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©  Induction  galvannealed  electroplated  steel  strip. 

©  Galvannealed  electroplated  steel  strip.  The  strip  is  heated  to  an  alloying  temperature  of  at  least  about  427°  C 
using  an  induction  coil  operated  at  a  frequency  to  produce  an  eddy  current  penetration  depth  of  one-half  the 
strip  thickness.  The  diffusion  temperature  and  time  are  controlled  to  minimize  the  formation  of  brittle  gamma 
alloy  phases  in  the  zinc/iron  alloy  coating. 
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INDUCTION  GALVANNEALED  ELECTROPLATED  STEEL  STRIP 

BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  a  galvannealed  electroplated  steel  strip  having  a  ductile  zinc/iron  alloy  coating 
5  and  a  process  therefor.  More  particularly,  a  zinc  electroplated  strip  is  induction  heated  using  low 

frequencies  to  interdiffuse  zinc  and  iron  to  completely  convert  the  zinc  coating  into  an  adherent  zinc/iron 
alloy  coating.  It  will  be  understood  by  a  zinc  coating  is  meant  to  include  zinc  and  zinc  base  alloys.  By  a 
galvannealed  strip  is  meant  the  formation  of  an  alloy  coating  by  heating  the  steel  strip  to  an  elevated 
temperature  to  allow  interdiffusion  of  zinc  from  the  zinc  coating  and  iron  from  the  base  metal  of  the  strip  to 

w  form  phases  of  zinc  and  iron  other  than  those  of  the  pure  metals. 
Converting  a  zinc  coating  to  a  zinc/iron  alloy  coating  gives  a  steel  strip  a  dull  grey  appearance  rather 

than  the  shiny  appearance  of  regular  galvanized  coating.  The  alloy  coating  has  better  abrasion  resistance 
and  a  surface  which  is  more  suitable  for  painting.  More  importantly,  increasing  the  iron  content  of  the 
coating  makes  it  much  more  weldable  than  regular  galvanized  strip.  Accordingly,  an  iron  rich  coating  or 

75  galvannealed  steel  strip  is  more  acceptable  in  the  automotive  market. 
It  is  well  known  to  form  a  galvannealed  steel  strip  by  continuously  hot  dipping  steel  strip  into  a  bath  of 

molten  zinc.  The  coating  metal  may  be  converted  to  a  zinc  iron  alloy  coating  by  heating  the  zinc  coated 
strip  to  an  alloying  temperature  by  radiant  heating  using  direct  fire  burners  placed  adjacent  to  the  strip  or 
convection  heating  by  heating  the  strip  in  a  continuous  furnace.  It  is  also  known  to  form  a  galvannealed  strip 

20  by  induction  heating  a  continuously  hot  dip  coated  steel  strip.  Such  an  alloyed  coating  usually  is  given  a 
conversion  coating  treatment  by  dipping  in  a  zinc,  iron  phosphate  solution  and  painted.  It  is  difficult  to  obtain 
the  necessary  surface  smoothness  required  for  automotive  exposed  surfaces  by  galvannealing  a  hot  dip 
coated  strip. 

Another  disadvantage  of  forming  a  galvannealed  strip  using  the  continuous  hot  dip  process  is  the  high 
25  alloying  temperatures  required,  e.g.;  greater  than  510°  C.  Zinc  coating  baths  contain  a  small  amount  of 

aluminum.  The  purpose  of  the  aluminum  addition  is  to  retard  a  zinciron  alloy  formation  when  producing 
regular  (non-alloyed)  galvanized  strip.  The  formation  of  a  zinciron  alloy  layer  at  the  interface  between  the 
steel  substrate  and  zinc  coating  metal  may  result  in  poor  coating  metal  adherence  if  the  coated  strip  is 
fabricated  into  parts.  Of  course,  a  steel  manufacturer  generally  cannot  restrict  an  aluminum  containing  zinc 

30  coating  metal  to  only  regular  galvanized  strip.  The  manufacturer  normally  would  have  but  a  single 
galvanizing  line  and  both  type  products,  i.e.,  galvannealed  and  regular  coated,  would  be  produced  on  this 
hot  dipping  line. 

