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Optimization of Two-Step Cold Drawing for Upper Arch-Shape Solid
Type Austenitic Stainless Steel

S.J. Bae, J.H. Kim, S.B. Hong, S.K. Hong, J. Namkung, K.S. Lee
(Received May 18, 2022 / Revised October 11, 2022 / Accepted November 28, 2022)

Abstract
In the automotive industry, cold-drawn austenitic stainless steel is commonly used to handle high fuel pressures in
gasoline direct injection (GDI) engines. In this study, we analyzed the effects of main process variables such as cross-
sectional shape, drawing speed and friction coefficient on the microstructure, hardness and residual stress of the drawn
material in the two-step cold drawing process. By changing the cross-sectional shape in the first-step cold drawing, the
possibility of improving the shape accuracy or physical properties of the finally cold-drawn fuel rail pressure sensor product

was investigated.
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Fig. 1. Schematics of two-step cold-drawing process

Approach angle : 8.5°, Lz 20.0mm
Bearing length : Lz 11.2mm, R 12.0
Back relief angle : 90.0° R 1.0

Isometric view Approach zone view Relief zone view

2"d step RGO TG £1.57 Approach angle : 13.4°, Lz 15.4mm % Round bar area: 201,062 mm
- Bearing length : Lz 10.9mm, R 5.0 Ref. 15 step area ::158.160 mm?

™\ Back rellef angle : 90.0° R 1.0 (Drawing dies al: 8.5~11.19) T L
Ref. 2™ step area: 115.274 mm? .5 mm | 8.0 mm

(Drawing dies a2: |13.4°)

Isometric view Approach zone view Relief zone view

Fig. 2. (Left) Die geometry of present cold-drawing process, (Right) Cross-sectional shape for each process
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Fig. 3. Photos of as-received, annealed and coId—drawn ‘
y-stainless steel

Fig. 6. FE model of 2-step shape drawing process

Position
Table 1. 2 step cold drawing simulation conditions
Material STS304 exp.
Problem definition 3D [180°] symmetric model
Drawing speed 100 mm/s
' o Friction (Coulomb friction) 0.05
Heat transfer coefficient 2000 W/(m?k)
Fig. 4. Location of sections where residual stresses of Billet and Die temperature 20 °C
cold-drawn arch-type y—stainless steel were measured Element size (Tetra) 0.18~1.0 mm
e o T Nurmber o nods 0,035 a
= Number of elements 48,362 ea
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Fig. 5. Location of tensile specimens cut from cold- 71 12k I i A(158.2 mm?)eh ARSHA A2 A8k
drawn arch-type y—stainless steel Fom, 2B AL HF Hx Ty 2A° g4 v
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Ref. 1*t drawing
Ref. 2™ drawing
— = = 2/’ (1% drawing)
= = = 2B’ (1% drawing)

Area (mm’)| 1% step R.A.

! Ref. 2" step 115.3 -

: Ref. 17" step 158.2 21.3%
159.6 20.6%
136.8 32.0%

Fig. 7. Offset shape design of reference arch

|Half offset line !
11.0A(1.08) ;

Round bar

TypeA |Area (mm) 1" stepR.A.[Remarks +  TypeB  [Area (mm’) |17 step R.A.|Remarks
:

=== 1.0A 155.8 22.5% === 108 155.8 225
1.3A 161.5 19.7% 3.6% 138 150.3 253 -3.6%
1.5A 164.5 18.2% 5.6% 1.5B 147.3 26.7 -5.5%
—_ 17A 167.1 16.9% 7.2% -_ 178 1449 28.0 -7.0%
— 1.9A 170.4 1535 9.3% — 1.9 141.8 295 -9.0%

Fig. 8. Arithmetically designed convex-shaped
intermediate geometries
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- Annealing before 1 step drawing
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p drawing
L Annealing after 1% step drawing
—— 2" step drawing
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Ena. Strain
(b) 1000 i
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= 00
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0 —_— As-received
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Fig. 9. Engineering stress-strain curves obtained by (2)
rod-type and (b) sheet-type specimens cut from various locations of
the as-received, annealed and cold-drawn y-stainless steel
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Table 2. Tensile properties from various locations of the
as-received, annealed and cold-drawn y—stainless steel

Rod Type YS (MPa) | UTS(MPa) | El.(%)
As-received 595.8 759.6 46.2
As-annealed 258.7 640.2 69.7

After 1%t drawing 775.2 837.2 37.7
1%t drawing +Annealing 257.0 636.0 62.8
After 2" drawing 784.3 848.9 24.9

Sheet Type YS (MPa) | UTS (MPa) | EL.(%)

As-received 617.0 746.5 41.9
As-annealed 2711 686.6 77.1

After 1 step(top) 781.2 826.1 222
After 1% step(bottom) 755.2 802.0 217
1%t step + Annealing(top) 261.1 622.7 71.2
1%t step + Annealing(bottom) 239.4 600.4 71.2
After 2 step(top) 770.0 884.2 158
After 2" step(bottom) 775.2 828.2 20.6
Cross-section
1st step 2nd step

-20.5 0
R (E0.7).

