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1 .  

2. 

3. 

PROPERTIES OF GALVANIZEE LOW CARBON SHEET STEELS 
AND THEIR RELATION TC FORMAEILITY 

? SCOPE: 
ProPer t ies o f  aa lvan ized low carbon sheet s tee l  which r e l a t e  t o  i t s  

The purpose o f  t h i s  SAE In fo rmat ion  Report  i s  t o  descr ibe those 

f o r m a b i l i t y ;  t h a t  i s ,  i t s  a b i l i t y  t o  be formed w i t h  t h e  s t r u c t u r a l ,  
dimensional and sur face  i n t e g r i t y  t o  f u l f i l  1 t he  design i n t e n t .  

C ITATION:  
Forming o f  Galvanized Sheet Steels ,  (A ISI  Document SG-539). Th is  SAE 
I n f o r m a t i o n  Report  reproduces those sec t ions  o f  t he  A I S I  document 
s p e c i f i c a l l y  devoted t o  the  p roper t i es  o f  t he  galvanized sheet s tee l  s.  

The American I r o n  and Stee l  I n s t i t u t e  has publ ished a guide t o  - The 

Copies o f  t h e  complete p u b l i c a t i o n  can be obta ined fron:: American I r o n  and 
Steel  I n s t i t u t e ,  1000 16 th  St ree t ,  Washington, DC 20036. 

INTRODUCTIOh: The need of t h e  automot ive i r idus t ry  t o  improve t h e  co r ros ion  
res i s tance  o f  veh ic les  has r e s u l t e d  i n  a g rea te r  use o f  coated s tee l  sheets 
i n  p lace  o f  t h e  t r a d i t i o n a l  uncoated c o l d  r o l l e d  s t e e l  sheets fo r  automobile 
bodies. 

Compared w i t h  uncoated s t e e l  sheets , coated s tee l  s have d i f f e r e n t  
c h a r a c t e r i s t i c s  t h a t  can be expected t o  a f f e c t  automot ive nianufactur ing 
operat ions such as stamping, weld ing and pa in t i ng .  The purpose o f  t h i s  
p u b l i c a t i o n  i s  t o  cha rac te r i ze  the  features o f  coated s tee l  sheets and t o  
i n d i c a t e  how these fea tures  ( e s p e c i a l l y  where they d i f f e r  from uncoated 
sheets)  i n f l u e n c e  f o r m a b i l i t y  i n  stamping operat ions.  

Two mate r ia l  r e l a t e d  f a c t o r s  g r e a t l y  i n f l u e n c e  the  f o r m a b i l i t y  of coated 
sheets - t h e  s tee l  subs t ra te  and t h e  coat ing.  

- The s t e e l  subs t ra te  i s  more impor tan t  than the  coa t ing  because the  
mechanical p roper t i es  o f  t h e  subs t ra te  ( d u c t i l  i ty, work hardening and 
p l a s t i c  an i so t ropy )  determine the a b i l i t y  o f  the  s tee l  t o  w i ths tand s t r a i n  
i n  var ious  modes o f  forming (such as s t r e t c h i n g  and deep drawing). 
j u s t  as mechanical p roper t i es  a re  very impor tan t  t o  the  f o r m a b i l i t y  o f  
uncoated c o l d  r o l l e d  s tee l ,  so t o o  a r e  they  impor tan t  t o  the  forn iab i l  i t y  
of  coated sheets. 

Thus, 

SAETechnical Board Rules provide that: ?This report is published by SAE to advance the stare of technical and engineering sciences. 
The use of this report is entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement 
arising therefrom, is the sole responsibility of the user.? 

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your 
written comments and suggestions. 

Copyright 1 9 8 7 Society of Automotive Engineers, Inc. 
All rights reserved. 

-. - 
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3. (Continued): 

- The charaeter is t icc  of the coating, although l e s s  important t o  forriiing 
than the substrate, can have a s ign i f icant  influence on forming because 
the coating can a f f ec t  nietal flow over tool and die  surfaces. 

