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ABSTRACT 
I n  recen t  yea rs ,  e f f o r t s  have been under- 

taken t o  inc rease  t h e  s t r e s s  l o a d  on s p r i n g  
m a t e r i a l s  and t o  decrease wire  diameter i n  o rder  
t o  reduce weight. However, progress  has been 
slow due t o  t h e  r e s u l t i n g  i n c r e a s e  i n  s p r i n g  sag. 
This  r epor t  desc r ibes  t h e  c h a r a c t e r i s t i c s  o f  s t e e l  
wire  subjected t o  a new s t r a i n  method. Af te r  
quenching and tempering, whi le  t h e  wire i s  s t i l l  
warm, s t r a i n  i s  imposed on t h e  wire t o  improve 
i t s  sag r e s i s t a n c e .  Resul ts  show t h a t  sagging i n  
sp r ings  made o f  t h i s  wire i s  approximately one 
h a l f  t h a t  of  spr ings  made o f  convent ional ly  
quenched and tempered wire o f  t h e  same s t r e n g t h .  
Moreover, strain-imposed wire can be quenched 
and tempered t o  a lower s t r e n g t h  than ,  y e t  have 
t h e  same sag r e s i s t a n c e  a s ,  extremely high- 
s t r e n g t h  conventional wire .  A s  a r e s u l t ,  problems 
encountered when high s t r e n g t h  m a t e r i a l  i s  used 
t o  improve sag r e s i s t a n c e  -- - such a s  damaged 
c u t t i n g  t o o l s  and decrease6 shot  peening e f f e c t  
-- can be avoided. After p r a c t i c a l  app l ica t ion ,  
t h e  f a t i g u e  l i f e  of  t h i s  wire has been confirmed 
t o  be s u f f i c i e n t  f o r  - commercial use .  - - 

AS PART OF TXE RECENT TREND towards l i g h t e r  c a r  
components, t h e  reduced weight suspension c o i l  
s p r i n g  has been awaited with  g rea t  i n t e r e s t .  
However, any weight reduct ion a l s o  r e s u l t s  i n  a 
h i g h e r  load  s t r e s s  on t h e  sp r ings .  Such higher  
s t r e s s  p resen t s  t h e  problem o f  inc reased  sagging 
o f  t h e  sp r ings ,  and, t h u s ,  t o  a decrease i n  t h e  
he igh t  of t h e  c a r  body i n  t h e  course of  i t s  use.  
There fore ,  i n  o rder  t o  improve t h e  sag r e -  
s i s t a n c e ,  sp r ing  manufacturers have been obl iged 
t o  include such e x t r a  processes a s  ho t - se t t ing  i n  
producing t h e  sp r ings .  

T'nis s i t u a t i o n  c l e a r l y  demanded t h e  develop- 
ment o f  a new s t e e l  wire f o r  t h e  c o i l  s p r i n g  
which possesses high sag r e s i s t a n c e ,  even under-  
severe  s t r e s s  condi t ions .  
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Regarding methods t o  improve t h e  sag re-  
s i s t a n c e  o f  s t e e l  wire ,  s t r eng then ing- l ra i s ing  
t h e  hardness o f  s t e e l  w i r e ( l ) * ,  o r  adding a l loy-  
i n g  elements such a s  V,  (31 o r  Mo ( 2 ) ( 3 )  have been 
examined. I n  t h e  case o f  t h e  former method, 
however, t h e  s t e e l  d u c t i l i t y  decreases ,  r e s u l t i n g  
i n  l i m i t a t i o n s  i n  manufacturing wi res 'o r  forming 
c o i l  spr ings .  I n  t h e  case o f  l a t t e r  method, 
c o s t s  r i s e  due t o  t h e  a d d i t i o n  of  expensive 
a l l o y i n g  elements.  

Based on t h i s  background, we have s tudied 
how t o  produce a high sag  r e s i s t a n c e  sp r ing  wire 
wi th  Si-Cr s t e e l  (sAE 9254). The method we 
developed included not only  t h e  conventional 
quenching and tempering t r ea tment ,  but a l s o  
techniques  imposing s t r a i n  on t h e  wire  a f t e r  
tempering. 

