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o FZ7AATY NGB

2 o
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2 47 &V fE3d YEH2EL A
829 Cr-MoZe] =&8d HH zdE& FHshd,
+82 W (acoustic emission method)®] &3] o1&
HEEE A= HAMYE vngHer 2 5
Ye AN FrhEE s Ag 5oz @
=3

E A7 E Cr-MoZ%¥l SNCM220, SCM435,
SACM645 % SCM415 %88 AMgstd 4312 ¥
B B T3 vhEEH HH 2de 4g¥e=
THRLH, o]F f15t o|gRe ARRES} viF
44 W AR FBRHE APHoz xEe
Aok @E wFEHA SEYE AYE WP,
AE 73 F%F3 ob@gy B4, nhagdRed 9%
2=% AE FAFFHS) AFH FBPE =F3F
Ark 2, R ERY AANIAEE HEHS
BH SHELE A

(H4:19%. 5. 18)

Cr-Mo7¢ SNCM220, SCM435, SACM645 2 SCM415 82 AM8ste 4312 3 o B 5%
2 4¥doE FHGLH, o)F SAste] o
B3 JUNE AYHOE S2aYch B9 HBEPA SPEEAT
@# SHEPRY AFFES AE $AZERY AR FRAL =G0, 19

3o AR PR Wi A
& Wdsie, AE FA537 11287
1, A AR A3

2. O|2% HiH

2.1. olEEHe| 2} 54

v} A8 H(friction welding)2 vHE¢AB}IE
3}“1 4332 s F ARE HREHVIA EH
& IPNAFL T2 §%F 2,000rpm FE
o2 A, vFANIR 1 up@He] Higel &
(A7 3% 1,200CH el =gsted,
HHog IS HWFHA AT 7|AH
AN = AE (EHEE) S o),
Fig. 12 o]8ig nl&&3 AelE€8 RoZEh

nhZgHe] 4d§7]7(bonding mechanism)E ¥
B39 FiHdiffusion) 71AH FE A o3t
o] FojzH vlALE o|&3t] WHAYE Foln
ZHtdes AR HAE FIH FLEH ojFA
Agolty, T L£EEHE T At &
F&ol EdH ST VXA EE S
A, wAEHe vhAdH gEvor LHIEE
71E SHWA e 28-S AASS A &H3 8
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EEEERE

—* Pressure-Rotation

n : rotation speed

P; : heating pressure(kgf/mm?)
P; : upsetting pressure(kgf/mm?)
t: : heating time(sec)

tz ! upsetting time(sec)

Fig. 1. Cycle of friction welding process.

o2 Zpgitn vk dA) ALH3m e vhEed
Holle Beolaygal Egle] Yol Qlos AHH
o8 9F¥THE By e Hid #dHHY
g, HAZA  FAvrREH(linear  friction
welding)o] 7Agso] AFgHo]| ojd AR 7153
th &&Eoke AFA FE, /AYE, 4E9s, 3

F 2 AZIVHAG ZHE AhriAY B E S A
283 9.

2.2 SgEo £ 3 0|2

SELES ARY WYY FA 2 AZA
FHUe e g Aelt o] NEZe v HAl
7€ 19608 = 4479 SEE 2UEHY
AN BAHAYTE AA3 AHsw, SFPEo|T
‘Az Wi Ae AP0 ZRH X9 W
g8 AAHYI BynIt GAsE 4, 2= O 9
HEHE By og?,

FEolA S LEe TAYL FI 43, A9
°lF, 44 €%, A Foltt. olE /FEL A
89 &Fo] 7Hsl2 W dojute g WEAH A
FEolh. SFEE APINE FHolu sulee]
A, (Mg BolAe]) i@, AT(BE ; magnetic
domain)®] 7ot Aujd, ALY SIE
B 59 AEXE 7158 ola s 2ydEL ¢

LA, BAE, FEZ

o] 7t Awe ZAH WF rAF AFHAY
S®LEs 7Esd 23 2AY T AHEMD
EAgdelzt Fao.

+F¥LEe A 27HA FHEAA YRE e
vl HApge g2 SRS L AE RRAA
BAHE -0 Helqs Ad TAAHL- qUAE
TE 7Y 9Fe Ha] "WEd AdAY o
Yol "oA Fon, A A 7 AEdA
€ &3o] 7hss.