Both tilese factors ,  the substrate  and the coating, are  influenced markedly by 
the niethod used by tfie s teel  manufacturer to  produce the coated sheet,  
Because there a re  a variety of production inethods , di f fe ren t  mechanical 
properti es and coatings can @xi s t  . These combinati Otis of properti es and 
coating types o f f e r  the s tee l  user a broad range of  product performance 
features a 

4. FORMABILITY OF THE STEEL SUBSTRATE: Because of the large number of 
automotive parts produced from s tee l  sheets,  formabil i ty  requirements range 
from simp1 e to conipl ex . 
industry of fe rs  eoated sheets w i t h  d i f fe ren t  levels  o f  formability and, 
accordingly, cost .  
cost-effective selection of  a eoated sheet fo r  any par t  configuration. 

Ac i t  is  w t h  uncoated cold rolled sheets,  the forwability of coated sheets 
is  influenced by s teel  coriiposi t ion,  microcl eanl iness I thermomechanical 
processing conditions used i n  hot ro l l ing ,  cold ro l l ing  and annealing, and by 
the amount of temper ro l l  i n g  or 1 eve1 i n g .  

To acconnnoda t e  these requirements , the  s tee1 

Consequently, i t  i s  possible to make a most 

4.1 Coating Processes and Their Impact on Substrate Formabil i t y :  
categorizing' 'coated sheets according to  the formability of t h e i r  s tee l  
substrates ,  i t  should  be recognized t h a t  the coating method can a f fec t  the 
metallurgical s t ructure  of the substrate  w h i c h ,  i n  turn, can a f f ec t  the 
formability of the coated sheet as follows: 

Before 

&l.1 Hot Gipped Galvanizing: In the most common method for continuous hot 
d ipped  galvanizing, the sheet  reaches one of two d i f fe ren t  temperature 
regions depending on the nature of the process and metallurgical 
properti es required. 

- Low Tenperatures of about 455" to  480°C (850" t o  900°F) a re  a t ta ined 
when a cooler, flux-cleaned strip enters the hot ter  zinc p o t  or when 
preheating i s  done to  ensure tha t  the sheet i s  a t  the  same temperature 
as the mol ten zinc bath. These low1 ine temperatures are usually used 
when tfie cold rol led s teel  has been pre-box annealed t o  obtain a so f t ,  
duct i le  Structure t h a t  exhibits good formability. 

- Hich Temperatures of about 675" to  900°C (1250" to  1650°F) a re  employed 
t o  achieve i n4  ine anneal i n g  and replace pre-box anneal ing .  Eecause 
the in-1 ine annealing is  of short  duration and higher temperature, 
compared with box annealing, d i f fe ren t  metallurgical reactions occur. 
For conventional carbon s t e e l s  (0.015 t o  0.15% carbon), the heating 
dur ing  the h o t  dipped galvanizing, and the associated rapid cool i n g ,  
causes excess carbon to  remain i n  soluticn i n  the s t ee l .  This carbon 
tends t o  reduce the forinability o f  the s teel  compared w i t h  box 
annealing. 
t o  55O"F) i 5  ofteii practiced to  precipi ta te  carbon and hence restore  
sun,@ o f  the fmrabi  1 i ty . A1 ternat i  vely , wlieti extra 1 ow carbon 

For this reason, post heat t reat ing a t  260" t o  290°C (500" 
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4,l .1 (Continued): 

((0.01% carbon) i n t e r s t i t i a l - f r e e  s t ee l s  are  used, post heat t rea t inç  
i s  n o t  necessary because the carbon i s  combined (s tab i l ized)  by 
alloying elements such as columbium and t i t a n i u m ,  and excellent 
formability i s  obtained. 

4.1.2 Electrogalvanizing: The electrogalvanizing process i s  conducted s l igh t ly  
above normal room temperature. Consequently, the mechanical properties of 
electrogalvanized sheet are  almost identicai t o  box annealed cold rolled 
sheet, although some minor e f f ec t s  may occur because of in-l ine tension or 
bending . 
For the above reasons, substrate formabil i t y  of el ectrogalvanized sheet 
closely approximates tha t  of cold rolled sheet. 

4.2 Steel Substrates: Specific cornbinations of steel  composition and processing 
conditions r e su l t  i n  four principal categories of steel  substrates for 
coated sheets. 

4.2.1 

4.2.2 

4.2.3 

Commercial Qual i t y  ( C Q )  Steel Sheets: 
from e i ther  i n g o t  ca s t  rimmed and capped s tee ls  or from ingot or 
continiious cas t  aluminum-killed s t ee l s .  Aluminum-killed s t ee l s  are 
usually l e s s  sensi t ive to  s t ra in  a g i n g  a t  room temperature t h a n  rimmed and  
capped steel  s. 

