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Fe-1.3Mn-SiAl 54k Sige] TR el #mkiy Fevkel MHBarEel &3 e

&mE I REQ EHE SRAK FEME Y HH RME 0/t BEE
PC(Pre-stressed Concrete) §#RO| CHEF #RE AR MEMR B(ELE B!
Fed, ER Ezel fit B #ee LS 25t TD(Thermal Diffusion) Ik
£ FJHSI0] VC(Vanadium Carbide) HEIS0| M= ZIX| EHE SifF U fitEERE
HES ERSIFICH £dt AR EFR MM (Finite Element Analysis)2 =510 35|
#® Ctol2ol =X MRS FHESIH 5l CIO|AE S F £ PC Sk AE
BHSHH Clo|£& EERE RS ZIEVIX|C| £EE AESE WASIUCE

R PC GiRkOl| CHEM BORESt HMEMS ER 9.2mm RF PC #ifo =S=
1 e SR FEME BERES| TE BES BESI0 EXR 8.8m R PC #H
Bl ME8Y = U= SAK FE B BEE BHES =51V 5t ByREE
AR HMAER S Aldste ER 9.2m 2 PC Sk F— BB R

g Z= "AK FE @ FEE Fe4S 7OIRIC 63 B 2t H mR(US)H
4 AR KR, B of ol fRE: S0l #amel Mprel Ko U2 JdEs
IR, 21XgE2 63 B 982 L HH 4sm/min®l W2 R LIEtGICH 2[AZfo| &

S|
28 F, 7|& NS (9.20m PC §iEE) 2 RALSH MAIEMKOl BE=ID 5IREBE
= 1,455MPa2 N|Z2| 5123k (1,420MPa) & SFSIRULCH

Fe-13Cr Al Wztet2 2720l EIX|E2 Q| #dE#(Thermal diffusion) KHEEE
of elgt mfEREro| Ciet fE2 o7, BESIQCE VC(Vanadium carbide) R E!
o 45 HEE WA R58 FHE IESE HRAIZ 20, &Mt vC 3
El=o| W EH# BS2 HEstd Ve ZES0| M2 mIX| EYE AN PC Mk &8l
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¥ RO M2 O BRE WFSIUCL R PC M Lo H2== EX B
Mol it BEEE MEpE M LS 98 1,000C HIL}E (Vanadium) 2EHO| A7 = T
Y Ho| et ve 2 ARY FR, 0.6-0.9m/hro| VC T AR HEE =20
O 10A|ZH PeREhs 8m2| VC 50| 4B =IUCE et v 5ol ik EfES 242
2.02x10-4mm*/N2} 0. 73x10-4mn’/NSZ, VC 52| FEE B2 4 Ofd| 36%2F pERE
EIULCE Ve B0l ML TREHE BW PC MES HWESIs BE B BEE
ROl B Al R CHH| 2842 Wiy EERE #EREO[ EHQUSIULCE

|'0II

g

Z39o| z[™ M= AP angle(Approach angle)Of

ME S5t ASSIRACE. BARE £ PC M 518 Clo[20
golstH B RS St 518 Ctola &£Ale| 2% M wots =&5t0 Ef
ZE(F) 2 wRHE5H R ER SR FE N W HH RMWE EHSIH 2
RE HASIFCH LZE EF PC #i#E 5|3 ClO[22| AP angle2 AP #1.1f AP
#2= 2tz 7.34°, 2.62°2 JIEEIQUCE. AP #13} AP #28 2f2} x0.5°5 X%t =
H2E FR ER #(RE 24 diA4)2 SstH LS AlLrst Zat, +0.5°01 A
25 DYl AP #12 7.84°, AP #2= 3.11°2 MAE mHolM JtE <2 EHO|
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A study on the correlation between process parameters and mechanical
properties of Fe-1.3Mn-Si based drawn steel wire

Chang Soo Oh

Department of Material Science and Engineering, The Graduate School,
Pukyong National University

Abstract

Heat treatment tests and microstructural changes were observed for
deformed PC(pre-stressed concrete) steel rods wusing cold drawing
equipment and continuous high-frequency induction heating and cooling
facility. In order to improve the wear resistance performance of the
pinch roller, a pinch roller with a VC(vanadium carbide) coating layer
applied using the TD(thermal diffusion) coating method was manufactured
and abrasion resistance test was performed. In addition, the optimal
shape of the drawing die was calculated through finite element analysis,
and the drawing die was manufactured, and then applied to the
production of deformed PC steel bars and verified by measuring
production until the die wear limit was reached.