From  the  zinc  rich  end  of  an  iron/zinc  equilibrium  phrase  diagram,  it  is  known  four  zinc  alloy  phases 
can  form  at  galvanneal  alloying  temperatures.  These  phases  are  zeta  (£)  having  about  7  atomic  %  iron, 

35  delta  (5<)  having  about  8-13  atomic  %  iron,  gamma  one  (r,)  having  about  18-24  atomic  %  iron  and  gamma 
(O  having  about  27-32  atomic  %  iron.  For  an  alloyed  coating,  the  amount  of  the  £  phase  is  probably 
insignificant  since  its  stability  range  is  narrow.  Of  the  three  remaining  phases,  the  5i  phase  is  very  desirable 
because  it  is  more  ductile  than  the  r  and  ^̂   phases.  The  diffusion  process  proceeds  with  iron  migrating 
from  the  surface  of  the  steel  strip  toward  the  outer  surface  of  the  zinc  coating.  An  iron  concentration 

40  gradient  exists  through  the  zinc  coating  thickness.  Since  the  zinc  coating  must  be  completely  alloyed  to  its 
outermost  surface  so  that  the  coating  can  be  welded  and  painted,  it  becomes  extremely  difficult  to  eliminate 
or  minimize  the  formation  of  the  brittle  r  and  n  phases  at  the  surface  of  the  steel  strip  when  using  long 
times  and/or  high  annealing  temperatures  required  for  galvannealed  continuously  hot  dip  coated  steel  strip. 

It  has  been  previously  proposed  a  galvannealed  strip  can  be  produced  by  induction  heating  a  zinc 
45  electroplated  strip.  Japanese  published  application  59/9163  discloses  alloying  a  one-side  zinc  electroplated 

strip  by  high  frequency  induction  heating.  This  Japanese  application  suggests  the  surface  of  a  zinc  coating 
steel  strip  can  be  heated  by  high  frequencies,  which  provides  an  improvement  in  operation  control,  and  the 
resulting  quality  is  comparable  to  a  product  produced  with  radiant  heating  using  a  direct  fired  furnace. 

Magnetic  materials  such  as  ferritic  carbon  steel  also  can  be  heated  at  low  frequencies  by  inducing  eddy 
so  current  into  the  steel  through  the  action  of  an  external  alternating  magnetic  field.  High  frequencies, 

otherwise  known  as  radio  frequencies,  are  generally  defined  as  about  10  kHz  to  over  27  MHz.  Induced  eddy 
currents  produced  using  radio  frequencies  are  concentrated  at  the  surface  of  the  material  with  the  depth  of 
current  penetration  determined  by  the  magnetic  and  electrical  properties  of  the  steel.  This  depth  or 
thickness  of  the  so-called  "skin-effect"  can  be  calculated  by  the  formula  d  =  5000(p/uf)1/a  where  d  is  the 
reference  depth  (cm),  p  is  the  specific  electrical  (or  "volume")  resistivity  of  the  heated  material  (ohm-cm),  u 
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is  the  relative  permeability  and  f  is  the  frequency  of  the  applied  external  magnetic  field.  Of  these  properties, 
the  permeability  will  remain  relatively  unchanged  during  the  heating  process.  However,  the  specific 
resistance  increases  with  temperature  by  about  0.125  uchm-cm/'C.  At  a  frequency  of  100  kHz,  the 
reference  depth  for  a  magnetic  carbon  steel  has  been  determined  to  be  .003  cm  at  about  150°C  and 

5  increasing  to  only  .006  cm  at  about  700  'C.  When  the  frequency  is  reduced  to  low  levels,  i.e.,  not  greater 
than  10  kHz,  the  current  penetrates  into  the  steel.  Unlike  high  frequency  heating  which  heats  only  the 
surface  or  skin  of  the  steel,  low  frequencies  heat  the  steel  uniformly  and  rather  homogeneously.  The  most 
efficient  heating  condition  is  at  a  low  frequency  wherein  the  current  penetration  depth  is  one-half  the 
thickness  of  the  material. 

io  Accordingly,  there  remains  a  long  felt  need  for  an  economical  process  for  producing  galvannealed  strip 
wherein  the  coating  metal  is  completely  alloyed  with  iron  and  the  iron  concentration  is  controlled  so  that  the 
resulting  zinciron  alloy  coating  is  strongly  adherent  to  the  steel  substrate  and  will  not  crack  or  craze  when 
the  steel  strip  is  fabricated.  Furthermore,  there  remains  a  need  for  such  an  alloy  coating  that  provides  good 
conversion  coating  and  an  excellent  substrate  for  automotive  paint  finishing  systems. 

15 

BRIEF  SUMMARY  OF  THE  INVENTION 

20  The  invention  relates  to  an  electrogalvanized  steel  strip  having  a  zinc/iron  alloy  coating  layer  on  at  least 
one  side  of  the  strip.  The  zinciron  alloy  coating  has  good  conversion  coating  and  painting  characteristics. 
The  surface  of  the  steel  strip  is  given  a  preliminary  cleaning  treatment  to  remove  dirt,  oil  film  and  the  like 
and  then  electroplated  as  the  cathode  with  a  zinc  containing  electrolyte.  The  coated  strip  is  then  passed 
through  a  low  frequency  alternating  magnetic  field  to  heat  the  strip  to  sufficient  temperature  to  completely 

25  convert  the  zinc  coating  to  an  adherent  zinciron  alloy  coating. 
It  is  a  principal  object  of  this  invention  to  produce  a  galvannealed  steel  strip  having  a  zinc/iron  alloy 

coating  that  is  adherent,  has  good  conversion  coating  characteristics  and  is  acceptable  for  automotive  paint 
systems. 

