carried  out  with  a  stability  in  accordance  with  the  above  mentioned 
method  and  apparatus; 
Fig.  5  is  a  perspective  view  illustrating  one  embodiment  of  an  apparatus  for  using  the  above  mentioned  method 
according  to  the  present  invention; 
Fig.  6  is  a  cross  sectional  view  in  elevation  illustrating  an  essential  portion  of  a  plasma  torch  which  is  incorporated 
in  the  above  mentioned  apparatus; 
Fig.  7  is  a  horizontal  cross  sectional  view  illustrating  a  swirler  that  is  incorporated  in  the  above  mentioned  plasma 
torch;  and 
Fig.  8  is  a  schematic  sequence  diagram  illustrating  a  standoff  control  which  may  be  carried  out  in  the  above  men- 
tioned  apparatus. 

BEST  MODES  FOR  CARRYING  OUT  THE  INVENTION 

Hereinafter,  suitable  embodiments  of  the  present  invention  with  respect  to  a  plasma  arc  welding  method  and  an 
apparatus  for  carrying  out  the  same  will  be  set  out  with  reference  to  the  accompanying  drawings. 

In  Fig.  3,  there  is  shown  a  schematic  sequence  where  one  embodiment  of  a  spot  welding  method  according  to  the 
present  invention  is  carried  out.  The  steps  which  are  involved  in  this  sequence  are  listed  below. 

(1)  A  plasma  arc  2  is  projected  out  of  the  plasma  torch  1  to  heat  up  one  of  two  plate  materials  placed  one  over  the 
other,  viz.  a  front  side  plate  material  3a  which  is  disposed  proximate  to  the  plasma  torch  1  to  form  a  molten  pool  4 
at  a  portion  of  the  front  side  plate  material  3a.  In  this  step,  a  shielding  gas  2a  is  also  flushed  out. 
(2)  While  being  retained  not  to  fall  or  drop  under  a  surface  tension  acting  thereto,  this  pool  4  is  brought  into  contact 
with  a  rear  side  plate  material  3b  under  a  pressure  which  is  exerted  by  the  plasma  arc  2  and/or  a  shielding  gas  2a. 

It  should  be  noted  at  this  point  that  the  pressure  exerted  by  the  plasma  arc  2  and/or  the  shielding  gas  2a  is  then 
adjusted  by  controlling  at  least  one  of  a  flow  rate  of  the  plasma  gas,  a  flow  rate  of  the  shielding  gas  and  a  standoff 
(i.  e.  a  parameter  which  represents  a  spacing  between  the  frontal  end  of  the  plasma  torch  1  and  the  surface  of  the 
front  side  workpiece  material  3a)  in  accordance  with  a  particular  quality  of  the  front  side  workpiece  material  3a  and 
a  particular  spacing  in  size  between  the  two  workpiece  materials  3a  and  3b  to  bring  the  portion  of  the  molten  pool 
4  in  a  stabilized  state  of  the  front  side  workpiece  material  3a  into  contact  with  the  rear  side  workpiece  material  3b  side. 
(3)  Through  a  thermal  conduction,  the  rear  side  plate  material  3b  is  thoroughly  heated  up  and  molten  with  the  weld 
penetration  formed  arriving  to  the  rear  side  of  the  rear  side  plate  material  3b. 
(4)  The  plasma  arc  2  and  the  shielding  gas  2a  are  terminated  to  end  the  welding  operation. 

And,  the  welding  conditions  in  this  case  are  listed  in  a  Table  1  below.  In  this  connection,  it  should  be  noted  that  the 
nugget  diameters  shown  in  Table  1  represent  the  diameters  of  the  welding  bonded  areas  in  plasma  spot  welding  oper- 
ations. 