3. 48 M2 U WY

3.1, A% ME ¥ AYH

B Ao A8d AEE Cr-MoA FF79
SNCM220, SCMA435, SACMS645, SCM4150]9), =1
stetzAds J1Ad H4d 2 dAEzde 4g
Table 13} Table 29 YR

Table 1. Chemical composition of Cr-Mo Steels
(wt26)

Materials | C| Si {[Mn| P | S | Nij Cr | Mo| Al | Cu
SNCM220 | 0.18 023 | 0.69 | 0.020 | 0.013 | 0.40 051 | 016 - | 0.4
SCM435 | 033 0.26 | 0.73 | 0018 | 0.011 | 013 09| 017 - | 02
SACMS645 | 047028031 0021 - | ~|13;0171092| -
SCM415 | 016 025 0731000910007 | -~ 1091017 - | -

#31.2

20 90

(a) Friction welding and Ae test specimens
‘ \/—RIS

50
(b) Specimens for FRW-AE test and tension test
Fig. 2. Specimens for FRW-AE test and tension
test.

w.I,

220

70
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Table 2. Mechanical properties and condition of heat treatment of Cr-Mo Steels

Tensile
strength
6 (kgf/mm?)

Yield
strength
o y(kgf/mm?)

Materials € (%)

Elongation

Reduction
of area
¥ (%)

Impact value
(Charpy) Hardness

H Heat treat
Itkgf - m/cm’) B

SNCMZ220 & - 17

850~900C
Oil-Quenched
150~200TC
Tempered
Air cooling

40 - 185

SCM435 9% 80 15

230~830C
Oil-Quenched

530~630C

Tempered

50 - 314

SACM6E45 111.1 98.1 186

9007C
Oil-Quenched
60T X 1hr
Tempered

52.5 110 217

SCM415 & - 16

1 1

80T
Oit-Quenched
200C
Tempered
Air cooling ~

40 - 314

¥, Fig. 2% & A¥e] A8E A@He By
o2, @E vEed 2 SPEE A¥W, O
AFAE B AF FHoluA APRE erdg

3.2 AE =
B AT ALSE AT B0 AN A
g BN A8HD Qe ASTE weolaY

=

Nitto FF-450-Ce]tt. 9] whz&g7|¢] &8&2 F
H AF AeXFE2A AMEZFL 45007, TAHFS
¢ 800}t

S¥LE ANFo) AMEE ANE7)= AE testing

system(PAC, LOCAN-AT, 2 channel)°lth,

3.3 AlY 4

331 mE&H

gy HHs 4Ee JAAE WA Bade
T8 vt GE P, dAGHP)E BAs B
A AT AYE £ T £HRAE A,
HAANTH) S AT Fol) 7MIA7HY) S v
WEAAM A3 o FEHA FAFE vEE
719 544 1,600rpme.2 stk

332 PHREARY 2E R AYAE
A& APFEE FoA BA) AFET

g BYE A4 HH AN us AR5,
ANE, 9 F5EES T8 ¢
zAET B8 HaAsEel o A¥AE

wtZ &Gl BAASE AEF S ZA 7] A3k
17E #M3U|(R15-C 150kHz sensor)E £ W
A AAH(chuck) ¥R 480mm X9 A
Ao Basiglth, AR H g 2RI I RREH
Ay AEASE printerd] 7|23, 21 7128 2
e AE ¥3Z29 ¥Hz AUt FIHe
Ao ye A¥EHRS AWSE PENE TYe=
2 AE AF7 #A4Ey) B 2= d@se
pre-amplifier?t &4 AMEsioh 39, ARAES
AAs7] A8 nlREAH7NE THAATEA AE
NEE ZA8+o] threshold voltageE 10VE AA
st AEsA

£HA 7 Hed AE NEo FAAFTE WA
371 ¢Jsted AE ¥AHE &3 ARPH &3 ¢
27Ad #A&98 x7] AE FIFH £3F Y747
r Fo H&"® ¥£7) AE ¥3FY F/RAE ERF
& 5 Qed®, £ d7d8e 27 AE FHIFH
LR AFFEge AHAHE nHFA
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- Q0000 reduction of orec
o @RMAR absorption energy
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x st o ——a+0D—o— 8
ui L

éﬁ | g—O—8—
58 40 ]

4 _a—]

o -

§§A 3

0

a o

§3ﬂ. 0F _»—= - - - »
858

258

§§§ 0, L 1 1 ] 1 L i
e 8 10 12 14 16 18 20 22

Heating time, t,(sec)

Fig. 3. ot vs ti and e, ¥, E vs t; of FRW
joints of SNCM220.