A  feature  of  the  invention  is  to  produce  a  galvannealed  electroplated  strip  using  low  frequency  induction 
30  heating  to  interdiffuse  zinc  and  iron"  to  completely  convert  the  zinc  coating  into  an  adherent  zinc/iron  alloy 

coating. 
Another  feature  of  the  invention  is  to  produce  a  galvannealed  differentially  electroplated  strip  using  low 

frequency  induction  heating  to  interdiffuse  zinc  and  iron  to  completely  convert  the  zinc  coating  on  at  least 
one  side  of  the  strip  into  an  adherent  zinciron  alloy  coating. 

35  Another  feature  of  the  invention  is  to  induction  heat  an  electroplated  zinc  coated  steel  strip  at  a 
temperature  and  for  a  time  to  minimize  the  formation  of  zinc  gamma  alloy  phases  in  the  zinc/iron  alloy 
coating. 

Another  feature  of  the  invention  is  to  induction  heat  an  electroplated  zinc  coated  steel  strip  using  an 
alternating  frequency  of  2-10  kHz  to  a  temperature  of  less  than  510°  C  so  that  a  zinc/iron  alloy  coating 

40  containing  mostly  zinc  delta  alloy  phase  is  formed. 
Another  feature  of  the  invention  is  to  treat  a  galvannealed  electroplated  strip  having  a  zinc/iron  alloy 

coating  formed  by  induction  heating  by  removing  a  zinc  oxide  layer  on  the  outer  surface  of  the  alloy  coating 
so  that  the  alloy  coating  provides  good  conversion  coating  and  an  excellent  surface  for  painting. 

Another  feature  of  the  invention  is  a  deep  drawing  galvannealed  strip  having  an  adherent  zinc/iron  alloy 
45  coating  produced  by  low  frequency  induction  heating  of  a  zinc  electroplated  steel  strip. 

Advantages  of  the  invention  include  a  zinc/iron  alloy  coating  having  excellent  welding,  appearance, 
painting  characteristics  and  can  be  produced  at  a  low  cost. 

The  above  and  other  objects,  features  and  advantages  of  this  invention  will  become  apparent  upon 
consideration  of  the  detailed  description  and  appended  drawings. 

50 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

55  FIG.  1  is  a  schematic  view  of  a  steel  strip  being  processed  through  a  conventional  electrogalvanizing 
line  incorporating  our  invention, 

FIG.  2  shows  a  section  view  of  a  zinc  electroplated  coating  on  a  steel  strip, 
FIGS.  3-5  show  section  views  of  the  zinc  coating  of  FIG.  2  with  increasing  amounts  of  a  zinc/iron 
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alloy  layer  as  the  electroplated  steel  strip  is  induction  heated  to  higher  alloying  temperatures, 
FIG.  6  shows  a  section  view  of  the  zinc  coating  of  FIG.  2  having  been  completely  converted  to  the 

zinciron  alloy  coating, 
FIGS.  7  shows  a  section  view  at  high  magnification  of  the  coating  of  FIG.  5, 

s  FIGS.  8-9  are  section  views  at  higher  magnification  showing  zinc  coatings  completely  converted  to 
zinciron  alloy  coatings. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED  EMBODIMENT 

w 
Referring  now  to  FIG.  1,  reference  numeral  10  shows  a  schematic  of  an  electrogalvanizing  line 

incorporating  the  invention.  A  steel  strip  12  is  uncoiled  from  a  mandrel  14  and  passes  successively  through 
a  spray  cleaner  16,  an  electrolytic  cleaner  18,  a  rinsing  station  20,  a  strip  surface  activation  treatment  22 
and  a  rinse  station  24.  Strip  12,  normally  cold  reduced,  annealed  and  skin  passed,  is  cleaned  to  remove 

'5  dirt,  oil  and  the  like.  Strip  12  is  then  plated  on  one  or  both  sides  by  any  one  of  several  well  known  types  of 
vertical  or  horizontal  electroplating  devices.  One  such  device  is  an  ARUS-Andritz-Ruther  Gravitel  plating  unit 
26  having  sixteen  vertical  plating  cells  27.  A  line  speed  up  to  300  ftmin  (91  m-min)  for  a  strip  width  up  to 
75  inch  (190  cm)  can  be  processed.  Typical  strip  thicknesses  for  galvanneal  applications  are  .024-.060  inch 
(.6-1.5  mm).  After  electroplating,  strip  12  passes  through  a  rinse  station  28,  is  dryed  by  a  heater  30,  passes 

20  around  change  of  direction  rollers  32,  34  and  vertically  passes  through  a  longitudinal  induction  coil  36.  Of 
course,  it  will  be  understood  a  transverse  flux  coil  could  also  be  used  to  induction  heat  strip  12  instead  of 
longitudinal  flux  coil  36.  After  the  zinc  coating  has  been  completely  converted  to  a  zinc/iron  alloy,  strip  12 
passes  through  a  quench  tank  38  to  preserve  the  5i  alloy  phase  and  minimize  growth  of  the  r  and  Ti  alloy 
phases.  By  a  zinciron  alloy  coating  is  meant  an  alloy  coating  containing  at  least  about  7  atomic  %  iron. 