Table  1 

Items  Conditions 

Welding  Current  Magnitude  90A 

Plasma  gas  Ar+H2  1  0%  Flow  rate  1.5-6.0/  

Shielding  gas  Ar+H2  1  0%  Flow  rate  2.0  -  3.0  i  

Upper  Workpiece  Material  Material  SPC  Thickness  1  2.3 

Lower  Workpiece  Material  Material  SPC  Thickness  1  1  .8 

Welding  Time  5.3  sec  (Nugget  diameter  0  6.0) 
8.7  sec  (Nugget  diameter  0  9.0) 

Nozzle  Diameter  0  4.0 
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In  an  plasma  arc  welding  operation  which  is  carried  out  in  the  foregoing  sequence  in  accordance  with  the  present 
invention,  where  a  swirling  flow  is  imparted  to  the  plasma  gas,  it  has  been  found  that  a  stability  of  the  plasma  arc  can 
be  maintained  even  with  a  flow  rate  of  the  plasma  gas  which  is  less  than  in  the  prior  art  and  that  for  this  reason  the 
molten  pool  4  in  the  front  side  workpiece  material  3a  can  be  stably  brought  into  contact  with  the  rear  side  workpiece 

5  material  3b.  As  a  result,  it  follows  that  since  the  thermal  conduction  required  is  accomplished  efficiently  and  with  certainty, 
a  plasma  welding  operation  with  a  deep  weld  penetration  formed  is  made  possible. 

Also,  since  in  the  step  (2)  the  pressure  which  is  exerted  by  the  plasma  jet  2  and  the  shielding  gas  2a  is  adjusted  by 
controlling  at  least  one  of  the  flow  rate  of  the  plasma  gas,  the  flow  rate  of  the  shielding  gas,  the  plasma  welding  current 
magnitude  and  the  standoff  in  accordance  with  a  particular  quality  of  the  front  side  workpiece  material  3a  and  a  particular 

10  spacing  in  size  between  the  two  workpiece  materials  3a  and  3b  to  bring  the  molten  pool  4  in  a  stabilized  state  of  the 
front  side  workpiece  material  3a  into  contact  with  the  rear  side  workpiece  material  3b,  it  follows  that  the  said  molten  pool 
4  can  be  still  more  stably  brought  into  contact  with  the  rear  side  workpiece  material  3b. 

Further,  it  has  been  found  from  a  variety  of  experiments  that  for  a  plasma  current  magnitude  which  is  determined 
by  the  front  side  workpiece  material  3a  and  the  welding  bonded  area  (i.  e.  the  welding  strength),  there  is  a  range  of  the 

15  plasma  gas  flow  rate  in  which  an  above  mentioned  plasma  welding  operation  can  be  carried  with  a  stability  and  that  a 
plasma  welding  operation  is  made  possible  for  any  particular  plate  thickness  of  the  workpiece  material  3a  whatsoever 
by  acquiring  those  welding  conditions  which  are  commensurate  with  such  a  range  of  the  gas  flow  rate. 

More  specifically,  in  case  a  preselected  current  magnitude  is  set  for  a  certain  plate  thickness,  an  excessive  plasma 
gas  flow  rate  will  bring  about  a  so-called  keyhole  state  in  which  the  intensity  of  the  plasma  arc  becomes  excessive  to 

20  the  extent  that  a  hole  may  be  formed  in  a  workpiece  material.  Also,  if  the  plasma  gas  flow  rate  is  too  low,  the  input  amount 
of  heat  into  a  workpiece  material  will  be  deficient  to  the  extent  that  a  weld  penetration  deficiency  may  take  place. 

Accordingly,  by  selecting  a  range  for  the  plasma  gas  flow  rate  which  is  suitable  to  prevent  the  above  mentioned 
inconveniences,  a  favorable  welding  operation  can  be  carried  out  for  any  particular  plate  thickness,  whatsoever,  of  a 
workpiece  material. 

25  The  relationship  of  a  plasma  gas  flow  rate  with  a  suitable  plasma  welding  current  magnitude  in  the  present  embod- 
iment  is  expressed  by  a  graph  as  shown  in  Fig.  4.  Thus,  it  has  been  demonstrated  that  a  welding  operation  that  is  stable 
at  all  times  can  be  carried  out  in  a  particular  range  as  shown  in  Fig.  4. 