4. A8 AN W @

4.1. OlEEH | HEE sy

Fig. 3~6& 2t2} SNCM220, SCM435, SACM645
% SCM4159] vla83 o] &3] W vlartd Azt
(t, )% ARZE(g¢, kgf/mmd), 21 w}7}LA)
L, )T AL YehlE dAE(e, %), BR85S
(T, %), % F5AIA(E, kef-mm)e) BAE B
q2Th 71X ol N 0.8 BEE 3319 ABH
A7 Agol 4¥Hoz HAFA oM, o] Ohel
230} A e,

old g9 FHAL izl o4& g
i o] A=
SNCM220 :
0=0.032 t,*-1.464 ,2+21.821 t,-48.09 (R®=0.97)-(1)
SCMA435 : ’
0=0.016 1;-1.362 t,°+37.769 t,~246.77 (R*=0.98)-(2)

LA, FAE, FE2

110 -
o SCM435—31.2
£
£
~
-
o
e_i, 100
B h
o
c
e
b 90 gy of BM. : 90.7
°
¢ I otz
o
2
8 1 L, L 1 U I [ W I
Q678202724 26 28 30 32 34 36
E REREE ciongation
. QOOR0 reduction of area
‘3\ 60 (ARAM absorption energy
%
%
u
5. 4of p—— T —a—
8 _a—a
23
Sg,\ /
acx L
859 20 W,//f
$58
£z F——— O T -
wd‘_}ﬁ L L ! ) L ' i |
= q6 18 20 22 24 26 28 30 32 34 36
Heating time, t((sec)
Fig. 4. o vs t1 and ¢, ¥, E vs ti of FRW
joints of SCM435.
SACM645 :

0=0,0075 t:°-0.676 t,2+19.889 t;-89.06 (R*-0.99)(3)
SCM415 :
6+=0135 t°-9.754 t,%+234.42 t,-1821.18 (R%=1.00)(4)

o}7]4 R*& 7] &(coefficient of determination)
o]t}

9, AZFZ =7 A4 24 veEvE 43 19
Aol dE ANE(e), GRAFTSEWP), 9% F59
HAE)Y £XE IYAA & £ UKol uY F7toh
o} 13 B 230 YEHZ 12 Zo8kE A4S
vebdie, 2kl A g9 Mol die Qg
EAZL 9 43 di9S vehia gt

Fig. 3~6°1A SNCM220& Aj9jslix o]2&ES
100% °lde 2& & AAon, SNCM2208] 3¢
E AFZE7} peakel] #FetiL o] LEE 909% ©
A& A€ F AN ojdelM mEe B o, F
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Cr-MoZe) wha84 HAste SPREHl ¢ AL vHAH B}

110

SACM645-¢$31.2
——
100+ \M

o of BM. : 93.46

90

Ot

Tensile strength, oy(kgf/mm?)

8 —L i 1 L I S | 1
Q67820 22 24 26 28 30 37 34 36

’g 100

€ WRERP clongation

5 0000 reduction of areo

k) EMA® absorption energy

% 8ol W*\s\q

; | \\\

“ 60|

I

MO L _T\*\u\‘

23 ~—a__|

§ g,\ “or D\\D\n*

&g

95

@ -

- 20L

°g:2 M""‘“F‘H—l—'—

258

gég A A L A, 1 1 1
(g1}

= Q678 20 22 24 26 28 30 32 34 36

Heating time, t,(sec)

Fig. 5. 6¢ vs 1 and &, ¥, E vs t; of FRW
joints of SACM645.

A nlARE FHRAL Table 33 2o

ol 9% 49 HHHEHAJA OuZloptimum t
zone)ol &3 £HYE AAREY 2A dd A=
vl g te 289 vms) 29 2 43 Ans}
St @ & Jdx 99 £3RAE gdnu
¢ & A

Table 3. Optimizing condition of FRW for each

materials
-
Materials SNCM220 | SCM435 | SACM6B45 | SCM415
n(rpm) 1600 1600 1600 1600
Pulkgf/mm’) 5 4 4 4
Welding ' kgtmmd | 10 8 8 8
condition
tlsec) | 11~15 2~21 | A~B | 2~
to(sec) 4 4 4 4

Vol. 15, No. 4 (1995)

60
o SCM415-031.2
1S
E I
y——y—o

& o, of BM. : 505 ./'
< soF
&
<
[=2]
c
jal
S 40k
w
s
2 onz
3]
= e J

3% 78 %0 27 37 26

WARES elongotion
- QOROD reduction of area
AMADP absorption energy

3y £, X10%(kgf-mm)
>
Q
T

ener:
(%

80

40r
| .