The heat treatment and microstructure of the deformed PC steel bar
was analyzed to analyze the process conditions of high frequency
induction heating heat treatment applied to the 9.2 mm diameter
deformed PC steel bar to secure the high frequency induction heating
heat treatment conditions applicable to the 8.8 mm diameter deformed PC
steel bar. Heat treatment test and microstructure analysis were performed
to obtain high frequency induction heating heat treatment conditions with
the same mechanical properties as 9.2mm deformed PC steel bars. As a
result of the G3 current value and line speed change test, it was shown
that the change of the line speed compared to the current value greatly
affects the mechanical properties of the product, and the optimal value is
the G3 current of 98A and the line speed of 48m/min. In the case of
Specimen 2 to which the optimal value was applied, a microstructure
similar to that of the existing product (9.2 mm PC steel bar) was
observed, and the tensile strength was 1,455 MPa, which satisfies the
product's allowable value (1,420 MPa).



The characteristics of abrasion resistance by thermal diffusion surface
treatment of a pinch roller, a Fe-13Cr-based cold alloy tool steel, were
analyzed and reviewed. The rate of formation of the VC (vanadium
carbide) coating layer was checked, the coating layer was formed with an
effective thickness, and the specific abrasion amount of the base material
and the VC coating layer was measured, and the effect was verified by
applying a pinch roller to which the VC coating layer was applied to the
production facility for the deformable PC steel bar. did When the VC
layer is formed by the TD coating method, which is immersed in molten
vanadium at 1,000°C to improve the abrasion resistance of pinch rollers
applied to the production of deformed PC steel bars, the VC layer
formation rate is 0.6-0.9um/hr and immersion for 10 hours A VC layer of
8 pym was produced. The specific wear amount of the base material and
the VC layer was 2.02x10-4mm2/N and 0.73x10-4mm2/N, respectively,
and the abrasion amount of the VC layer was only 36% worn compared
to the base material. When the pinch roller to which the VC layer is
applied is applied to an induction heat treatment machine that
manufactures a deformed PC steel bar, twice the wear resistance
performance of the base material was confirmed.

The optimal design of the drawing die mold was verified through finite
element analysis of the AP angle (Approach angle). By checking the AP
angle of the Japanese-made drawing die for PC steel bar, the optimal
design method of the drawing die mold was derived through molding
analysis, and the effect was obtained by using the cold drawing facility of
Tackwang Metal Co., Ltd. and continuous high frequency induction
heating and cooling facility. was verified. The AP angles of
Japanese-made PC steel bar drawing dies were 7.34° and 2.62° for AP #1
and AP #2, respectively. As a result of calculating the stress through
finite element analysis for the model to which AP #1 and AP #2 were
applied +0.5°, AP #1, which is a model to which +0.5° was applied, was
designed at 7.84° and AP #2 at 3.11°. The lowest stress was calculated at
, and its value was 253.8 MPa, which is a 9% decrease compared to the
previous model. As a result of trial production of a 9.2mm deformed PC
steel bar by applying a new drawing die with optimized AP angle, it was
calculated that productivity improvement by 45% and die consumption
reduction by 26% are possible. As a result of trial production of an
8.8mm deformed PC steel bar by applying a new drawing die with an
optimized AP angle, it was calculated that productivity can be improved
by 49% and die consumption can be reduced by 28%.
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Fig. 1.1 Deformed PC steel bar
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Fig. 1.2 Deformed PC steel bar in PHC pile
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(Drawing)
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Fig. 1.3 Production processes of deformed PC steel bar
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Fig. 1.4 Schematic model of high frequency induction heating