The  respective  points  plotted  in  the  graph  of  Fig.  4  are  shown  with  the  plasma  welding  current  I  and  the  plasma  gas 
flow  rate  Q  taken  as  parameters  in  each  experimentation.  In  the  graph,  the  symbols  O  and  x  show  sensually  determined 

30  results  in  discriminating  a  welding  finished  quality  and  designate  "good"  and  "bad",  respectively. 
In  these  respective  experimental  examples,  at  X-i  and  X2,  the  current  I  was  so  low  that  the  input  amount  of  heat  into 

a  workpiece  material  was  deficient,  resulting  in  a  bad  weld  penetration  formed  which  yielded  an  unstable  bond. 
In  another  example,  at  X3  and  X4,  the  input  amount  of  heat,  in  contrast  to  the  above,  were  excessive,  resulting  in  a 

burn  through  of  the  molten  pool  4  to  the  extent  that  a  hole  was  formed  in  the  workpiece  material  3a. 
35  At  X5  and  X6,  unlike  at  X2  and  X4,  while  the  input  amount  of  heat  was  appropriate,  the  gas  flow  rate  was  deficient, 

resulting  in  a  failure  to  eliminate  the  spacing  between  the  workpiece  materials  3a  and  3b  which  yielded  a  bad  bond. 
At  X7,  Xs  and  Xg,  in  contrast  to  the  preceding,  the  gas  flow  rate  was  so  excessive  that  the  molten  pool  4  was  thrusted 

outwards  by  the  plasma  gas  and  the  welding  portion  was  formed  with  a  cratered  surface,  resulting  in  the  formation  of  a 
keyhole. 

40  For  the  above  mentioned  X-i  to  Xg,  at  each  of  O  1  t0  O  7.  a  9°°d  quality  spot  weld  was  formed.  And,  from  these 
experiments,  there  was  obtained  a  range  as  shown  in  Fig.  4  in  which  a  stable  welding  operation  can  be  carried  out. 

Specifically,  it  has  been  found  that  the  lower  limit  line  a  for  the  appropriate  plasma  welding  current  I  can  be  set  up 
at  25A  from  X-i  and  X2  as  well  as  O  1  and  O  2- 

Also,  it  has  been  found  that  the  upper  limit  line  b  for  the  appropriate  plasma  welding  current  I  can  be  set  up  at  105A 
45  from  X3  and  X4  as  well  as  O  5,  O  6  and  O  i- 

On  the  other  hand,  the  lower  limit  line  c  for  the  appropriate  plasma  gas  flow  rate  Q  is  determined  from  X5  and  X6 
as  well  as  O  2.  O  3  and  O  5  and  assumes  a  curved  line  rising  upwards  in  the  right  hand  direction.  The  reason  for  this 
is  that  as  the  plasma  welding  current  I  is  increased,  a  double  arc  tends  to  be  generated  since  the  gas  flowing  along  the 
internal  surfaces  of  the  nozzle  is  deficient  in  its  insulation  unless  the  plasma  gas  flow  rate  is  increased. 

50  Further,  it  has  been  found  that  the  upper  limit  line  d  can  be  established  from  X7,  Xs  and  Xg  as  well  as  O  1.  O  4 
and  O  7-  As  the  plasma  gas  flow  rate  Q  is  increased,  as  mentioned  above,  the  momentum  of  the  gas  will  be  so  increased 
as  to  thrust  the  molten  portion  outwards  and  to  cause  it  to  be  sunk  in  the  form  of  a  crater.  However,  at  a  portion  at  which 
the  plasma  welding  current  I  is  high,  there  being  so  large  input  amount  of  heat  as  to  be  a  low  viscosity  of  the  weld,  the 
above  mentioned  crater  portion  will  be  returned  to  a  plain  surface  after  the  heat  input  is  terminated.  For  this  reason,  the 

55  upper  limit  line  d  of  this  appropriate  plasma  gas  flow  rate  Q  will  assume  a  curve  rising  in  the  right  hand  direction. 
From  the  above  mentioned  experimental  results,  the  date  for  O  1.  O  2.  O  3.  O  5.  O  6  and  O  7  which  lie  within 

the  range  in  which  a  stabilized  welding  operation  call  be  carried  out  are  given  as  shown  in  Tables  1  and  2  below. 
In  Table  2,  there  is  shown  a  case  for  O  1  in  which  the  plasma  welding  current  I  is  40A  and  the  plasma  gas  flow  rate 

