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Real-Time Evaluation of Automatic Production Quality Con trol

for Friction Welding Machine
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Abstract

Both in-process quality control and high reliability of the weld is one of the major concerns in
applying friction welding to the economical and qualified mass-production. No reliable nonde-
structive monitoring method is available at present to determine the real-time evaluation of auto-
matic production quality control for friction welding machine.

This paper, so that, presents the experimental examinations and statistical quantitative analysis
of the correlation between the initial cumulative counts of acoustic emission (AE) occurring
during plastic deformation period of the welding and the tensile strength of the welded joints as
well as the various welding variables, as a new approach which attempts finally to develop an
on-line (or real-time) quality monitoring system and a program for the process of real-time
friction welding quality evaluation by initial AE cumulative counts.

As one of the important results, it was well confirmed that the initial AE cumulative counts
were quantitatively and cubically correlated with reliability of 95% confidence level to the joint
strength of the welds, bar-to-bar (SCM4 to SUMS31, SCM4 to SUM24L) and that an AE technique
using initial AE counts can be reliably applied to real-time strength evaluation of the welded
joints, and that such a program of the system was well developed resulting in practical possib-
ility of real-time quality control more than 100% joint efficiency showing good weld with no

micro-structural defects.
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wol 3 Asle] FUHYH R u$ F8AH o]
B AT A5 o] ghot ofA mlsA ] A H
Pt 2 ol fE FH ﬂ};‘é%ﬁ EF4 Aol 3
A4 22 44 oA (upset) e SR At HF
e gho, 4AAe] nba-gH ?79_ E4L oA
(inertia) g o] 7% A, $94¥, 44 2= 5
o FA4A B3 aqld AMEEg, o] 3E B3 g
Qo] o3 JAd 243 94 54 A Y3 FF
2284 zgre] 542 AE(acoustic emission) 3] ®ol]
os A2 9 4 At Aol urh FEE el
W Folch, ol gt Ab3tel| 4, Wang, Oh52& ‘M=
AE gq o3 whagd 29 4434 TARH A
2 J15Ad W LRy n®, 2 F Oh S o3
b 27 (84 AR Faaxe] 3 AT
2 £49Y 779 3 ($AH FrE Fe WA &
2R whagd S 4 (flash) ol 4 & vl2 gl 2ol & 4k
del 71709 & AE st $7 Fxebe] A4 A
FAow i QT o] wE Hyne.
@], dAAAAY T 3 A% F 44 =
A 7p=] o] AA] 7k (2F 20~300 2)oll AAH wWAF & AE
(2 +37) 4 43 AEee 43R4e] A8 A=
2 Y8 HAeolgoerns Agadd4 Ao 4k =
dh. webd shagd A 3 44 Wy g2 7
o] A7k (eF 0.5~2.5 %) LAetE= 27l AEF
A% (27] AE%) 3 &3 459 444 w93 o
£ 53to whEgAY #5444 24 Ao AAz A
sboll B3t A&Bb wl$ Fag FAR A5 Hel, 1
AHd o v B % STS 304 st SM20C &=te] vt
444 27] AE %3t 43 FA (FE) 2ol A4
o] AYD 4 ggo] <lu] APAA FAHPHL, 2
2} B} Alge] 23 29 o] FA whALAHAARE
A7 Jg AR ? £, S99 2 &
Z.Mﬂ 5T WA R A8 Eﬂlr— ofwf 3},
7ba wol n4d BElel=y mbE-EAs1 44 £
Aol & = gof sH5A ?