These coated sheets are  produced 

Typicall properties o f  the s teel  substrates a f t e r  being processed by h o t  
dipped galvanized or electrogalvanizing a re  shown i n  Table 1 .  

Drawing Qual i t y  ( D Q )  Steel Sheets: These sheets are a l  so produced from 
e i ther  i n g o t  ca s t ,  rimmed/capped and aluminum-kil led s t ee l s  or from 
continuous cas t  aluminum-killed s tee ls .  
composi t ions and processing condi t ions more r e s t r i c t ive  t h a n  those used 
for  CQ s tee l s .  
CQ s t ee l s .  

The DQ s t ee l s  are made t o  

As a r e su l t ,  they exhibi t  somewhat be t t e r  formability than 

Typical properties of the s teel  substrates of DQ s t ee l s  are  shown i n  
Table 2. 

Drawing Qual i ty Special -Ki1 1 ed or A T u m i n u m - K i  1 1  ed (DQSK or DQAK)  Steel 
Sheets: The highly formable aluminum-kill ed s teel  sheets can be divided 
i n t o  subcategories according to the carbon content of the s t ee l s  and the 
processing conditions as follows: 

- UQSK - Low Carbon Steels ( L C )  - These s t ee l s  usually contain 0.015 t o  
0.15% carbon (and for the most p a r t  0.04 t o  0.06% carbon). 
galvanized products, they are e i ther  in-1 ine annealed or pre-box 
annealed and post heat treated (box  annealed). 
shown in Table 3. 

For h o t  d i p  

Typical properties are 

lThe mechanical properties l i s t e d  i n  Tables 1 t o  5 are typical of the 
specif ic  steel  category and a re  n o t  meant t o  represent averages or median values. 
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- BQSK - Extra LOH Carbon Steels (ELC) - These steels are produced by 
special steelriiaki iiy practices t o  achieve very l o ~  carbon contents 
(8.002 t o  8.015% carbon) ana excel 1 eilt riiicrocïeanl iness. 
types: - There are two 

- Stabilized (Interstitial-Free) Steels - i n  which the low resiaual 
carbon cotitent is  coriibiticd (o r  fu l ly  stabil izec) w i t h  alloying 
additions such as colunibiurii or titanium. 
these steels can be in-line annealed o r  pre-box annealed. (No post 
annealing i s  necessary for these steels because the carbon i s  fu l ly  
stabilized by the alloyi ti9 eleincnts present. ) 
intersti t ial-free steels have substrate properties (forniabil i t y )  as 

- Nonstabil ized Steels - contain no stroni carbide-forming alloying 
elenients (Cb, T i ,  etc.) and, hence, are unlike interstitial-free 
steel s .  For this reason, nunstabil ized steel s require a pre-box 
anneal plus pos t  annealing t o  develop the niaximuni level of 
f o miab i 1 i ty . 
Table 4 l i s t s  the representative properties of DQSK extra low carbon 
s tee1 s . 

Fur h o t  dipped products, 

Electrogalvanized 

* good as their box annealed ccunterparts. 

4.2.4 fíigh Strength Steels:  These steels usually contain special strengthening 
agents (such as phosphorus, mariganese, col ur ; ibim,  vanadium or ti taniurìi) . 
By Judicious combinations of the steel composition and processing 
practice, a nuniber of strength levels can be GbtaitIed. Typical mechanical 
properties are shown i n  Table 5. 

5. EFFECTS OF GALVANIZED COATINGS ON F0HP;ARILITY: The formability of the zinc 
coated steels depends b o t h  upon the properties of  the substrate and the 
characteristics of ttie coating. To SOME? extent, the variety of substrate 
properties from different steel nianufacturërs tias contributed t o  confusion Sn 
the substi t u t i o n  of galvanized steels f o r  cold rol led steel s ,  Recent changes 
i n  steelmaki tig practices tiave improveo ttie tiiectianical properties of some of 
the h o t  dipped galvanized products t o  the p o i n t  where their formability i s  
about  equivalent t o  t h a t  o f  ttie uncoated co ld  rolled product. 