Here, we repor t  t h e  r e s u l t s  of  examinations 
of  t h e  p r o p e r t i e s  o f  t h e  strain-imposed s t e e l  
wire used f o r  cold-formed suspension c o i l - s p r i n g ,  
comparing them with  s t e e l  wire  made through only 
quenching and tempering . - 

The chemical. composition o f  SM 9254 s t e e l  
used i n  our  t e s t  i s  shown i n  Table 1, and t h e  
manufacturing processes  a r e  shown i n  Figure 1. 

Two kinds of  s t e e l  'wires were produced with 
hot- rol led rod 1 l . O m m  i n  diameter;  one was drawn 
t o  9.5mm i n  diameter a f t e r  having been descaled 
by p i c k l i n g ,  and then tempered and quenched. The 
o t h e r  was produced, i n  a d d i t i o n  t o  t h e  former 
processes ,  through strain-imposing a t  w a r m  
temperatures.  

Regarding t h e  method o f  imposing s t r a i n  
on t h e  _?ire, we examined s e v e r a l .  Here, we 
repor t  t h e  case o f  t h e  c y c l i c  bending method. 
The s t r e n p h  o f  t h e  s t e e l  wire  was adjusted by 
changing t h e  tempering temperature;  t h e  t e n s i l e  
s t r e n g t h  was 1670 - 2 0 6 0 ~ ~ a .  

- 

"Numbers i n  parentheses  des igna te  References 
a t  end of  paper.  
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TEST OF STEEL WIRES 
Table 1 - Chemical Composition 

W t O/o 

Material 1 C 1 Si 1 Mn 1 P 1 S ( Cr 1 

1 Pickling \DescalincJl 

Drawing w (- 9smm a} 
Quenching - 

/I 1 Tempering & ;train Imposing I 

Pig.  1 - Manufacturing Processes 

Annealed at 623-K (66TF) for 30min. 
1 I 

STRAIN-IWOSING AND P43CHA.NICAL PROPERTIES - 
I n  o rder  t o  study t h e  in f luence  o f  s t r a i n -  
imposing on t h e  s t e e l  wire ,  we measured t h e  
mechanical p roper t i e s  of  s t e e l  wi res  which had 
been subjected t o  varying degrees  o f  s t r a i n  and 
then annealed a t  6 2 3 ' ~  ( 6 6 2 ' ~ )  f o r  30 minutes. 
Figure 2 shows, a s  an example, t h e  mechanical 
p r o p e r t i e s  of  s t e e l  wire with t e n s i l e  s t r eng th  of  
1940MPa which had been t r e a t e d  by c y c l i c  bending 
a t  warm temperatures  . 

According t o  t h i s  f i n w e ,  i n  s p i t e  of  the  
imposed s t r a i n ,  the  values  o f  d u c t i l i t y  f a c t o r s  
e longa t ion  and reduct ion of  a r e a  show very l i t t l e  
decrease ,  and t e n s i l e  s t r e n g t h  &I and t o r s i o n  
s t r e s s  - 6 ~  do not change much e i t h e r .  On the  
o t h e r  hand, y i e l d  point (0.2% proof s t r e n g t h )  
U0.z and t o r s i o n  y i e l d  po in t  -60.3 shox s i g n i f i -  
can t  inc rease  a s  the  value of  s t r a i n  increases .  
TINS, 00.2/05 znd Z~~/ZMAX i n c r e a s e  t o  97% o r  
g r e a t e r ,  while they a re  approximately 935 i f  no 
s t r a i n  is imposed. 

CHARACTERISTICS OF LOW-Tl3PERATW R"MEAL1NG 
O F  TKE STXAIN-MTOSED STEEL MRE - In  o rder  t o  
s tudy  t h e  inf luence o f  low-temperature annealing 
a f t e r  forming t h e  sp r ing ,  w e  measured t h e  
mechanical p roper t i e s  o f  t h e  s t ra in- i tqmsed s t e e l  
wire a f t e r  keeping it a t  5 2 3 ' ~  ( 4 8 2 ' ~ )  - 673Oi( 
( 7 5 2 O ~ )  f o r  30 minutes. Figure  3 shovs,  a s  an 
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Fig. 2 - The e f f e c t  of imposed-strain on 
mechanical p r o p e r t i e s  
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F i g .  3 - The e f f e c t  of  low-temperature 
anneal ing on the  mechanical p r o p e r t i e s  
of  strain-imposed s t e e l  wire 



example, t h e  da ta  f o r  s t e e l  wire with t e n s i l e  
s t r e n g t h  o f  1960Wa t r e a t e d  by c y c l i c  bending 
with  2.9% s t r a i n .  