Surface
2nd step

25.9(+1

Fig. 10. Rockwell C hardness distribution obtained from
1%t and 2" step cold-drawn y—stainless steel specimens
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=% X (Inverse Pole Figure, IPF) map2.= 2|3} Fig.

= ;07:1 16 mm Oﬂ;‘qa §].£ ot
H F9 Hﬂr@]ﬁ ﬂo}ﬁ} IPF map o 2, Atz o2 Zuj
HHET AAHE 19.4 mm) WA FZ2 S Bl whd
12} ok & ki 2l R IPF map Figs. 11(b)
2 11(c)2} T} GOS (grain orientation spread) #ke] =+
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A Fol A 7 mAE AP HEE Hole], o
= malg R WEge] AUHo R WSS o
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Figs. 11(d) ¥ 11(e)¢} #t}.

A
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Fig. 11. Inverse pole figure maps obtained from
representative cross-sectional points of (a) annealed
round bar, (b) center part and (c) surface part of 1st-
step cold drawn solid, and (d) center part and (e)
surface part of 1st-step cold drawn solid y-stainless steel
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Fig. 14. FE analysis results of (left) effective strain
distribution and (right) 1% principal stress distribution
in the center and bottom of the redesigned drawing

Fig. 15. FE analysis

process

'
|
|
|
i

198 |
I

99.59% i

I
|
i

results of 2" step drawing filling

ratio

AAY 259 B T F UY uEgE £ 21
A &8 WA v 158 4 71 arch F
o2 AAR 2A g HE IEA ] vigw 5
2 X Figs. 16 2 173 vt HFFAe] ol
WE TEF] IHFE 1A 58 Bre 1€
(1= 352 A} 614.9 MPa)3} Bl ste] 24 A1
2} 52 A 4723 MPa)e] A2 oF 23% Al
< &Jsh3laL, Fig. 17(b)= vk 4 & wE R+
<9 B¥XE E5Y 158 AA o] U/ 14
T8 AxE FA3) gaste A FAF 9
Atk ol 13 W Al AAFHew FUF WP
S frEdhe 253 A7 9io] 23 oM o
2 A7 did va) WYPE Fxo FFE wd
3 4 9l%len, Fig. 18% BW B53 158 F4o]
¢t i 3 T & g ey MEdE 22t
Hla A grdate 2z QIdk Al oL BA o] FEYAE
A& Q& vk ol ddE Hop E5Y
158 gde] HAe Fdds #dd 5 U

=

AT - T - oA
® 1% step drawing | ® 2™ step drawing
Ilfanl::.pll Stre I ;T‘Pn'::'pul Stres
: e Ref. 2

Frin Ref. 1.58

|

I 00

1.58
3 ®

e llii—— L
i 8 3

ml Ui

Fig. 16. 1% principal stress distribution result of FE
analysis of proposed design at bottom surface

—~
g 2
—~
O
~

g

—a— Rotomnon —e— Rotrono -
Cantar_1.58 K3 Boftom_1 58 "l a
400 | —4— Conlor 2 by 700 | —+— Bottom 2A K-
200 e o r

1st Pricipal stress (MPa)
g8 o
ks
AN
13
]
1st Pricipal stress (MPa)
$ 8 8
2
Al \
k.
(S

k:

s

12 3 4 5 6
Length (mm)

Fig. 17. Distribution of 1% principal stress for width
direction at (a) center and (b) bottom surface

o

Length (mm)

Effedtive strain
Unit: S_unit
Frin, Cut

a7

13t step drawing

063
0s6
1 04

042
l 035

028

:

2nd step drawing

[

on

014

oo7

) @ @

Fig. 18. Effectlve strain dlstrlbutlon result of FE analysis
of proposed design




Ay

CENTER

1st step >

Referenc

o
G mmmmmm - o>

2nd gtep >

99.45%

Fig. 19. Comparison of the reference shape for 1% step
cold drawing with newly designed ones (Cases A & B)

Table 3. Characteristics of cross-section shapes adopted
in this study for actual cold drawing experiment

ZH o] EAl 2HRlE

Shape Area 1t step drawing 2" step drawing
(mm?) RA (%) RA (%)
Ref. 158.16 21.34 27.12
Case A | 159.62 20.61 27.76
Case B | 147.34 26.72 21.76

o] "= Case A %
Case B & S AA, Askgla, 1 A=

27k 29k A T4 H A3} 401

Fig. 203} 2or], aAlsh 43 A& RS 27
3}

Fae At £F A4 AW FHL F§
d 17 RE Y £AE s @ ARG
s wAlshd Fig 210 At
Case A ~ CaseB
G ; R

Fig. 20. Top-view of the dies for neWIy deS|gned 1t-step
cold drawing adopted in this study

c. 1%t step drawing material

b. Heat-treatment after 1! step drawing

Fig. 21. Photos for representative flowchart showing
1%t step cold drawing followed by bright annealing
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shifting to gasoline direct injection (GDI) Technologies
in light-duty vehicles in the united states, Environ. Sci.

Techno., vol. 54, pp. 687-696.
[2] C. Weber, I. Sundvor, E. Figenbaum, 2019, Comparison
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Fig. 22. Residual stress results of the redesigned process
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