In general, experience tias show; t h a t  the substrate properties are more 
important than those o f  the galvanizcci coatings. There are, of  course, 
exceptions t o  this and there are applications where the surface 
characteristics o f  the galvanized coat i  rigs becmie very important. 
surface characteristics can change the frictional behavior dur ing  the forning 
process. This i s  especially true for  prototype or soft  tool programs where 
recul t a  have shown t h a t  galvanized sheets behave differently from cold rolled 
sheets, even when the substrate properties are sirrîlar. For example, i t  tias 
been established t h a t  one of  the pririiary reasons fo r  the poorer performance 
of thé galvanneal ed steel s auri rig tool  i rig devel opcìent-i s because there is  ati 
interactioti between the galvanneal surface arid ttie soft prototype tool  ing.  
This produces hish frictional fo rces  t h a t  adversely a f f ec t  fomabil i t y .  

These 
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5. (Cont inued):  

I t  must be recognized t h a t  sheet metal forming i s  a complex process i n v o l v i n g  
i n t e r a c t i o n s  among t h e  ma te r ia l  be ing  formed, t h e  t o o l i n g  arid t h e  
1 ubr ican ts .  Whi 1 e a l  1 are impor tant ,  under c e r t a i n  circumstances one niay 
overshadow t h e  others.  What may be found t o  work w e l l  f o r  one ma te r ia l  under 
one s e t  o f  cond i t i ons  may n o t  work we l l  f o r  t h a t  same mate r ia l  on another 
p a r t .  For exampl e, because of  t h e  ma te r ia l  - too l -1  u b r i c a n t  i n t e r a c t i o n s ,  
comparison between galvannealed and bare s t e e l  on s o f t  p ro to type t o o l  i n g  
us ing  the  same l u b r i c a n t  iriay r e s u l t  i n  the  galvannealed s tee l  e x h i b i t i n 5  
poorer  forming performance than would be expected f o r  hard produc t ion  
t o o l i n g .  
It i s  suggested t h a t  d i f f e r e n t  l u b r i c a n t s  may be requ i red  f o r  s o f t  prototype 
t o o l  and hard  produc t ion  t o o l  condi t i ons .  Furthermore, because o f  these 
i n t e r a c t i o n s ,  i t  may be more f r u i t f u l  t o  use a d i f f e r e n t  type o f  s tee l  and/or 
c o a t i n g  f o r  t h e  pro to type t o o l  t r i a l s  than w i l l  be used uriaer product ion 
cond i t ions .  

An area o f  cons iderable research today i s  the study o f  the  i n t e r a c t i o n  
between galvanized surfaces and forming 1 ubr ican ts .  
topography w i l l  determine t o  a g rea t  e x t e n t  the  a b i l i t y  o f  t h a t  coa t  ng t o  
c a r r y  l u b r i c a n t  i n t o  t h e  d i e  forming operat ion.  

For such cases, t h e  s o f t  p ro to type t o o l  t r i a l s  niay be misleading. 

The coa t ing  sur  ace 

6. EFFECTS OF SURFACE CHAWCTEkISTICS OE: FORMABILITY: It i s  recognized 
d i f f e r e n t  f i n i s h i n g  techniques a f f e c t  t h e  su r face  c h a r a c t e r i s t i c s  o f  
ga lvanized coat ings,  and i n  turn,  these sur face c h a r a c t e r i s t i c s  have 
e f f e c t  on t h e  f o r m a b i l i t y  o f  ga lvanized s tee l .  

I n  add i t i on ,  t o o l i n g  m a t e r i a l s  and t o o l i n g  sur face  treatments have a 
s i g n i f i c a n t  e f f e c t  on f o r m a b i l i t y .  

Quarit 

t h a t  

an 

t a t i v e  data i n  t h i s  area i s  l i n i i t e d  and f u r t h e r  research i s  needed. 
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TABLE 1 .. TYPICAL SUBSTRATE RECHANICAL PROPEhTIES OF CQ STEELS 

Type of Steel 

Hot=lii pped Galvanized 
( a l l  Coatings, including 

Tkrs Sides 
One Side 
Fu1 l y  Alloyed Zinc-Iron 
Differentially Coated) 

E l  eetrogal vanized 
(a14 Coatings, includin9 

Tilo Sides 
Qtie Side 
Fully Alloyed Zinc-Iron 
Bi f feren ti al 1 y Coa t ea )  