25  Preferably,  strip  12  will  be  given  further  treatments  to  enhance  the  painting  characteristics  of  the  zinc/iron 
alloy  coating.  As  shown  in  FIG.  1,  any  surface  contamination  such  as  zinc  oxide  formed  on  the  surface  of 
the  zinciron  alloy  coating  can  be  removed  by  passing  strip  12  through  an  acid  in  tank  40.  The  treated 
galvannealed  strip  may  be  further  treated  by  passing  through  a  conversion  coating  station  42,  dryed  by  a 
heater  44  and  coiled  on  a  mandrel  46. 

30  For  longitudinal  flux  induction  heating,  optimum  frequency  for  the  most  efficient  power  consumption  is 
inversely  related  to  strip  thickness  and  ideally  produces  a  current  penetration  depth  of  about  one-half  the 
strip  thickness.  For  cold  rolled  electroplated  steel,  we  have  determined  a  low  frequency  up  to  about  10  kHz 
for  a  strip  thickness  range  of  about  .024-.060  inches  (.6-1.5  mm)  can  be  used  without  degrading  the  overall 
performance  of  the  process  significantly. 

35  It  will  be  understood  a  variety  of  zinc,  zinc  alloy  or  composite  coatings  are  possible.  For  example,  a 
different  number  of  plating  anodes  in  plating  unit  26  could  be  used  on  opposite  sides  of  the  strip  to  form 
differential  weight  coatings.  For  a  differential  weight  zinc  electroplated  strip,  it  may  be  necessary  to 
completely  convert  the  zinc  coating  to  a  zinc/iron  alloy  coating  only  on  the  one  side  of  the  strip  having  the 
lower  weight  coating  (less  thickness)  when  only  that  side  is  to  be  painted  or  welded.  One  or  more  alloying 

40  elements  of  nickel,  cobalt,  manganese,  iron  and  the  like  could  be  dissolved  into  the  zinc  containing 
electrolytic  plating  solution. 

By  way  of  a  non-limiting  example,  a  .79  mm  thick  by  254  mm  wide  strip  was  plated  with  a  pure  zinc 
differential  coating  having  a  thickness  of  about  10  urn  (60  gm/m2)  on  one  side  and  a  thickness  of  about 
6um  (35  gm/m2)  on  the  other  side.  The  strip  then  was  passed  through  a  solenoid  induction  coil  having  eight 

«  full  turns  with  about  10  mm  spacing  between  each  turn.  The  processing  parameters  and  temperature  of  the 
strip  surface  as  measured  by  a  contact  pyrometer  are  shown  in  Table  1. 

30 
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Table  I 

Line  °F  (cO 
Sample  -Speed  •  Power  Frequency  Strio  Temoerature 

5  (m/min)  •  kW  (kHz) 

1  6.1  62  6.3  960  (516) 

w  ■  2  6.1  61  6.3  960  (516) 

•  3  6.1  60  6.3  960  ' (516) 

4  6.1  60  6.3 

15  5  6.1  •  58  .  6.3  930  (499) 

6  6.1  57  6.3  "  '  930  (499) 

7  6.1  56  6.3  910  (488) 
20 

8  6.1  55  6.2  890  (477) 

9  6.1  52  6.2  870  (466) 

10  6.1  51  6.2  855  (457) 
25 

11  6.5  50  6.1  830  (443) 

12  6.5  48  6.1  830  (443) 

30  13  ,  
6.5  47  6.1  •  815  (435) 

14  6.5  46  6.1  800  •  (427) 

15  6.5  44  6.1  780  (416) 

35  16  6.5  43  6.1  720  (382) 

17  6.5  42  6.0  680  (360) 

18  6.5  40  6.0  660  (349) 

40 

Table  I  (Cont.) 