Soll Ak A} ol

Ex AelAxHel =237 (computer-aided quality
control, CAQC)9+3-¢ Af A A AEW o] o3k 447
g7} Ale] Azwle Aol HashAl SHqeh

weld, 2 AT AT EokdlA o] o83
= F24 FF74 Cr—Mo 2 (SCM4) =t 2] 414 (SUM
31, SUM24L)5te] RfEfE =PEgAdA 24wy
Fofl HAY 27 AE %} 3 FA (FR)A Afel
o 94 A daddel 49T 44 A, &4
=], &4 44 94 44 A7 & A WweE 3
o A AAe 53 Fa, o F ARy 95%
AL Q4 F, B ATY FHF FHozmA, v
44 1}5*“ A A9 AE ] & A4z F ) A

o Azug Awstel nhg3 Hsbe) gt o] %
o}zA kgl
2. dE oY

A48 Are W dedF Lond A4 84
Aol 43 Fu4& AFFAd Cr—Mo 7 (SCM4) 3
olol] 8H o]-&F AL g4 W tedF FowA &
F4o]l REQ 47 (SUM3L, SUM24L)ole], o|&

J270 . 82552050 _ B 160 x050 1S.BT7

12702050 12.70£0.50
A sum/sunzz.u_@
$ 952520050

() Welding Workpieces

2, 7.20 %20
i 12.70

0.635R
S M MT_ :{:2
/* M AL o

$8.890 +00050.63 “WELD INTERFACE

{b} Tension Test Specimens of
Welds & Base Metals

Fig. 1 Dimensions(mm) of welding workpieces and
tension test specimens

Table 1 Chemical composition and tensile strength of base metals

Materials Chemical composition (wt %) T.S*
C Mn P S Ph Cr Mo Ni Si or
SCM4 0.38 0.75 0.04 — -— 0.80 0.15 — 0.20 113.4
SUMS31 0.17 1. 00 0.04 0. 08 — — — — — 72.0
SUM24L 0.15 -0.85 0.04 0. 26 0.15 — — — — 66.9

sk Unit: kgf/mms?, each specimen with 0.635mm R notch.



FEEA BN HEEE RETE TR R 759

53.95

pm— — e
w'L S |
@/ G) AW Ll Et 7
i _JVQ
(o) ©
Tachometer !'———————J{&mFI: Sejhng
(Mag. Pickip) & Reoder
- Speed”
Tach Gererarer Digital
(Contact) Reader_
- Spezd, e
. S nal -*Ener;/
L‘Y_DT Ccndmorer

Osciilograph
Recorder,
rChorge ‘Speed

Ampiitier Upset
Pressure

Load Cell

d P Time
[
giul?edrsOSS Arr" fer jesev
4008 | {Clock o
ICO-300KHz 13 -
igi i N
g:ile"aclpe Converter ! Lﬁ:‘;o;d:r
Amplifier orin
0-6088 Processor rﬁ"‘!’{’i
et -
(b) ileToute
We.d
Sirength

(D Experimental inertia friction welding machine
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Fig. 2 (a) AE transducer location
(b) Block diagrams of welding-parameters

measuring-apparatus, AE monitoring eq-
uipment and computer-aided-strength-
evaluation

A g 2435 QA 35 (0.635mm R =3 gL 4
#Ax) & Table 14} vJelulgl=}

Fig. 1.& vh84< S Agsds 44 F 84
9 olF ZAEE U7 AT A APA Y43} A
T vEbie, A" $A71E oAy mhagA

7] (inertia type friction welding machine) ® o]},

b g el At AE $& 2350 S5 1
B =9 2F-$-4 (transducer) (Dunegan Model 9203)
E g4y o= He] AR A (chuck) ¥io=z 53.85
mm, % F44c0e Fe| A7 ggko 2 10.64mm ]
A9 A=A kol Fasigl w(Fig.2(a)), Fig.2(b)
= g JAR e 83 Age g 33

A% ]'7]-9]' 44 dAd% A FhEE 34 715 AR

o] AE &7 24 4] 4% (acoustic emission analyzing
system, Dunegan Endevco Model 3000) 2] 7} 2 x @0
= vebdeh A AL Fag ERLFeA Ry
A" AEAI S+ X—V7&4d 7|85, 1 7%
Asle wy] A7 3 AEZ == AE9] Fx 2wk
Fol2 A2 o+ gz, AEHSE AR = 34
= 4 A A E glo]r o (digital read-out) & 7+
23 9ok Fa4 999 e 2AEge Awas
FHHY el o AEZF BRI W Eoll B