Q  is  4  liters/min. 
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In  Table  3,  there  are  shown  a  case  for  O  2  in  which  the  plasma  welding  current  I  is  40A  and  the  plasma  gas  flow 
rate  Q  is  2  liters/min,  a  case  for  O  3  in  which  the  plasma  welding  current  I  is  90A  and  the  plasma  gas  flow  rate  Q  is  2 
liters/min,  a  case  for  O  5  in  which  the  plasma  welding  current  I  is  100A  and  the  plasma  gas  flow  rate  Q  is  2  liters/min, 
a  case  for  O  6  in  which  the  plasma  welding  current  I  is  100A  and  the  plasma  gas  flow  rate  Q  is  4.5  liters/min  and  a 

5  case  for  Q  7  in  which  the  plasma  welding  current  I  is  100A  and  the  plasma  gas  flow  rate  Q  is  5.6  liters/min. 
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C  ,  ĉa  10  tr> 
<=»  0  0,  — VI 

-  —  1* S  •  00  c*-a  to  00  e-j  to  00  evj  to 
n  J  1  1  1  1  1 

u s  I  1  00  <̂>  «=> 
i  1  =  =  -j  _j 

O  

6 



K  <n  <n  a  en  c  <n  a  m  <n  £ 
►-ii—  ,  q  _  >  -i  —  >  d * -   1  ' - • o  e g   5  u ->  ->  s  -•  fi  -»  |  -»  § 
..  ,  a  <•  f>  <-̂»  -«e»*  OO  OO  OO 

a  "  7,  to  t  —  to  to  to  to  t—  _ 
*i  S  1  t—  3  3  e—  evi  <=r>  e=»  e—  cr>  *—,<=>  ■ 
0  TJ  -Jj  q  tr>  tr»  trs  its  '  ir»  to  U 
"  -j  —  3 
I 8 S 0 0 < 1 0 0 0 < ] < ] 0 < 1 < 1   |  
•  w  c  _  . 
°  5 o o < j o o o o < ] o o o J  
i*  —  —  —  ̂—  TJ a  6 e  v  5 
s  |  0 0 0 0 0 0 0 0 0 0 0 °  
fr  1  i  
3  w 
1  H o o o o o o o o b o o   3 

1  1  1  1  ■  ■  —  —  ■  1  ■  —  —  —  —  -H TJ  P •  9  m  m  0  1 t:  ~j  c  g  •  c ^ _ ^ _ «  St!**  o  o  o  o  ^ S |«   i  i  g 
C  «_>  OO  OO  t  —  O  ITS  C3  C=P  CZ>  LTD  »̂  0 
3  3  *"  o  *  —  •  c=>  *jtz>  cva  -*r-  cr-o  to  êa  c-a  TJ s  *j  *—  •  n X  hi 
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In  Fig.  5,  there  is  shown  in  a  perspective  view  an  embodiment  of  the  plasma  arc  welding  apparatus,  in  which  an 
articulated  robot  5  is  utilized  of  which  a  robot  arm  6  has  at  a  frontal  end  thereof  a  plasma  torch  1  mounted  thereon.  More 
specifically,  by  virtue  of  the  articulated  robot  5,  the  plasma  torch  1  is  here  adapted  to  meet  with  an  omnidirectional 
welding  operation.  Numeral  7  designates  a  plasma  welding  power  supply  for  supplying  an  electric  current  to  an  electrode 
of  the  plasma  torch  1  via  a  high  frequency  box  designated  at  8.  Numeral  16  denotes  a  gas  cylinder  for  supplying  a  gas 
such  as  argon  plus  hydrogen  into  a  plasma  gas  flushing  outlet  and  a  shielding  gas  passage  of  the  plasma  torch  1  .  It 
should  be  noted  here  that  the  plasma  gas  flushing  outlet  and  the  shielding  gas  passage  of  the  plasma  torch  1  may 
alternatively  be  supplied  with  different  gases,  respectively,  which  are  fed  from  separate  gas  cylinders.  Numeral  9  repre- 
sents  a  control  unit  for  controlling  the  flow  rate  of  the  plasma  gas,  the  flow  rate  of  the  shielding  gas,  the  plasma  welding 
magnitude  and  the  standoff. 