(W) 3zsl A= Bk

FHE el 2 F de AL wRE Eigl REHET 19 fEER
o] §stedof atm g Folv MRS MER HE
o 2L et fEfbol wE AR Lol BAAM IFEH
o ngel A g AR BiF s,
sEgERES] el ZYS T KR BRE 0>A—->C—
2 QI7bed .l fEfbetA =M R REE S7HAA
o #MtE Yetll= FAH @R AE ‘415} = 4
F3takA A ]9P 2 A 3l 2E
A2 Blfkelgt st o] FAS dzEIYA L FA ol Sk fEF (RHA])

2 F71A 0 E A7 54 e Aol s Tt oAt
(A ) Tk o] 8F 2 S| AH g Al L ko] A
n#ol = s RRE Eo)A X

NI A
[> m{o

i
k)
= .
>
OEE} oot
% |0 “‘5 E

i
R
M
H
1o
)
fl
{o ot

O o o
rﬂi%og
:ﬂn%moﬂl
o £
)\#dm

X

4@#‘%

&Hﬂ

(it
:LWJNF



Magnetic flux density 8
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in a magnetic body
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Fig. 1.5 Diagram of Hysterisis loop
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Table 1.1 Specific coefficient of hysterisis

Material Coefficient of hysterisis
Nickel 3,500 ~ 9,500
Cast steel 2,800 ~ 4,000
Steel plate 500 ~ 7,500
2.5% Si steel plate 550
4.5% Si steel plate 190
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Table 1.2 Specific curie temperature

Material Temperature (C)
Iron 170
Cobalt 1,152
Nickel 360
Steel 121
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Fig. 1.7 Diagram of skin effect



o el Fol A Eik wES N7 e (37%)7MA Fhdte e
5 KK dolgty &, w9 2

oq71M, f= F34(Hz), pv= FAE(mH/m), o =& (mS/m)S
Bt =48 oe

A 1—5— 40% °1oP7P E]U% Zl o] 1/4 AA"AN M= 20% o8, 183 Z
TR A ZE2A %A AP,

—_
~N
[\
N
™
=2
X

r



Power Distribution(%)

\-\ /"

/8" /4 3/8] 1/2 3/8 “1/F A8

Diameter

Fig. 1.8 Diagram of induction heating and skin effect



Table 1.391 54 A Fol s @E5 K Aol (mm)E e AT,

Table 1.3 Specific skin depth by frequencies

unit : mm

Material Temp. Frequency (Hz)
(C) 50 500 1k 3k 10k 400k
23 3.2 1.1 0.8 0.4 0.2 -
Iron 1200 66.0 230 16.2 95 5.2 0.8
1538 91.0 318 225 3.0 7.1 1.0

23 S e 139 8.0 4.4 0.7

Stainless steel 1200 75.0 %" PotoRy 118.45 0.6 5.8 0.9

Copper 23 9.5 3.3 23 k2 0.7 0.1
850 }9.3 6.6 4.1 241 1.5 0.2

Aluminum 23 13.7 3.7 2.6 1.4 0.8 0.1
500 19.3 6.0 4.1 21 1.5 0.2

Graphite 23 200:0. SN 0N 29.30)116.0 2.5



Table 1.4 54 &B<) HEs FR R A2 Jep o,

Table 1.4 Specific resistance ratio by temperature

Resistivity resistance ratio

T (ew) xwoc  0C 2000 40C 60C  800C
Aluminum 28.1 - 1.000 1.428 1.937 1814 1982
Copper 1.56 0.117 1.000 1862 2747 3.695 4.752
Iron 8.57 - 1.000 2464 4716 7.839 12.009
Nickel 6.38 : 1.000 2501 4847 5882 6.751
Platinum 9.83 0177 1.000 1.773 2499 3.178 3.810
Silver 1.50 0176 1.000 1.827 2698 3616 4.586