According t o  t h i s  f i g u r e ,  a l l  p roper t i e s  of 
t h e  s t e e l  wire when kept below 6 2 3 ' ~  ( 6 6 2 ' ~ )  show 
l i t t l e  change from those  before  low-temperature 
anneal ing.  Only f o r  t h e  s t e e l  wire kept a t  6 7 3 ' ~  
( 7 5 2 ' ~ )  was t h e  tendency observed t h a t  OB, 0 0 . 2 ,  
ZWX and 20.3 decrease respec t ive ly  and t h a t  t h e  
value of  t h e  elongation inc reases  s l i g h t l y .  

ESTILMATION OF THE SAG RESISTANCE BY 
XYSTEFZSIS LOOP AEU METHOD - According t o  S .T. 
Fur r ,  t h e r e  i s  a c o r r e l a t i o n  between t h e  hys- 
t e r e s i s  loop a rea  i n  t h e  Bauschinger Torsion 
Tes t ,  a s  shown i n  Figure 4, and t h e  sag of  c o i l  
sp r ing ;  t h e  l a r g e r  t h e  a r e a ,  t h e  b e t t e r  t h e  sag 
r e s i s t a n c e ( 4 ) .  Thus, p r i o r  t o  t h e  t e s t  we 
s t u d i e d  t h e  r e l a t i o n  between the  h y s t e r e s i s  loop 
a r e a  o f  t h e  s t e e l  wire and t h e  r e s i d u a l  shear  
s t r a i n  i n  t h e  c o i l  s p r i n g  clamping t e s t .  

Torsion Angle 

Fig.  4 - Bauschinger Torsion Test 

The conditions of t h e  Bauschinger Torsion 
Test were: wire  diameter of 9.5mm;-chuck i n t e r v a l  
of  475mm; and t o r s i o n  angle of 360'. The hys- 
t e r e s i s  loop a r e a  w a s  c a l c u l a t e d  by Image- 
Analyser based on t h e  torque- tors ion angle: curve. 
I n  t h e  sp r ing  clamping t e s t ,  t h e  c o i l  sp r ing  was 
kept f o r  100 hours a t  room temperature under a 
clamping s t r e s s  of  l l8OWa. 

Figure 5 shows t h e  r e l a t i o n  between t h e  
h y s t e r e s i s  loop a r e a  and t h e  r e s i d u a l  shear  
s t r a i n  t h a t  came out through measurement of  
va r ious  specimens. The r e l a t i o n  enabled us t o  
confirm a good c o r r e l a t i o n  between t h e  two 
f a c t o r s .  

211us, it became c l e a r  t h a t  t h i s  method 
enables  us t o  es t imate  t h e  sag  r e s i s t a n c e .  We 
t h e r e f o r e  used t h e  method t o  es t imate  t h e  e f f e c t  
of strain-imposing t o  improve t h e  sag res i s t ance .  
Figures  6 and 7 show t h e  r e s u l t s  o f  our  e s t i -  
mations. 

Figure 6 shows t h e  r e l a t i o n  between t h e  
h y s t e r e s i s  loop a r e a  and t h e  value of  imposed 
s t r a i n  on s t e e l  wire wi th  t e n s i l e  s t r e n g t h  
2070MPa during c y c l i c  bending at w a r m  tempera- 
t u r e s .  A s  t h e  s t r a i n  i n c r e a s e s ,  t h e  h y s t e r e s i s  
loop a r e a  a l s o  inc reases ,  which shows t h a t  
c y c l i c  bending improves sag  r e s i s t a n c e .  

Residual Shear Strain ( x I o - ~ )  

Fig. 5 - Relat ion between t h e  h y s t e r e s i s  loop  
a r e a  and t h e  r e s i d u a l  shear  s t r a i n  as determined 
by damping t e s t  ' ( Z = 1 1 8 0 ~ ~ a  f o r  100hrs.  ) 

Bending Strain ( O l e )  

Fig.  6 - Relat ion between t h e  h y s t e r e s i s  l o o p  
a r e a  and imposed s t r a i n  on s t e e l  wire  wi th  
2070MPa t e n s i l e  s t r e n g t h  