Line  °F  (°C) 
larrtDle  SDeed  Power  -  Frequency  Strio  Temoera ture  

(m/min)  kW  (kHz) 

19  6.5  39  5.9  620  (327) 

20  6.5  38  5.8  620  (327) 

21  6.5  0  0  ambien t  

55 
After  the  zinc  coating  on  strip  12  was  heated  by  coil  36,  strip  12  was  quenched  in  water  in  tank  38  to  a 

temperature  below  about  400°  F  (204°  C)  to  prevent  further  diffusion  of  iron  from  the  steel  base  metal  into 
the  zinc/iron  alloy  coating.  FIGS.  2-6  are  photographs  taken  at  1000X  magnification  through  the  zinc  coating 

5 



EP  0  353  749  A2 

or  samples  ^,  ia,  15,  14  and  13  respectively.  FIG.  2  shows  a  substrate  50  of  strip  12  having  a  pure  zinc 
coating  52  prior  to  induction  coil  36  being  used  to  heat  strip  12.  FIG.  3  shows  a  zinc/iron  alloy  layer  54 
starting  to  grow  between  steel  substrate  50  and  pure  zinc  coating  layer  52  at  a  strip  temperature  of  349°  C. 
FIG.  4  shows  that  alloy  layer  54  has  progressed  through  over  half  the  thickness  of  the  coating  when  heated 

5  to  41  6  C.  FIG.  5  shows  that  alloy  later  54  has  grown  nearly  through  the  coating  thickness  with  only  a  small 
thickness  of  zinc  coating  layer  52  remaining  when  strip  12  was  heated  to  427°  C.  Finally,  FIG.  6  shows  that 
iron  from  substrate  50  has  interdiffused  through  the  entire  thickness  of  the  zinc  coating  and  the  zinc  coating 
has  become  substantially  converted  to  zinc/iron  alloy  coating  54  when  the  strip  was  heated  to  435  °  C.  It 
should  also  be  noted  zinc/iron  alloy  coating  54  in  FIGS.  4-6  has  a  relatively  thick  outer  layer  60  believed  to 

w  be  predominantly  delta-one-palisades  (5i  p)  alloy  phase  and  a  thinner  inner  layer  62  believed  to  be 
predominantly  delta-one-compact  (5i  k)  alloy  phase  adjacent  to  steel  substrate  50.  FIG.  6  illustrates  a 
preferred  embodiment  of  the  invention  wherein  the  zinc  coating  is  completely  alloyed  to  zinc/iron  with 
minimal  formation  of  brittle  gamma  alloy  phases.  FIGS.  7-9  are  photographs  taken  at  4000  X  magnification 
of  samples  14.  11  and  9  respectively.  Letters  A  and  B  identify  approximate  sites  at  which  spectrographic 

75  chemical  analysis  using  an  electron  microprobe  was  used.  Approximate  chemical  analyses  of  the  zinc  and 
alloy  phases  are  shown  in  Table  II. 

Table  II 

Sample  #  Site  Iron  Zinc 
(atom%)  (atom%) 

14  FIG.  7A  2  96 
14  FIG.  7B  8  90 
11  FIG.  8A  10  89 
11  FIG.  8B  20  79 
9  FIG.  9A  9  91 
9  FIG.  9B  15  85 

The  analysis  for  sample  14  heated  to  427  C  and  quenched  after  30  seconds  shows  zinc  layer  52  (site 
\)  in  FIG.  7  had  an  iron  concentration  of  about  2  atomic  %  while  adjacent  inner  alloy  layer  54  (site  B)  had 
an  iron  concentration  of  about  8  atomic  %.  From  the  iron/zinc  equilibrium  phase  diagram,  it  is  known  the  £ 
alloy  phase  contains  about  7  atomic  %  iron  and  &■  alloy  phase  contains  about  8-13  atomic  %  iron.  The 
alloying  time  and  temperature  for  this  sample  was  insufficient  to  completely  convert  the  entire  thickness  of 
line  coating  52  to  an  alloy  having  at  least  about  7  atomic  %  iron. 

Analysis  for  sample  1  1  (FIG.  8)  after  heating  to  443  °  C  and  quenched  30  seconds  after  the  coating  layer 
vas  completely  converted  to  a  zinc/iron  alloy  determined  outer  layer  60  (site  A)  to  have  an  iron 
:oncentration  of  about  10  atomic  %  while  thin  inner  layer  62  (site  B)  had  an  iron  concentration  of  about  20 
atomic  %. 

Sample  9  (FIG.  9)  heated  to  466  'C  and  quenched  30  seconds  later  showed  similar  results.  Layer  60 
site  A)  was  found  to  have  an  iron  concentration  of  about  9  atomic  %  and  layer  62  (site  B)  to  have  an  iron 
:oncentration  of  about  15  atomic  %. 

Although  the  analyses  at  sites  B  for  samples  9  and  11  were  greater  than  13  atomic  %  iron,  it  is 
jelieved  layers  62  are  predominantly  5ik  alloy  phase.  The  higher  than  expected  analysis  is  apparently 
nfluenced  by  the  adjacent  (higher  iron  content)  gamma  layers  and/or  steel  substrate.  The  arrows  at  sites  C 
n  FIGS.  8  and  9  mark  what  are  believed  to  be  a  very  thin  layer  containing  one  or  both  of  the  gamma 
)hases  between  layer  62  and  substrate  50. 