msmel wAgel Ew Aol 225M7k HE HMNE ER M
B3 she, BAHOE EMN A MM MERAS B KR )4
F4 ASTL 20 mEE K TR AETFE Mg} ol
AAE Qo] PG E BHAS HEM) FRN B MM HEH)

itk B BB fol oleleh 2 NoE uehd 5 9

Eleg
o

fe=1.285x 10° x LQ .............................................. (6)
na

71, fee BRA P, as 7t & wHAIFeIth Fig. 1.99 F39t
F wste] e fFEAY HAS JenN AT, R FEE oSkl A
Fob Wsto] et ) BEAmel A Wl w2 FagdAM =
Hazrt AsiA wdeA el @ WwEol AAA Hrh wepr] dwrEd &5
JIW R mE BugItel M= B Mgel Sl Are] Farh ASH
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Induction Power

Fig. 1.9 Diagram of induction power by frequency
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Fig. 1.11 Schematic model of stresses at drawing



A = AgdlM q = 0= A&st] HESE T #Ls
HotAl o Ye A H22 4 (10)2 otk 7ol

1 A pcota
e |

(11)

=3

Y s
pcoto

Slk =l T mEfL s Afde dvrH o R Y il tholA A
T A Heg MY AR Y.E A8 mEkd AA 5k otdi et

A A,

et

fd

&

ol

X o

P AY( : ) . (13)
o 1a1+MCOtOz 1_Io

Geleit 4 (13)02%E AA tol2 S Go3 22 oz e

AT,
Dl 4 10 2
H H : H A()_A1
a_ 2 AO+A1 ...........................
AO Al
(14)



- 30 —



& & 5k A5 @A Aolz yehle vEa g2 A2

An
P= 100 (Th) v (16)

A71M Ap= BIHR BT A BrmsE, A2 SR %) F Brmmsgol o

SlER % H#H#e] e Fbrel M R 1 pass Hrm Al whep W)
st dAE tolx Agok Aoy e A7F AY. "ol AFEG 5
otk A A7t X—}% g+ Bk kel 5likel o) A AA

e SZel F7HE A folth W thol X X HT Bk % AX Y X
7y & ASE &AL E‘r |25 B33 & &4 3 5o BT witol
}.
O AAES AAY 3E, tolA BEE 5 9 F ot T2 A
S st A 0,
- Bl 54 £% 94 5
- Bire SR &4 AT
- BFEH EA 22 FY, o~ FH &
271l = 7t golze] AHES dAsA = oS pass scheduleo] A
SEH A Duckfield 5ol 2zt tholzelA e wWEgde] dAHsHA =He
‘tapered draft'#t= #%5% pass scheduleS Attt dE o] KOBE A
AiAe FBIANEE A7 fste] T pass schedules A AIEFS L
U R thol oM e @ Aol A4 HERE £33 Zo] wyE %y}
Aem ol Atole] Wz FA|7F EAS AT wEkA] AR = ‘tapered
draft & Wd 2 zgshe] AHgstar Ao



(2h) R+ " B RE)

SR el wE W As Firel Mgk Brim WA, gl MR,
JEEE SR EE SOl whed gMEdoh Erm Aol Ze Beole sk
ML Folle 2o &3 FLoAnt @it o] dojuy F4 FolA
T Wi ol glol tolag B TV fim WA F Ao
L BEol Ao A FLleA B FHAFAA LS 54 A

NN 2 e dEiA HEE 2de FARAA FF(void) 44 % ik
MR RSl L mEFel ASA Bk Fig 199 $4 wewn
AeE 24 Wrel 55 P4 et 9,



>}

—— .
e e e
r——— e
1 ———
p——— e ) ..._-._l_.?_q 5 -
{1} PLASTIC ZONE (2) NITIATION OF A (3) PROGRESSION OF A
NARROWS BURST URST

{4) COMPLETION OF ONE
BURST AND RETURN
TO SOUND FLOW

Fig. 1.12 Schematic model of flow pattern at central bursting defect




—_

SIR ol whel F#b NS ) R OB REjo] MLt EE 5k JJHI
M Aol Fastth IR GM: *‘E“E Al ¥l A ZhEshA GEIENE o F
gtetat= W F thol A shape facor#he HiAo] =Y Qb 1:}0]5;
shape factor A+~ 2A9] A4 d9E el e AS=E thol~ Zt: o 9}
@ TS red oste] AAEH ol o] AoE Ued F