The  above  mentioned  plasma  torch  1  is  constructed  as  shown  in  Fig.  6.  An  electrode  1  1  provided  in  a  nozzle  10 
has  a  base  portion  thereof  provided  with  a  swirler  1  2,  by  which  a  plasma  gas  is  caused  to  flow  in  a  strong  swirling  stream 
out  towards  a  frontal  end  of  the  electrode  1  1  .  The  above  mentioned  swirler  12  is  constructed  as  shown  in  Fig.  7  and  is 
thus  provided  with  a  plurality  of  gas  flushing  outlets  13  which  are  oriented  in  tangential  directions  relative  to  a  space 
surrounding  the  electrode  11.  Each  flushing  outlet  13  is  oriented  orthogonally  to  an  axis  of  the  electrode  11,  or  is  inclined 
slightly  towards  the  frontal  end  side  of  the  electrode  11.  Numeral  14  designates  a  shielding  cap  which  is  interiorly  formed 
with  a  shielding  gas  passage  15  through  which  a  shielding  gas  is  flushed  out.  The  above  mentioned  electrode  1  1  has 
a  holder  11a  composed  of  copper  and  has  at  its  frontal  end  an  electrode  rod  11b  embeded  therein  and  composed  of 
tungsten. 

In  the  present  embodiment,  it  has  been  found  that  the  relationship  of  the  plasma  gas  flow  rate  to  the  plasma  welding 
current  magnitude,  which  allows  a  plasma  welding  operation  to  be  carried  out  stably  at  all  times,  is  given  as  shown  by 
the  graph  of  Fig.  4  which  is  described  above. 

Further  in  the  present  embodiment,  it  has  been  found  that  if  in  the  step  (2)  shown  in  Fig.  3  the  pressure  that  is 
exerted  by  the  plasma  arc  onto  the  molten  pool  4  is  adjusted  by  controlling  the  standoff  in  accordance  with  the  particular 
quality  of  the  front  side  workpiece  material  3a  and  the  particular  spacing  in  size  between  the  two  workpiece  materials 
3a  and  3b,  this  molten  pool  4,  made  into  a  stabilized  state,  can  be  brought  into  contact  with  the  rear  side  workpiece 
material  3b. 

The  principle  underlining  the  foregoing  is  set  forth  below  with  Fig.  8  taken  as  an  example. 
First,  the  sequence  which  controls  the  standoff  is: 

(1)  A  molten  pool  4  is  made  up  in  the  front  side  workpiece  material  3a; 
(2)  The  standoff  is  increased  by  an  amount  of  displacement  S  to  bring  the  molten  pool  4  of  the  front  side  workpiece 
material  3a  into  contact  with  the  rear  side  workpiece  material  3b;  and 
(3)  The  standoff  is  returned  to  the  original  upon  the  molten  pool  4  of  the  front  workpiece  material  3a  having  completely 
contacted  with  the  rear  side  workpiece  material  3b. 

The  progresses  of  the  respective  steps  (1)  and  (2)  mentioned  above  are  all  administered  with  the  lapses  of  time 
since  the  commencement  of  the  welding  operation.  And,  the  standoff  conditions  in  the  respective  steps  each  in  obtaining 
a  nugget  of  a  diameter  of  6  mm  and  the  times  of  completion  in  the  steps  (1)  and  (2)  are  listed  in  Table  4  below. 

Table  4 

Nugget  diameter  0  6.0 

Standoff  (1)  (3)  6.5  mm 
Standoff  (2)  8.5  mm 

(1)  Time  of  completion  2  seconds 

(2)  Time  of  completion  4  seconds 

Next,  the  principle  for  the  fact  that  the  pressure  of  a  plasma  arc  can  be  adjusted  by  controlling  the  stand  off  will  be 
set  out  below. 