For our  t e s t ,  we produced s t e e l  wires of 
varying degrees o f  s t r e n g t h ,  some t r e a t e d  by only 
quenching and tempering, but o the rs  a d d i t i o n a l l y  
t r e a t e d  by imposing s t r a i n  through c y c l i c  bending 
with  2.9% s t r a i n .  I n  Figure 7,  t h e  h y s t e r e s i s  
loop a r e a s  of t h e  respec t ive  s t e e l  wires a r e  
p l o t t e d  aga ins t  t e n s i l e  s t r eng th .  Figure 7 shows 
t h a t  as Yensile s t r e n g t h  inc reases ,  t h e  hys- 
t e r e s i s  loop a r e a  a l s o  inc reases ,  r egard less  of 
whether s t r a i n  i s  imposed, and t h a t  enhancing 
t e n s i l e  s t r e n g t h  i s  e f f e c t i v e  i n  improving t h e  
sag r e s i s t a n c e .  Also it is  c l e a r  t h a t  s t r a i n -  
imposing i s  e f f e c t i v e  i n  improving t h e  sag r e s i s -  
t ance ,  because t h e  h y s t e r e s i s  loop a r e a s  o f  t h e  
strain-imposed s t e e l  wires a r e  approximately 13% 
l a r g e r  than  t h o s e  o f  t h e  conventional s t e e l  wires  
of t h e  same t e n s i l e  s t r eng th .  
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Fig .  7 - The e f f e c t  o f  strain-imposing on h y s t e r e s i s  loop a rea  

TZSTS Or '  C O I L  SPRINGS 

.2s t h e  ajove t e s t s  made it evident  t h a t  
strain-imposed s t e e l  wire has high sag res is tance,  
we next tes5ed sag and f a t i g u e  p r o p e r t i e s  o f  
cold-formed c o i l  sp r ing .  One c o i l  sp r ing  group 
was com-josea of  s t e e l  wire  t r e a t e d  by c y c l i c  
bending sri tn 2.9% s t r a i n  a f t e r  quenching and 
tempering, and the  o t h e r  c o i l  s p r i n g  group was 
composed of  s t e e l  v i r e  t r e a t e d  by only quenching 
and tempering. T'ne dimensions and mvlufacturing 
cond i t ions  o f  the  t e s t e d  c o i l  sp r ings  a r e  shown 
i n  Tables 2 and 3. 

SAG RESISTANCE - Sag r e s i s t a n c e  was calcu- 
l a t e d  from measurements o f  l o a d  l o s s  under t h e  
s t r e s s  o f  ll8CbDa f o r  100 hours by clamping t e s t s  
a t  room temperature.  The r e s u l t s  o f  these  t e s t s  
a r e  shom in  Figure 8. 

Figure 8, l i k e  Figure 7,  shows a comparison 
o f  the  above two groups o f  c o i l  spr ings  with 
regard t o  the  r e s i d u a l  shear  s t r a i n  aga ins t  t h e  
t e n s i l e  strensh a f t e r  a  clamping t e s t .  A s  with 
t h e  es t imat ion of sag  r e s i s t a n c e  by t h e  Hys- 
t e r e s i s  Loo? Area Nethod, Figure 8 shows t h a t  a s  
t h e  t e n s i l e  s t r e n g t h  i n c r e a s e s ,  t h e  r e s i d u a l  
shear  s t r a i n  decreases ,  i . e . , - s a g  r e s i s t a n c e  
i n c r e a s e s .  And, comnaring t h e  two groups of c o i l  
sp r ings  a t  t h e  same t e n s i l e  s t r e n g t h ,  the .  re- 
s i d u a l  shear  s t r a i n s  o f  the  strain-imposed c o i l  
sp r ings  a r e  approximately one h a l f  o f  those  o f  
t h e  o t h e r  c o i l  sp r ings .  In  o t h e r  words, the  
strain-imposed c o i l  sp r ings  have high sag 
r e s i s t a n c e .  