_u

A:%(l—i— VI S

(17)

Shape factor7} 2tth= AL thol 2 fRE7) 23 & B2 AS 9
n) SR E WM B 7o)l o] Rtk Wkl 2 shape factor ol AW F
Holol A B2 #go] Attt Shape factor kol 1o]W W ) 9
o] thol2A Zolet 7Z+A H o}k Table 159 thol~ et s (7HHE)

o] WZ shape factor® e QT



Table 1.5 Shape factors by approach angles and reduction ratios

% Reduction

5 10 15 20 25 30 35
2° 2.3 1.33 0.86 0.63 0.49 0.39 0.33
4° 5.46 2.66 1.72 1.25 0.97 0.79 0.65
6°  8.19 3.99 2.99 1.83 1.46 1.18 0.98
8> 10.92 5.32 3.45 2.54 1.95 1.57 1.30
10° 13.65 6.65 4.3 3.14 2.44 1.97 1.63
12°16.30 1.94 a1% 9.5 oA 2.35 1.95

14°19.03 W4, 6.0 4.38 3.40 2.14 2.21
16°  21.76 10.59 6.87 5.0] 3.89 AU 2.60
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e BRI ik EHiE T

©Deformed & Round Steel bar for prestressed concrete
: KS D 3505 —SBPD 1275/1420 for Tensile Steel

Minimum

(5.1) 26,280 27,950
6.1 37,850 40,210
SBPD 74 51,190 56,880
1275/
1f§“ ®3) 70,120 74,680 1275 1420
Tension
Steel 9.2 81,985 91,000
1.0 115,230 127,975
13.0 160,045 177,740

More
than 5.0

Below
1.5

== AT .k
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Table 2.1 Chemical compositions of 30MnSi and specimens (wt%)

C Si Mn P S
30MnSi ggi 828 128 <0035  =0.030
Specimen 1 0.29 0.78 1.33 0.027 0.020
Specimen 2 0.30 0.75 1.21 0.019 0.025
Specimen 3 0.29 0.85 1.29 0.021 0.015



Table 2.2 Mechanical properties of 30MnSi and specimens

Tensile Stress Strain

(MPa) (%)
30MnSi 600-780 >20
Specimen 1 654.93 26
Specimen 2 663.95 24
Specimen 3 689.12 22
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Table 2.3 Specifications of induction heater

Input Voltage

Output Power

Frequency

Speed

Input Current

Temperature

3-phases 440V 60Hz

200kW

160kHz

43m/min

1st. Heating
249.6A

1st. Heating
700°C

Z2nd. Heating
132.4A

Z2nd. Heating
923°C

3rd. Heating
96.4A

3rd. Heating
430°C



Fig. 2.2 High frequency induction heat treatment equipment



Table 2.4 Currents of G3 and temperatures at G3

G1 current G2 current G3 current Speed. ;fmGZerature
(A) (A) (A) (m/min) (°C)

1 245 130 98 49 429

2 245 130 98 48 437

3 245 130 97 49 427

4 245 130 97 48 433

5 245 130 96 49 427

6 245 130 96 48 427
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Fig. 2.3 Schematic diagram of induction heat treatment of @9.2mm PC
steel rod
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(a) 2nd heating and quenching

(b) 3rd heating and cooling e

Fig. 2.4 Microstructures of @9.2mm PC steel rod
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x300 (center) x2000 (center)

%500 (edge)

Fig. 2.5 SEM images of G3 98A and 49m/min



X200 (center) x2000 (centen)

Fig. 2.6 SEM images of G3 98A and 48m/min
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x500 (edge) *2000 (edge)