As  demonstrated  in  FIGS.  5  and  6,  the  zinc  coating  becomes  completely  alloyed  at  a  temperature  of 
ibout  435  C.  It  will  be  understood  the  alloying  temperature  could  be  reduced  somewhat  if  the  quench  time 
s  delayed  longer  than  30  seconds  i.e.  415°  C.  Of  course,  further  delaying  quenching  the  heated  strip  allows 
idditional  growth  of  the  inner  r  and  ^̂   alloy  phase  layers.  Such  delay  is  possible  if  subsequent  fabrication 
equired  of  the  galvannealed  strip  is  less  severe.  A  higher  alloying  temperature  is  also  possible  when  the 
abrication  is  not  critical  or  quenching  occurs  sooner  i.e.  510°  C.  Preferably,  the  alloying  temperature  and 
liffusion  time  prior  to  quench  will  be  such  so  as  to  limit  the  iron  concentration  in  the  zinc/iron  alloy  coating 
o  about  8-13  atomic  %.  That  is  to  say,  it  is  preferred  to  limit  the  zinc/iron  alloy  coating  to  Ŝ  allays  or 
ninimize  the  amount  of  any  brittle  inner  r  or  n  alloy  layers  adjacent  to  the  steel  substrate. 

The  thicknesses  of  the  zinc  coating  and/or  zinc/iron  alloy  phase  layers  on  the  samples  in  Table  1  were 
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measured  and  the  results  are  shown  in  Table  III. 

Table  HI 

Zinc  or  alloy  raver  thicknesses  dim) 

Samole  #  Strio  TemD.  (ZC)  '  Zinc  .  fiia  5jk  qamm 

1  516  0  1 8   1 

70  2  516  •  0  1 8   1 

3  516  0  1 . 8   1 

4  .....  0  1 8   1 
15  

5  - 4 9 9   .  0  4  '5   1 

6  •  499  0  4  5  1 

7  488  0  5  4  1 
20 

8  477  0  5  4  1 

9  466  0  6  3  1 

25  10  457  0  7  2  1 

11  443  0  7  2  <1 

12  443  0  7  2  <1 

30  13  435  <1  7  2  « 1  

14  427  3  6  1  « 1  

15  416  3  6  1  « '  

35  16  382  5  5  0 "  

17  360  7  3 . 0 '  

18  349  7  3-  0  •  * 

40 

.  Table  III  (Cont.) 

4s  Zinc  or  allov  laver  thicknesses  d\m) 

Samole  #  Strio  TemD.  (eC)  Zinc  •  Sjj?  fyk  •  os-nm; 

19  327  . 1 0   0  0 

50  20  327  10  0  0  * 

21  ambient  10  . 0   0  0 

*No  significant  amount  of  the  gamma  phases  present .  
55 

A  60  degree  compression  sharp  angle  bend  test  was  also  made  on  several  of  the  galvannealed 
samples  shown  in  Table  III.  After  each  sample  was  forced  into  an  anvil  by  the  punch,  the  sample  was 

7 
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flattened  and  taped  with  a  3M  610  type  clear  adhesive  tape.  The  total  width  of  the  coating  transferring  to 
the  tape  is  a  measure  of  coating  adhesion.  Experience  has  shown  a  loss  of  no  greater  than  about  3  mm  is 
good  adherence.  From  the  results  which  are  shown  in  Table  IV,  good  adhesion  was  found  for  galvannealing 
temperatures  up  to  at  least  488°  C.  Referring  back  to  Table  III,  it  was  also  observed  the  thickness  of  5i  p 
alloy  phase  exceeded  the  thickness  of  5ik  alloy  phase  up  to  a  temperature  of  488°  C.  That  is  to  say,  not 
only  should  the  formation  of  the  gamma  alloy  phases  be  prevented  or  minimized  during  galvannealing,  but 
also  S-p  alloy  phase  is  preferred  to  <5ik  alloy  phase. 

Table  IV 

SamDle  #  Strio  Temp.  f°C)  Adhesion  (mm) 

,s  5  499  7 

7  488  3 

20 
Table  IV  fCont.) 

Samole  #  Strip  Temo.  f°C)  Adhesion  (mm) 

9  466  2 

'  1  1  443  ■  2 

so  13  435  2 

15  '  416  0 

'  17  360  0 

35  19  327  0 

Paintability  and  corrosion  characteristics  of  galvannealed  electroplated  samples  were  evaluated  using  a 
well  known  automotive  cleaning,  conversion  coating  and  painting  practice  as  disclosed  in  SAE  paper  No. 