H 1
9% 18 26 72 25 76

Tensile absorption
Reduction of area,

Elongation, (%)

Heating time, t(sec)

Fig. 6. 6 vs t1 and e, ¥, E vs ty of FRW
joints of SCMA415.

4.2 OIEEHAS AE FHEUD SHEF WY
£o| AR
421, 7tAN T AE FAES] VA
Fig. 7~102 74z} SNCM220, SCM435, SACM645
2 SCM4l5e] THEEA o &Fo) i whEstEA T
(tr, )1 & AE 4% %N, counts)s) ¥3E 2
g% Aot}
= A% gojA, N& to] i 23 2HA
B8 Jepin gon, olu N-u9) 4aeA 49

fd

He HrAgyd el o Zo] AMEA
SNCM220 :

N=-234.23 t,*+7813.69 t1-71786 (R?=0.99) == 5)
SCM435 :

N=-59.29 ,%+4466.34 t;-29103.6 (RP=1.00) -+r++esereee 6
SACM645 :

N=-5870 t,>+433958 t;-30107.6 (R?=08Q)-+++++ €]
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H] 23] 2§ A8} 3) 4]
80000
SNCM220—31.2
=
g 60000 57326 FA—N
S F
\Z 50431
,,"j 40000 -
c
3
o}
Q
w 20000+
<
otz
L L L i 1 L L
8 10 12 "4 16 18 20 2

Heating time, t(sec)

Fig. 7. N vs ti of FRW joints of SNCM220.

80000

60000 -

r 48268
~

SCM435-31.2

P

[}
40000 25362

20000 -

AE counts, N(count)

Ot,Z

-

A
6 15 20 27 24 26 253 S35

Heating time, t,(sec)

Fig. 8. N vs ti of FRW joints of SCMA435.

80000

60000 -

| 45381

SACM645—31.2

40000

5
40232

20000

AE counts, N(count)

ot,z

q 1 1 3 1 1 1 ]
6 18 20 22 24 26 28 30 32 34 36

Heating - time, t,{sec)

Fig. 9. N vs t; of FRW joints of SACM645.

AT, FAE, FES

80000
SCM415-¢31.2
= 60893
c 6Q000F ]
3 - Z[
o Q
) 53019
N’
=z
g 40000r
c
=1
[+]
[8]
w 20000}
<
otz
1 1
q 18 6 22 24 26

Héating time, t,(sec)

Fig. 10. N vs t; of FRW joints of SCMA4I5.

SCM415 :
N=-507.14 t,’+2727860 t,-301514.0 (R?=0.99) -(8)

422. AE ¥35%3} $4% A4PEL 4BA

Fig. 11~14& Z A2 wpd &3 o]SR) gt
AR3AE (0, kef/mm)St AE 2% %N, counts)
ol FAVAE 2AY Aot

70
o SNCM220-¢31.2
€
E 'S
~ g, of BM. : 62.23
-
o
X 60
& 56.82
£ | A
o .
C
b
S 50F
(2]
3 Shonald
a:) §ONZ E
-
1 1 1
40 20000 30000 60000 80000

AE counts, N(count)

Fig. 11. o Vs N of FRW joints of SNCM220.

oo o-Ne| JuEAde HAA5He ajel
The 3t 2ol As
SNCM220 :

" 0=-5085x10-8 N*+5.428x10® N-87.22 (R*=0.99)~(9)

SCM435 :
0=-5693%10® N2+5276x10° N-2465 (R*=0.95) (10)
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Cr-Mo7d4} vt &84 st S%FEyl o8 AT vAA 7 H7}

110

SCM435-$31.2

100+

95.63 .

90F g, of BM. : 90.7/

800

ONZ

Tensile strength, a(kgf/mm?)

40462
48268

1 i i 1
20000 #0000 50000 BO000
AE counts, N(count)

Fig. 12. o+ vs N of FRW joints of SCM435.

110

SACM645—931.2

101.98

g, of BM. : 93.46

90

Tensile strength, oykgf/mm?)

40232
45381
b

i
80,

1 1 I — L
0 20000 70000 50000 80000
AE counts, N(count)

Fig. 13. o vs N of FRW joints of SACM645.