E %-Z 7] (preamplifier) &} &7 4}
+H 9, AEA 28 el 75dB2 g}

43 Akl He AEW AF2 sl ¢l
o &3 71 AFig. 314 &4 A2 Wsis 43
48 W 5 A AA7AA)Fl A& £7] AE F
M@t W 7% Bgol Ag5 F7 AE vy £
7HE L5+ dedl, & AT E 27] AEZ
I &R Aot Al A4S ubE] 98l Rl
Fstednl 4 sk e (Fig. 33h=2).

Table 2 & ofd 485 &4 24-& vebi=], &3
7] (B, kgfm)& 4745 o] o] A (I=0. 236 kgim?)
st e +2 A &3 A, rpm) <] Wtel]
2k A (el 4 Al4bstyd =

E=1In/1787.3 S
qAA, Ie Ehel3dE 23T A5 A4 =
sEzA A A PASE At

QA AL & A Instron UTM o] #1452, &

—{N

fﬂl
ay —[n:.u

Table 2 Friction welding conditions (Inertia type)

Materials Diameter Moment of Initial Axial Initial
combination D, mm inertia rotating speed pressure energy
I, kgfm? n, rpm p, kgf/mm? E, kgfm

Bar-to-bar 9. 525 0.118 1136 12.7 85
SCM4-SUMS1 0.236 637~ 3450 116~1572

0. 472 883~ 2572 206~1747
Bar-to-bar
SCM4-SUM24L 9.525 0.236 1132~2822 _ 12.7 169~1052
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4% 24 9 4% A4E 9199 39 We g EP-
MA (electron probe micro-analyzer) 7} AF-g&-= ivh. &
%A 4 S 94 A5 A7l HP—41Ce)o, =}
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Fig. 3 Typical histories of acoustic emissions (AE
count rate, cumulative AE counts) versus
time (from welding start Ws to welding end
We and during cooling period Ms to M) in
inertia friction welding of SCM4 to SUM24L
steels($ 9.525mm) (/=0. 236kgfm?, AE gain
75dB)

ek AL st mesld +Y

Fig. 3.2 SCM4 9} SUM24L 9] o] %732 n}g-4-4] of
A 4A wq A, AokE 9 d AP A
AE o] 8 & 72 3 A (n=1559rpm) sl &] 74 & AE
2k (cumulative AE counts)s} =¢] X|7+% AE Z(AE
count rate per sec) e @ i}l W wWIH s Asz
A 27 AE %2 Ztzk Na=1.226x10°3F Ni=1.229
x10° = W% dA s o, FA A& HAF
n=0 % 44 42 (We)7x9 wx AE AE4=
FaPgo] T Aol

o g} o] st BE AgHe] wlste 7] AEH
(N counts) & HAE 4Y 4 glgln A& SM20C—
STS304 o o] F7= wha-gH= e dx]dgen,
%7] AE = A 5ol whe}b 0.4~10 2 Alolof] wEsh,
371 AE= a7l 10~40 2 Alo]l 4] A g wfe} 53
of 300 271%] FA g 2A wEge] Fesge, =
T a5 AR (Cu, Al FEFD)ANAE PFFY v
Blafo]lE A7} glomz AEWEo] F7]dl& Ay
vebuA bgteh Wb, 2] AE =l s 44 3
ol ARAdE Tohe Aol FU mE (27]+F7D)
o] Aeuct oS 44498 a4+ g
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Fig. 4 Effects of rotating speed and welding energy
on initial AE counts and weld strength for
¢ 9.525mm bar-to-bar welds of SCM4 tc
SUMS31 steels. AE gain; 75dB.
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unts) 3t WAL 2= (A FE or, kegf/mm?)e] n
A 9 1 o A ARy Hd8] fee ¢o.
525mm RAEHHE (SCM4—SUMSL) &] =l £ 4 AE
AEya £ A4 EdY RAE Y Fo
o TR Adeldl o] &Y A4S Aukdow 4y
ot/ sk RE AF dHeolHz HH FHiASHS
ol &3t A E AL A4 Asbde whgs) o] A
4kl ol e
N1=3.1532 1 1.6975
(937<m<3408, mean % error=13.09) (2)
o1=—9,5601X 10"°42+3. 5073 X 10~*1-+45. 25
(1010<1<3408, M%E=:3.18) (3)