Fig. 2.7 SEM images of G3 97A and 49m/min
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Fig. 2.8 SEM images of G3 97A and 48m/min
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Fig. 2.9 SEM images of G3 96A and 49m/min
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Fig. 2.10 SEM images of G3 96A and 48m/min
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Fig. 2.11 Tensile stress-strain curves of @8.8mm and @9.2mm PC steel rod
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Fig. 3.1 Pinch roller



Fig. 3.2 Pinch roller at High frequency induction heat treatment
equipment
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Fig. 3.3 VC coated pinch roller
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Fig. 3.4 Thickness of VC layer






Fig. 3.5 Shapes of wear tests without VC layer



Fig. 3.6 Shapes of wear tests with VC layer



Table 3.1 Results of ball on disk wear test

Coefficient of Wear area Wear coefficient Relative wear

Friction (um?) (mm?/N) rate
Base material 0.683 6445 .6 2.02x10-4 100%
VC layer 0.644 2317.5 0.73x10-4 36%



Start: 0000 mn:-0101 max:0980 mean:0.683 std dev. :0.125
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03 2 noE-m}

o o .
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M g
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0.03[s) 216.00 438.00 858.00 g77.00 1.1€03
o[m) 20.00 40.00 80.10 80.10 100.00

Fig. 3.7 Coefficient of Friction of base material



Start : 0.000 min:0.000 max:0.732 mean:0644 sid dev.:0.113
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018 o
= i
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Fig. 3.8 Coefficient of Friction of VC layer
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Table 3.2 Wear depth

Wear depth (um)

[tem

no.1 point no.2 point no.3 point
Base material 0.32 0.40 0.87
VC layer 0.00 0.15 0.45






Fig. 3.12 VC coated pinch roller at High frequency induction
heat treatment equipment
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Table 4.1 Chemical compositions of 30MnSi and specimens (wt%)

C Si Mn P S
. 0.26- 0.50- 1.00-
30MnSi 034 0.90 140 <0.035 <0.030
Specimen 1 0.31 0.80 1.23 0.021 0.022
Specimen 2 0.33 0.75 1.32 0.018 0.015
Specimen 3 0.31 0.75 1.27 0.017 0.017



Table 4.2 Mechanical properties of 30MnSi and specimens

Tensile Stress Strain

(MPa) (%)
30MnSi 600-780 >20
Specimen 1 652.19 28
Specimen 2 654.93 26
Specimen 3 663.95 24
Specimen 4 661.21 24
Specimen 5 689.12 22
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Fig. 4.1 Image of broken drawing die



Fig. 4.2 3D scanned image of drawing die for measuring AP #1



Table 4.3 Measurement of AP #1

Name Measured Mominal Deviation  Upper Tol. #grver
D1 97.341 0.000 97.341 1.000 -1.000
D10 97.340 0.000 97.340 1.000 -1.000



Fig. 4.3 3D scanned image of drawing die for measuring AP #2



Table 4.4 Measurement of AP #2

Name Measured Mominal Deviation  Upper Tol. Lower Tol.
D5 92.614 0.000 91.719 1.000 -1.000
D6 92.616 0.000 91.705 1.000 -1.000
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Table 4.4 Design factors of drawing die

Bearing length
AP angle 1 (°) AP angle 2 (v)  Dcarng lene

(mm)
Case 1 1.34 2.62 3.606
Case 2 1.84 3.1 3.606
Case 3 6.84 2.11 3.606



3,606

Fig. 4.4 2D and 3D image of drawing die case 1
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3,606

Fig. 4.5 2D and 3D image of drawing die case 2



3,606

Fig. 4.6 2D and 3D image of drawing die case 3
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Fig. 4.7 FEM analysis Result of drawing die case 1
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Fig. 4.8 FEM analysis Result of drawing die case 2



Fig. 4.9 FEM analysis Result of drawing die case 3



Table 4.5 Design factors of drawing die

Max. Stress (MPa) Remark

Case 1 279.0 Existing shape
Case ? 253.8 Optimized shape

Case 3 311.9
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(a) (b)
Fig. 4.10 Optimized drawing die for (a) 9.2mm and (b) 8.8mm
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