Let  it  be  assumed  that  the  plasma  current  magnitude  (i.e.  welding  current  magnitude)  is  I,  the  plasma  voltage  is  V-i, 
the  particle  velocity  of  the  plasma  arc  is  V2  and  the  temperature  of  the  plasma  arc  is  T.  Then,  since  the  temperature  of 
the  plasma  arc  is  proportional  to  the  loaded  electric  power  to  the  plasma  unit, 

T=axlxV1  (where  a  is  a  constant)  (1) 
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Next,  since  the  kinetic  energy  of  the  particles  of  the  plasma  arc  is  proportional  to  the  temperature  of  the  plasma  arc, 

V2  2=bxT  (where  b  is  constant) (2) 

5 Assuming  that  the  plasma  current  is  constant,  it  can  be  seen  that  the  equations  (1)  and  (2)  yield: 

V  2=cxV  1  (where  c  is  a  constant) (3) 

demonstrating  that  the  velocity  of  the  plasma  arc  particles  is  proportional  to  the  square  root  of  the  plasma  voltage.  Also, 
10  in  view  of  the  fact  that  the  pressure  of  the  plasma  arc  is  proportional  to  the  velocity  of  the  plasma  arc  particles  and  that 

the  plasma  voltage  is  proportional  to  the  standoff,  it  is  seen  that  the  pressure  of  the  plasma  arc  can  be  adjusted  by 
controlling  the  standoff. 

At  this  point  it  should  be  noted  that  while  in  the  embodiment  mentioned  above  the  pressure  of  the  plasma  arc  is 
adjusted  by  controlling  the  standoff,  a  similarly  favorable  result  has  been  obtained  by  controlling  the  plasma  gas  flow 

15  rate,  the  shielding  gas  flow  rate  or  the  plasma  current  magnitude  instead  of  the  standoff. 
In  the  embodiment  mentioned  above,  since  the  plasma  torch  1  is  provided  with  the  swirler  12  that  as  noted  above 

is  designed  to  flush  the  plasma  gas  in  a  strong  swirling  flow  around  the  electrode  1  1  ,  the  arc  stability  can  be  maintained 
even  if  the  frontal  end  of  the  electrode  1  1  has  worn  away.  For  this  reason,  an  electrode  can  be  used  having  a  cylindrical 
tungsten  tip  embeded  in  a  copper  holder  thereof.  Alternatively,  an  electrode  may  also  be  used  having  a  hafnium  tip 

20  embeded  in  the  copper  holder  thereof.  Also,  if  the  tungsten  tip  is  then  centrally  provided  with  a  hole,  the  arc  stability  can 
be  increased.  Also  in  this  instance,  even  if  the  plasma  gas  flow  rate  is  reduced,  the  arc  can  be  maintained;  and  it  is  thus 
possible  to  reduce  the  pressure  that  acts  on  the  molten  metal. 

Also,  in  the  conventional  plasma  arc  welding  apparatus  in  which  the  electrode  is  composed  of  tungsten,  it  has  not 
been  possible  to  make  use  of  a  gas  containing  the  oxygen  atom  as  the  plasma  gas.  In  the  embodiment  mentioned  above, 

25  however,  an  inexpensive  gas  such  as  carbon  dioxide  can  advantageously  be  used  as  the  plasma  gas  by  virtue  of  the 
fact  that  a  swirling  flow  may  be  imparted  to  the  plasma  gas  and  that  the  electrode  may  have  its  hafnium  tip  embeded  in 
its  copper  holder.  It  should  be  interesting  to  note  here  that  a  form  of  the  nozzle  orifice  of  the  above  mentioned  plasma 
torch  1  is  preferably  of  a  configuration  which  satisfies  the  relationship: 