4(2), (3Y9] 2@ =& Fig. 444 Aoz veh)
o1, Fig. 49 gr—nZFAo|4 <% s}igle] SUM 81
EAZA dojideoma § wAAHe Qg FEs}
EASUM3N =24 Anrl 5 A%C&Ee
100% o14h) 8 AT n2 34 He OnZ & 43A Y
£ANe MEE FE3] Leste] orz75kgl/mm* 2
Frew= 1331~2337rpme|=, o] = Na—nF4dd4
Z7] AEzk N42o| 3" W9 ON:Z = 4.12 X 10°~
10. 35X 10° counts o] ¢},

o] Ni—nAa4] w2 519 7 o] u(power curve)
EA Nup—nAakd wde] 749590 =3, =
% SM 20 C—STS 304 ;‘%@ﬁ%%q BEa0elr Fd F
5o I #AQe] e, sebd, w3 F
Ev 27 AE % delAE sAd+E wA gz 3
o E3T g AU

3.3 EH A2t
2o} Abzkd
Fig. 4oll4 ddem zez E-nF4d9 4& &
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A fgEgonn 44 g Hoz FHAL
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E=1.3204%10"*n (4)
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Fig. 5 Effects of welding time and total upset on
initial AE counts and weld strength for ¢9.
525 mm bar-to-bar welds of SCM4 to SUMS31
steels
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3.5sec, 34 A% 44 OUZ = 5.4~15.4mm o],
weld #HA 27 AEZ W] ONZ & 4.9X10°~
10.8¢<10° counts qlo} #ld < 313, ol&
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o £AZE A Aol o] 4¥H o
23 £ gglvh. zestd, vde]zy whi §4 7]l
A gxzAeczA ARl g4 2HYE AL
stz g How nol AER]d] & vtAEA 7= A
oJx ool AE slel]l naje]lz F whgAldlE A
43o] 155 E AlolHh

3.5 =7| AE &1} AlEEdZEote| A2ty
Fig. 62 SCM 4 s} SUM 319 wha §Aal4 43
gz =, sAe] AAY # (n=07x4 A3y FAHA
27] AE %A% (N4, counts)e] ®hE &3 o] &2
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2, &

z27] AE
counts o] =],
2] &het,
o]AL 27 AE 9] A4z AF FH o024 nt
244 )& A=xE 4 FH T4 A 17‘*01
dAd F glenz, Zxe} dyo] HAZL o
£ AR ¢ J=F 44 $HzAd HAAF, °d*,L,
37 & AH L46AE 4A sk (Fig. 4, Fig.
S53z) wtAEAE = olv] T aT—NAle'“&
AFeo 4d8 T2 AR 27 AEF V)T &
Foz4 oln] 4HH &4 AN LA AE (07)
£ 54 oA 2 FAZ F+ QA4 27 AE 2ol &5
uhgA o] &3] X Aost shEdvim At
(Fig. 63=).
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Fig. 7 Comparison between calculated and emp-

irical equations for friction weld strength

versus initial AE counts of ¢ 9.525mm bar-

to-bar welds (SCM4-SUM31). AE gain; 75dB.
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Table 3 ANOVA table for testing the lack of fit on the empirical N,—# equation (M%E=13.09) of