SACMB45 :

0=-4.180x 10" N%+3.603x107° N+24.67 (R*=0.96) (11)
SCM415 :

0=-2632X10° N*+3062x 10 N-3547 (R*=1.00)++(12)

Fig. 11~14°14 Z+ A8} disl, 3 AE T3
%9 HAONZ)EH o] HAE HO~1U2 o
A3t HF PN AR R=E(c)E ?‘3}51 o]
VEB=(o)E RASL uvuste o]Fa &L T
A ©]& Table 49] YelSich

Vol. 15, No. 4 (1995)

60

SCM415—p31.2

52.36

50 g, of BM. : 50.5

40

ONZ

Tensile strength, ay(kgf/m m?)

53019
60893

30 i i i i A I} i
0 20000 40000 60000 80000

AE counts, N(count)

Fig. 14. o+ vs N of FRW joints of SCM415.

Table 4. Bonding efficiency of FRW for each

materials
Materials SNCM220 {SCM435} SACM645 | SCM415
o of B.M
. X X 50
(kgf/mm?) 62.23 90.70 9346 50
Ot of ONZ
(kgt/mm?) 56.82 95.63 101.98 52.36

Joint efficiency

. 4 At 103.7
%) “y 91.3 105 108 0!

SNCM220, SCM435, SACM645 2 SCMA4159]
zZ+ Az qEiA, 8 AE T35 A9 (ON2)9
Ml o] EEol 100% olde]l I, SNCM2209
= 91.3%7F o m§ 9E2e £H FE2Y
A £ AU
3 Fig. 11~14% #©Q~12)A & F UE
o] §HA RN FRAAXL AE FHFFN)o|
499, 249 Nl a8 Q34 =(ov7t 21

At 5101 a2 g0l Ry Axst vigAFHer
011?%‘3}.

to ox

-'l

4.3 olargdEsel olF et mAl

Fig. 15 #&x=7 W9 SNCM220 wHg3 %
dgTeEe) SEMAelT of He, BF mAR
o QTN B FE(dmple)e] Bt 4
qoee yehlz U ARHSRI BF £Hol
gRol old mARE Hedd HAM & o, okF
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$5% $YTI dolnae ¢+ Anew, wh

$4% EUR Aes 2o AAUE B4 =4
EELERE
s ®9 vtEA 2 A4o)
EED

S gHole¥el ERAE ¥ A4S
1% A9y Aede

g% F7te §3ele 2 7ldEd.

Fig. 15. Fracture surface of SNCM220 FRW joints
in optimum zone by SEM(X1000).

Eg Fig. 16.2 HH2A W SACM6LS vz &
Y 9 IEY] SEMAIRE HAEth AR 2
o] ARZFAdANE HAAFA HEo] FAld g
U A 2= A& FAd #E olg¥t
dolREE ¢ F Atk SACMBLHE PhEEH B9
Z=7F 7P wgew, v AF A9 Y2 A
AW AEs} Aol 333 e Ao sgdh

e e

28KU XIBBB

Fig. 16. Fracture surface of SACM645 FRW joints
- in optimum zone by SEM(X1000).

LA, FAE, FE2

or A$e HHZA(optimum zone)dl A <]
sge SEMARRONA & = UX°] dimple©) ©%

F9se] Aol $48E ¢ 5 Atk
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Cr-Mo7Z9] ntag3 Az S3¢E 9%
Frlell 23 A7 E FPF A gH Ze] 8
%% 4 3irh

1) SNCM220, SCM435, SACMB45 % SCM415
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R AFAE(c)9 AE FHEFIFNY
A 484 =&y, HAH NE9E 79
o2 vALH AN Fo £HEFDE vnAF
o2 AR § A st

3 HF zystAM £HE vhEFEHF AR
HgHs HESY £3589 HAL gl A
e Aol FRUSE 4 & Al%imﬂ Al
3k Az Eél»i%ﬂr Ze AAIYE 53 ¢ &
HEAES ¥ F Y& Ao 7digr
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Optimization of Friction Welding of Cr-Mo Steels and
Real-Time Nondestructive Evaluation by Acoustic
Emission Method

S. K. Oh', J. H Jang™, H K. Chang™
* National Fisheries University of Pusan
** Korea Institute Machinery & Metals

Abstract The purposes of this study are 1) to develop optimum FRW technique of SNCM220,
SCM435, SACM645 and SCM415 bar-to-bar similar friction welding, 2) to develop in-process real-time
weld quality nondestructive evaluation technique by acoustic emission method, and 3) to certify of weld
quality by inspection of tensile fracture surface on friction welded joints.
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