Table 2 - Dimensions of t h e  t e s t  c o i l  s p i n g s  

Wire Diameter I 9 . 5 7 1  
- I Mean Coil Diameter 1 60 mrn I 

I Free Height 1 105 mm 1 
1 Total Number of Coils 1 5.5 I 

Table 3 - Manufacturing condi t ions  o f  t h e  t e s t  
c o i l  sp r ings  

Number of Effective Coils 

Spring Rate 
; 

3.5 

112.8 N/mm2 

0.8 mmq cutted wire 

Low- temperature annealing 
(after formed) 

I - 

I I coverage / more than 95% I 

623°K x 30 min. 
(662'F) 

Low - temperature annealing 
(after shot peening) 

Pre- sett ing 

503" K X  20min. 
(446°F) 

0.62 x Oe (twice) 
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Fig.  8  - The e f f e c t  of strain-imposing on sag of  c o i l  spr ings  

For e x m p l e ,  the  r e s i d u a l  shear  s t r a i n  o f  t h e  
strain-imposed c o i l  p r i n g  with  t e n s i l e  s t r eng th  
o f  2 ~ 6 O E a  i s  1 XlO-' o r  l e s s  while t h e  o the r  i s  
2 x 1 0 - ~  o r  l e s s .  This shows it i s  p o s s i b l e  t o  
? r o d u c ~  s t e e l  wire with exce l l en t  sag  res i s t ance  
by imgosing s t r a i n .  Also it i s  c l e a r  t h a t ,  when 
imposing s t r a i n  on s t e e l  wire  wi th  t e n s i l e  
s t r e n g t h  o f  1815X?a, t h e  sag r e s i s t a n c e  a t t a i n e d  
i s  t h e  same as t h 2 t  f o r  s t e e l  wire  w i t h  t e n s i l e  
s t r e n g t h  o f  more than 2 0 6 0 ~ ~ a  t r e a t e d  by only 
quenching and tempering. This' shows it i s  possi-  
b l e  t o  avoid damaging c u t t i n g  t o o l s  and decreas- 
i n g  the  sho t  peening e f f e c t ,  which, a long with 
o t h e r  d i f f i c u l t i e s ,  occur i n  t h e  process  o f  c o i l  
s p r i n g  manufacturing as t h e  t e n s i l e  s t r eng th ,  of  
t h e  s t e e l  wire  inc reases .  

FATIGUE LIFE - A s t r a i n  c o n t r o l  t y p e  cycle  
t e s t i n g  machine o f  5Hz was used t o  t e s t  t h e  
f a t i g u e  l i f e .  The t e s t  condi t ions  were: mean 
s t r e s s  of  638ma;  s t r e s s  amplitude o f  5lrOMPa; and 
cycle  l i m i t  o f  300,000 cyc les .  

The r e s u l t s  of  t h e  f a t i g u e  t e s t s  on t h e  c o i l  
sp r ings  t h a t  were made o f  strain-imposed s t e e l  
wire  and conventional, s t e e l  wire-are shown i n  
Table 4 .  Fat igue f a i l u r e s  were not observed i n  
any of  t h e  t e s t e d  c o i l  sp r ings  a f t e r  300,000 
c y c l i c  f a t i g u e  t e s t s ,  which i n d i c a t e s  t h e  s t r a i n -  
imposed c o i l  sp r ings  have s u f f i c i e n t  f a t i g u e  l i f e  
f o r  c o m e r c i a 1  use.  

Table 4 - Fatigue t e s t  r e s u l t s  of t h e  
t e s t  c o i l  sp r ings  

I Quenched and I 1805 I > 300 (n.5) / 

Kinds of 
steel wire 

' F i g u r e  9 shows t h e  r e s u l t s  o f  sag measure- 
ments on c o i l  sp r ings  of  varying degrees of 
s t r e n g t h  a f t e r  t h e  above 300,000-cycle f a t i g u e  
t e s t .  The r e s i d u a l  shear  s t r a i n s  of all s t r a i n -  
imposed c o i l  sn r ings  were 1 x ~ o - ~  o r  l e s s ,  which 

Tensile strength 
of steel wire 
oB MPa 

tempered ' 
* . . . .  

confirms t h a t  t h e y  have high sag r e s i s t a n c e .  

Fatigue lit e 
x l d  cycles 

t=638+- 540 Mf% 

2001 

1805 - 

> 300 (n=7) 

> 300 (n= 51 



Quenched and tempered 

Tensile Strength (MPa) 

Fig. 9 - Residual shear  s t r a i n  a f t e r  300,000- 
cycle  f a t i g u e  t e s t  of  c o i l  sp r ings  

DISCUSSION 

The mechznism by which sag  r e s i s t a n c e  i s  
improved i n  strain-imposing i s  presumed t o  be a s  
follows: strain-imposing a t  warm temperatures  
r e s u l t s  i n  t h e  inc rease ,  and simultaneous i n t e r -  
lock ing ,  o f  d i s l o c a t i o n s .  A s  t h e  d i s l o c a t i o n  
dens i ty  i n c r e a s e s ,  a  d i s l o c a t i o n  network, i .e . ,  a  
r i g i d  s t r u c t u r e ,  i s  forned.  Therefore ,  t h e  f r e e  
d i s l o c a t i o n s  t h a t  cause sagging decrease  i n  
number and sag r e s i s t a n c e  i s  improved. 