SCM4-SUM31 welds

Source Sum of Degree of Mean square F-ratio
squares freedom

Residual 7. 460610 38

Pure error 7. 9962 X 10*° 9.9953 % 10°

Lack of fit 6.6610< 10" 30 2.2203x10" 2.22

Remarks From F-table: F30,8,0.05=3.08>2.22 (95% confidence)

Fig. 7% or &} Na9| =AE 44103 A4b4]
(1) ¥ (12)9] z=l== was Aejvh. 2HdA &
+ g xo] A4}l A4 ONZHYAAY JF
2A7t oF 1.03%2A AL dxstn gen, a4,
e AAY orst Na8l A% FA4E dehiz
gomz, Nio A4 2acl 4% or—NagA4
& mhEgd R FAA she4dol A4
ol 4A€ 4 dotx Ao

Table 3¢ o] & RA4 TS 95% A4& 243
A skl AFAG A TRA=a Fgoke W
o327 13.09% 24 1A F A5 4 (2)8] No—n 4
4o A3 A=A A Az ZA A4 o9 A
324 ANOVA ¥ (analysis-of-variable table)& 1}e}
Wk, B4 & 5 g %o] Fulzb 2.2284 F-%9
95% A FA A4 3.088c Fomz 434 (2)q
Ni—n205% AHAL 7=, debd, & dF]
Aol 28 YY) Ze ZE FES 4¥ wojH s}
o apoled] HgFe (lack of fit)o] wlgt Aol Yo
=, 27] AE#d] g $AHTE AZo] A=Y EA
443 F AAZ SlHdE F gdgo] B AT
SCM4—SUM319] Aol o8] Age] A-<Ss (SM
20C—STS 304) @® stz gle).

2Ru, 2 Q7TE AdE po ool IE 4A
A st HAF nuk W4z Peul, 444 =2E
HolAw ol¥ BE A7t 44 Aoz 43}
22, SUAE gro} 27 AES Nuolls s, p 2 1
o Zzte] dEe DD, by Fde whE4A
4 Aol A nelwk SekAY, AU FL £
Tolut &8s A2 2449 FAFo] glo=®a?
e, vhagd A4 AA AR Ik pd ng 9
FElA AA ST o] B9 AL 9 wRLEA F
o TAEAH(ARE)S 27] Naol 98 233t 4
Aol Fo] ¥4 YeulAola UAd oS FIIH
Aozt A=ite}.

3.7. E} 8FMQl =7] AEQ} Zx MY

Table 1] 33t 2Ael4 &  glxo] PbA£ol
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Fig. 8 Correlation between initial AE counts for zone
A (plastic deformation) and welded joints of
¢ 9.525mm bars, SCM4 to SUM24L steels.
AE gain; 75dB
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AE cumulative counts
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(a) Flash corner crack of SCM4-SUMS31 welds, welded at low level of E=106kgfm, Ni=2.05
X 10°unts, or=67. 99kgf/mm?
(b) Center crack of SCM4-SUM24L welds, welded at low level of E=169kgfm, Ni=8.09x10°
counts, or=65. 37kgf/mm?
(¢) Flash corner crack of SCM4-SUM24L welds welded at high level of E=904kgfm, Na=1. 406
X 10° counts, or="54, 90kgf/mm?
(d) HAZ boundary periphery vicinity crack of SCM4-SUM24L welds, welded at high level (same
as(c))
(e) Good weld with no defects of SCM4-SUM24L welds, showing re-orientation of fine lead
and sulphide inclusions along spiral metal flows welded at optimum level of E=346kgim,
Ni=1.02X10° counts, or=67.87kgf/mm?
Fig. 10 Micro-photographs ((a) (d)) of weld cracks and EPMA X-ray image (e) of welded zone in friction
welding at the low or high level welding energy relating to cumulative initial AE counts: =
0. 236kgfm?, P=12. 7kgf/mm?)
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