Uncoated Cold Rol 1 ed 
( f o r  comparison) 

Yield 
Strength 
hPa (ksi) 

276 (40) 

234 34 1 

234 (34) 

U1 tiniate 
Tetisile 
S t reny th 
IiPa (ksi)  

352 (51) 

331 (48) 

331 (48) 

Pe rce n t 
Total 

Elongation 
51 rm ( 2  i n )  

34 

31 

36 

*t*m (average nomial plastic anisotropy) = ( r l  + 2r45 + rt)/4 

**E (average strain hardening exponent) = (ni + 2n45 + n t ) / 4  

rrn* 

1.1 

1.2 

1 .% 

ñ** 

0.18 

0.20 

0.26 
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TABLE 2 - TYPICAL SUBSTRATE MECHANICAL PROPERTIES OF CQ STEELS 

I I 

Strength 
NPa ( k s i )  

Streng t h  
MPa ( k s i )  

E longat ion 
51 min (2  i n )  Type o f  Steel  

- 
n 

O .2u 

0.21 

0.21 

r m  
I I 
I I 

255 (37) I 345 (50) I 37 Hot-Di pped Galvanized 
( a l  1 coat ings  i n c l  uded) 

1.1 

1.2 

1.2 

' 
Electrogal  vanized 
( a l  1 coat ings  inc luded)  

207 (30)  324 (47)  

207 (30)  324 (471 Uncoated Col d Rol 1 ed 
( f o r  coiripari son) I -- 

TAGLE 3 - TYPICAL SUBSTRATE MECHANICAL PROPERTIES OF DQSK (Low Carbon) STEELS 

Percent 
Tota l  

E l  onga ti on 
51 mm (2 i n )  

U1 ti nia t e  
Tens i le  
S t rength  
PIPa ( k s i )  

Y ie l  d 
S t rength  
EPa ( k s i )  Type o f  Steel  

- 
n r m 

Hot-Di pped Galvanized 
( a l  1 coat ings  i n c l  uded 1 

Conventional I n -L ine  
Anneal P lus Post Heat 
Trea t  

228 (33)  338 (49)  39 1.2 

1.6 

0.20 

0.21 

0.22 

0.22 

0.21 

317 (46)  207 (30)  Pre-Box Anneal P lus  
Post Heat Trea t  

41 

1b7 (27)  303 (44)  1.6 E lec t roga lvan ized 
( a l l  coa t ings  inc luded)  

43 

303 (44)  Uric-oated Cold Rol 1 ed  
(for comparison) 

43 187 (27)  1.6 

1.6 Z i  ncrometal 
( f o r  compari son) 

310 (45)  41 193 (28)  
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TADLE 4 .. TYPICAL SUESTMTE MECHANICAL PROPERTIES OF 
DQSK (Extra Low Carbon) STEELS 

Type o f  Steel 

Ho t - D i  pped Gal van ized 
( a l l  coatings included) 

Extra'Low Carbon - 
Stabil  ized ( I n t e r s t i  t a l  
Free 1 

In-Line Annealed 

Pre-Box Annealed 

Extra Low Carbon - 
Nons t a b  i 1 ized 

In-Line Annealed 
plus Post Anneal 

Pre-Box Annealed 
plus Post Anneal 

El ectrogalvanized 
(a11 coatings included) 

Intersti t i  a l  Free 

Uncoated Col d Rol 1 ed 
( for cornpari son) 

Interstitial Free 

Zi ncrometal 
(for compari son) 

Intersti t i a1  Free 

Yield 
Strengt ti 
t4Pa (ksi)  

193 (28) 

172 (25) 

lb7 (27)  

179 (26) 

172 ( 2 5 )  

165 (24) 

179 (26)  

U1 timate 
Tensi 1 e 
Streng t h  
riPa (ksi)  

331 (48) 

331 (48) 

297 (43)  

290 (42) 

331 (48) 

331 (48) 
- 

331; (49) 

Percent 
To ta1 

Elongation 
51 nim ( 2  i n )  

42 

46 

44 

44 

44 

47 

45 

rm 

1.6 

2 a 0  

1 a 3  

1.6 

2 .o 

2.0 

2 a 0  

0.21 

0.24 

Om24 

0.24 

O .23 

O .24 

0.23 
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