Thotograph 1 shows t ransmiss ion e l e c t r o n  
micrographs of  s t e e l  wire t r e a t e d  by only quench- 
i n g  and tempering and s t e e l  wire a d d i t i o n a l l y  
t r e a t e d  by c y c l i c  bending with  2.9% s t r a i n .  I n  
Photo.1 ( a )  of  t h e  former, t h e r e  can be observed 
numerous d i s loca t ions  i n  a  comparatively f r e e  
condi t ion t h a t  cause sagging. 

On t h e  o the r  hand, a s  shown i n  Phot0.1 ( b )  
of  t h e  l a t t e r ,  t h e  d i s loca t ions  have m u l t i p l i e d  
and have become p i l e d  up and in te r locked  with one 
another ,  and few d i s l o c a t i o n s  a r e  i n  a  very f r e e  
condi t ion.  This f a c t  allows us t o  presume t h a t  
sag r e s i s t a n c e  has been enhanced. 

CONCLUSION 

It has become evident t h a t  s t e e l  wire  pro- 
duced o f  Si-Cr s t e e l  (sAE 9254) through quenching, 
tempering, and then  strain-imposing, has high sag  
r e s i s t a n c e  when used f o r  cold-formed c o i l  sp r ing .  
( 1 )  In  t h e  case of  c o i l  sp r ing  made o f  t h i s  wire  
with t e n s i l e  s t r eng th  o f  2060M~a, t h e  r e s i d u a l  
shear  s t r a i n  a f t e r  a  clamping t e s t  wi th  clamping 
s t r e s s  of 1180Wa f o r  100 hours i s  1 x ~ o - ~  o r  
l e s s .  
( 2 )  The same sag  r e s i s t a n c e  can be  a t t a i n e d  f o r  
strain-imposed s t e e l  wire o f  1815Wa t e n s i l e  
s t r eng th  t h a t  can be a t t a i n e d  with conventional 
s t e e l  wire  of more than 2060M~a t e n s i l e  s t r e n g t h .  
This shows it i s  poss ib le  t o  avoid damaging cut-  
t i n g  t o o l s  and decreasing t h e  shot  peening e f f e c t ,  
which, along with o t h e r  problems, occur i n  the  
process o f  c o i l  sp r ing  m a ~ u f a c t u r i n g  a s  t h e  
t e n s i l e  s t r e n g t h  of t h e  s t e e l  wire inc reases .  
( 3 )  The strain-imposed c o i l  s p r i n g  has d u r a b i l i t y  
oi" more than 300,000 bending cycles  under t h e  
s t r e s s  o f  638+540bf?a and has s u f f i c i e n t  f a t i g u e  
l i f e  f o r  commercial use.  

Photograph 1 - Transmission e l e c t r o n  micrographs o f  s t e e l  wires  

( a ) q u e n c h e d a n d t e m p e r e d  ( b ) 2 . 9 % b e n d i n g s t r a i n i m p o s e d  



(4) Tne mechanism by which sag r e s i s t a n c e  i s  
improved i n  strain-imposing i s  as follows: s t r a i n -  
imposing a t  w a r m  temperatures r e s u l t s  i n  t h e  
inc rease ,  and simultaneous in te r lock ing ,  of 
d i s l o c a t i o n s .  As t h e  d i s l o c a t i o n  dens i ty  in- 
c reases ,  a d i s l o c a t i o n  netword, i . e . ,  a r i g i d  
s t r u c t u r e ,  i s  formed. 

Possible  methods f o r  imposing s t r a i n  on 
s t e e l  wire  include t o r s i o n ,  drawing, and severa l  
o the rs ,  i n  add i t ion  t o  t h e  c y c l i c  bending method. 
However, of  these  methods, t h e  c y c l i c  bending 
method appears t o  be t h e  e a s i e s t  and most p r a c t i -  
c a l  t o  apply t o  a mass-production equipment line:- 
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