40  860269,  titled  "Corrosion  Behavior  of  Painted  Zinc  and  Zinc  Alloy  Coated  Autobody  Sheet  Steels", 
incorporated  herein  by  reference.  As  demonstrated  in  Table  V,  galvannealed  electroplated  samples  given 
the  above  referenced  automotive  test  procedure  did  not  have  good  corrosion  characteristics.  Auger  electron 
analysis  of  the  surface  of  the  zinc/iron  alloy  coating  revealed  iron  was  not  present.  Rather,  the  surface  was 
determined  to  be  a  thin  film  of  predominantly  zinc  oxide.  Of  course,  oxides  are  passive  and  not  readily 

45  treated  by  conversion  coatings  such  as  phosphate.  It  is  believed  induction  heating  in  air  caused  oxidation  of 
the  zinc  coating.  It  was  determined  the  oxide  film  could  be  removed  by  various  chemical  treatments.  Two 
chemicals  found  acceptable  for  this  purpose  were  phosphoric  and  sulfuric  acid  wherein  the  film  was 
removed  using  a  5  gm/l  solution  of  either  acid  and  rinsing  the  alloyed  strip  for  5-10  seconds  prior  to 
applying  a  conversion  coating  to  the  alloy  coating. 

so  Samples  were  evaluated  according  to  scab  and  creepage  ratings  after  using  a  30  cycle  corrosion  test  in 
accordance  with  the  above  reference  automotive  practice  with  the  results  shown  in  Table  V. 

55 

3 
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Table  V 

Sample*  Strip  Without  Acid  Rinse  H3PCm  Rinse  H2SCU  Rinse 

 ̂ Temp. 

Scab  Creepage  Scab  Creepage  Scab  Creepage 

(°C)  (mm)  (mm)  (mm) 

22*  >538  7.0  >.79 
/o  23  399  4.3  >2.78  7.0  1.15  '  7.0  .59 

24  427  5.3  1.39  7.3  .95  7.0  .71 

"Control  sample  of  galvannealed  continuously  hot  dip  zinc  coated  steel. 

75 
From  the  above  results,  it  can  be  seen  the  corrosion  properties  of  galvannealed  electroplated  samples  23 
and  24  that  were  not  acid  rinsed  prior  to  the  automotive  sample  preparation  treatment  were  not  as  good  as 
those  for  control  sample  22.  However,  when  the  galvannealed  electroplated  samples  were  acid  rinsed,  the 
scab  and  creepage  ratings  were  comparable  to  those  for  the  control  sample. 

20  Galvannealed  steel  for  deep  drawing  applications  normally  will  be  cold  reduced,  annealed  and  skin 
passed  prior  to  electroplating.  A  galvannealed  ferritic  steel  having  interstitial  or  free  carbon  has  diminished 
mechanical  properties  due  to  carbon  aging  resulting  from  heating.  For  products  requiring  high  formability, 
we  have  determined  adding  at  least  a  stochiometric  amount  of  any  one  of  well  known  carbide  forming 
elements  to  the  base  metal  will  prevent  or  minimize  carbon  aging.  Nonlimiting  carbide  formers  include 

25  titanium,  niobium  and  zirconium. 
Various  modifications  can  be  made  to  our  invention  without  departing  from  the  spirit  and  scope  of  it.  For 

example,  strip  cleaning  may  be  electrolytic  or  immersion.  The  strip  may  be  plated  on  one  or  both  sides 
using  either  horizontal  or  vertical  plating  cells.  Any  number  of  longitudinal  or  transverse  induction  coils  may 
be  used  depending  on  generator  size  and  line  speeds  employed.  For  galvannealed  strip  to  be  painted  that 

30  is  alloyed  in  air,  a  mechanical  or  chemical  treatment  to  remove  any  oxide  from  the  zinc/iron  surface  prior  to 
conyersion  coating  may  be  necessary.  Therefore,  the  limits  of  our  invention  should  be  determined  from  the 
appended  claims. 

35  Claims 

1.  A  method  of  producing  a  galvannealed  steel  strip,  comprising  the  steps  of: 
cleaning  a  steel  strip, 
electroplating  at  least  one  side  of  said  strip  with  a  zinc  coating, 

40  passing  said  coated  strip  through  a  low  frequency  induction  coil  whereby  said  coated  strip  is  heated  to  a 
temperature  to  completely  convert  said  zinc  coating  to  a  zinciron  alloy  coating, 
cooling  said  coated  strip  so  that  said  alloy  coating  is  ductile  and  resistant  to  cracking. 

2.  The  method  of  claim  1  wherein  the  thickness  of  said  zinc/iron  alloy  coating  is  no  greater  than  10% 
zinc  gamma  alloy  phases. 

45  3.  The  method  of  claim  1  wherein  said  strip  is  heated  to  a  temperature  greater  than  427°  C. 
4.  The  method  of  claim  3  wherein  said  alloy  coating  contains  no  greater  than  about  13  atomic  %  iron. 
5.  The  method  of  claim  1  wherein  said  induction  coil  is  operated  at  a  frequency  to  produce  an  eddy 

current  penetration  depth  of  about  one-half  the  thickness  of  said  strip. 
6.  The  method  of  claim  4  wherein  said  induction  coil  is  operated  at  a  frequency  to  produce  an  eddy 

so  current  penetration  depth  of  about  one-half  the  thickness  of  said  strip  and  the  thickness  of  delta-one- 
palisades  phase  exceeds  the  thickness  of  delta-one-compact  phase  in  said  zinc/iron  alloy  coating. 