30  1==L/D==3 

where  L  and  D  are  the  length  and  the  diameter  of  the  nozzle,  respectively.  The  reasons  for  this  are  set  out  below.  As 
the  nozzle  passed  by  a  swirling  flow  is  thinner  and  longer  (L/D>  3  ),  its  momentum  in  the  swirling  direction  will  be  atten- 
uated  due  to  its  contact  resistance  with  the  nozzle  wall  surfaces  and  the  pressure  acting  on  the  molten  metal  will  be 

35  increased  by  the  amount  of  attenuation  due  to  the  axial  flow.  Also,  as  the  nozzle  is  thicker  and  shorter  (  1  >  UD  ),  the  arc 
squeeze  will  be  insufficient,  the  heat  will  be  less  concentrated  onto  the  welding  materials,  the  extent  of  thermal  influence 
will  be  increased  and  it  will  take  longer  in  time  to  weld  the  workpiece  materials. 

While  the  above  mentioned  form  of  embodiment  has  been  illustrated  with  particular  respect  to  a  spot  welding  oper- 
ation,  the  foregoing  features  can  equally  be  applied  to  a  linear  welding  operation  which  represents  a  form  in  which  spot 

40  welding  operations  are  connected  together  infinitely. 
As  described  in  the  foregoing,  in  accordance  with  the  present  invention,  it  has  been  made  possible  to  retain  the 

advantages  which  are  peculiar  to  a  plasma  arc  welding  process  while  permitting  a  welding  process  to  be  performed  so 
as  to  form  a  deep  weld  penetration  and  without  creating  a  keyhole.  Also,  by  utilizing  a  surface  tension  acting  on  a  molten 
pool,  there  will  be  less  susceptibility  of  being  influenced  by  a  spacing  between  workpiece  materials  which  are  placed 

45  one  over  another.  Hence  a  constantly  stable  welding  operation  can  be  carried  out.  Also,  because  of  the  ability  not  to 
create  a  keyhole,  a  material  will  not  be  blown  off  and  hence  even  thin  workpiece  materials  will  be  capable  of  yielding 
welded  products  which  are  highly  stable  in  the  welding  strength  and  whose  welding  quality  is  also  superior  in  the  appear- 
ance.  In  addition,  since  the  plasma  arc  is  not  required  to  penetrate  through  the  workpiece  materials,  the  energy  required 
for  the  plasma  arc  welding  apparatus  need  only  be  of  a  capacity  just  to  melt  only  a  welding  area  of  the  workpiece 

so  materials  and  this  allows  a  welding  operation  to  be  carried  out  with  an  apparatus  which  is  of  a  comparatively  small 
capacity  and  also  to  be  performed  for  even  thick  plate  workpiece  materials  in  a  relatively  short  period  of  welding  time. 
Furthermore,  in  regard  to  a  plasma  current  magnitude  which  is  determined  by  workpiece  materials,  the  development  of 
a  particular  range  for  the  plasma  gas  flow  rate  with  which  a  plasma  welding  operation  is  accomplished  with  a  stability 
has  enabled  a  plasma  welding  process  to  be  attained  for  any  particular  workpiece  plate  thickness  whatsoever. 

55  While  the  present  invention  has  hereinbefore  been  described  with  respect  to  certain  illustrative  embodiments  thereof, 
it  will  readily  be  appreciated  by  a  person  skilled  in  the  art  to  be  obvious  that  many  alterations  thereof,  omissions  therefrom 
and  additions  thereto  can  be  made  without  departing  from  the  essence  and  the  scope  of  the  present  invention.  Accord- 
ingly,  it  should  be  understood  that  the  present  invention  is  not  limited  to  the  specific  embodiments  thereof  set  out  above, 
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but  includes  all  possible  embodiments  thereof  that  can  be  made  within  the  scope  with  respect  to  the  features  specifically 
set  forth  in  the  appended  claims  and  encompasses  all  equivalents  thereof. 

INDUSTRIAL  APPLICABILITIES 

As  set  forth  in  the  foregoing,  a  plasma  arc  welding  method  and  an  apparatus  for  carrying  out  this  method  according 
to  the  present  invention  are  extremely  useful  in  welding  together  a  plurality  of  workpiece  materials  which  are  placed  one 
over  another. 