7.  The  method  of  claim  1  wherein  said  frequency  is  at  least  2  kHz. 
8.  The  method  of  claim  1  wherein  said  alloy  coating  includes  a  thin  surface  zinc  oxide  layer, 

treating  said  strip  to  remove  said  oxide  layer  whereby  said  alloy  coating  is  highly  receptive  to  a  conversion 
55  coating. 

9.  The  method  of  claim  8  wherein  said  treatment  includes  rinsing  said  strip  with  an  acid  from  the  group 
consisting  of  phosphoric  and  sulphuric  to  remove  said  oxide  layer. 

10.  The  method  of  claim  1  including  the  additional  step  of  treating  said  coated  strip  with  a  phosphate 

9 
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conversion  coating. 
11.  The  method  of  claim  10  including  the  step  of  rinsing  said  coated  strip  in  an  acid  to  remove  a  thin 

outer  zinc  oxide  layer  on  said  alloy  coating  thereby  enhancing  the  phosphating  characteristics  of  said  alloy 
coating. 

5  12.  A  method  of  producing  a  galvannealed  steel  strip,  comprising  the  steps  of: 
cleaning  a  steel  strip, 
electroplating  at  least  one  side  of  said  strip  with  a  zinc  coating, 
passing  said  coated  strip  through  a  low  frequency  induction  coil  whereby  said  coated  strip  is  heated  to  a 
temperature  to  completely  convert  said  zinc  coating  to  a  zinc/iron  alloy  coating, 

10  cooling  said  coated  strip  to  substantially  stop  diffujsion  of  iron  into  said  alloy  coating, 
chemically  treating  said  coated  strip  to  remove  any  zinc  oxide  from  the  outer  surface  of  said  alloy  coating. 

13.  The  method  of  claim  12  wherein  said  chemical  treatment  is  an  acidic  solution. 
14  A  method  of  producing  a  galvannealed  steel  strip,  comprising  the  steps  of: 

cleaning  a  steel  strip, 
15  electroplating  at  least  one  side  of  said  strip  with  a  zinc  coating, 

passing  said  coated  strip  through  a  low  frequency  induction  coil  whereby  said  coated  strip  is  heated  to  a 
temperature  to  completely  convert  said  zinc  coating  to  a  zinciron  alloy  coating, 
cooling  said  coated  strip  so  that  the  thickness  of  said  alloy  coating  is  no  greater  than  10%  zinc  gamma 
alloy  phases  whereby  said  alloy  coating  is  ductile  and  resistant  to  cracking. 

20  15.  A  method  of  producing  a  galvannealed  steel  strip,  comprising  the  steps  of: 
cleaning  a  steel  strip, 
electroplating  said  strip  with  a  differential  weight  zinc  coating, 
passing  said  coated  strip  through  a  low  frequency  induction  coil  whereby  said  coated  strip  is  heated  to  a 
temperature  to  completely  convert  said  zinc  coating  on  at  least  one  side  of  said  coated  strip  to  a  zinc/iron 

25  alloy  coating, 
cooling  said  coated  strip  so  that  said  alloy  coating  is  ductile  and  resistant  to  cracking. 

16.  A  method  of  producing  a  galvannealed  steel  strip,  comprising  the  steps  of: 
cleaning  a  steel  strip, 
electroplating  at  least  one  side  of  said  strip  with  a  zinc  coating, 

30  passing  said  coated  strip  through  an  induction  coil  operating  at  a  frequency  of  2-10  kHz  to  heat  said  coated 
strip  to  a  temperature  less  than  510°  C  to  completely  convert  said  zinc  coating  to  a  zinc'iron  alloy  coating, 
cooling  said  coated  strip  within  one  minute  after  exiting  said  induction  coil  to  substantially  stop  diffusion  of 
iron  into  said  alloy  coating, 
chemically  treating  said  coated  strip  with  an  acidic  solution  to  remove  zinc  oxide  from  the  outer  surface  of 

35  said  alloy  coating. 
17  A  zinciron  alloy  coated  strip  made  by  the  process  of  claim  1, 
18.  The  strip  of  claim  17  wherein  said  alloy  coating  contains  about  7-13  atomic  %  iron  and  the 

thickness  of  said  alloy  coating  is  no  greater  than  10%  zinc  gamma  alloy  phases. 
19.  The  strip  of  claim  17  wherein  the  base  metal  of  said  strip  includes  at  least  a  stoichiometric  amount 

40  of  a  carbide  former. 

45 

50 
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