Claims 

1  .  A  plasma  arc  welding  method,  characterized  in  that  a  portion  of  a  front  side  workpiece  material  is  heated  and  melted 
by  a  plasma  arc  to  form  a  molten  pool  thereat,  that  said  molten  pool  is  held  not  to  fall  or  drop  under  a  surface  tension 
acting  thereto  and  is  brought  into  contact  with  a  portion  of  a  rear  side  workpiece  material  under  a  pressure  which 
is  exerted  by  said  plasma  arc  and/or  a  shielding  gas,  further  that  said  portion  of  the  said  rear  side  workpiece  material 
is  brought  into  a  molten  state  by  a  thermal  conduction  thereto  so  that  said  two  workpiece  materials  may  be  welded 
together,  and  that  a  swirling  flow  is  imparted  to  a  plasma  gas  of  said  plasma  arc. 

2.  A  plasma  arc  welding  method  as  set  forth  in  claim  1  ,  characterized  in  that  in  the  step  in  which  said  molten  pool  of 
said  front  side  workpiece  material  is  brought  into  contact  with  said  rear  side  workpiece  material,  said  pressure  which 
is  exerted  by  said  plasma  gas  and/or  said  shielding  gas  is  adjusted  by  controlling  at  least  one  of  a  flow  rate  of  said 
plasma  gas,  a  flow  rate  of  said  shielding  gas,  a  plasma  welding  current  magnitude  and  a  standoff  in  accordance 
with  a  particular  quality  of  said  front  side  workpiece  material  and  a  particular  spacing  in  size  which  is  formed  between 
said  two  workpiece  materials. 

3.  A  plasma  arc  welding  method  as  set  forth  in  claim  1  or  claim  2,  characterized  in  that  with  respect  to  a  welding  current 
magnitude  which  is  determined  by  a  particular  quality  of  said  front  side  workpiece  material  and  a  particular  welding 
bonded  area,  a  flow  rate  of  said  plasma  gas  is  controlled  so  as  to  lie  within  a  particular  range. 

4.  A  plasma  arc  welding  method  as  set  forth  in  claim  3,  characterized  in  that  when  said  plasma  welding  current  mag- 
nitude  ranges  between  40  and  100  amperes,  said  flow  rate  of  said  plasma  gas  lies  between  2  and  5.6  liters/min. 

5.  A  plasma  arc  welding  apparatus  in  which  a  portion  of  a  front  side  workpiece  material  is  heated  and  melted  by  a 
plasma  arc  to  form  a  molten  pool  thereat,  and  said  molten  pool  is  held  not  to  fall  or  drop  under  a  surface  tension 
acting  thereto  and  is  brought  into  contact  with  a  portion  of  a  rear  side  workpiece  material  under  a  pressure  which 
is  exerted  by  said  plasma  arc  and/or  a  shielding  gas  and  further  in  which  said  portion  of  said  rear  side  workpiece 
material  is  brought  into  a  molten  state  by  a  thermal  conduction  thereto  so  that  said  two  workpiece  materials  may 
be  welded  together,  said  apparatus  comprising  a  plasma  torch  which  has  a  plasma  flushing  outlet  for  swirling  and 
flushing  a  plasma  gas  of  said  plasma  arc  around  an  electrode  therefor. 

6.  A  plasma  arc  welding  apparatus  as  set  forth  in  claim  5,  characterized  in  that  it  comprises:  an  articulated  robot  for 
supporting  said  plasma  torch,  a  plasma  power  supply  connected  to  said  electrode,  a  gas  supply  source  connected 
to  said  plasma  flushing  outlet,  and  a  shielding  gas  flushing  outlet  disposed  around  an  gas  flushing  outlet  of  said 
plasma  torch  and  connected  to  said  gas  supply  source  or  another  gas  supply  source,  and  is  further  provided  with 
a  control  unit  for  controlling  at  least  one  of  an  operation  of  said  articulated  robot,  an  electric  current  from  said  plasma 
power  supply  and  a  flow  rate  of  said  plasma  gas  and/or  a  flow  rate  of  said  shielding  gas  from  said  gas  supply  source. 
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