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1. Introduction

In this study, acoustic emission technique
is applied to inertia friction welding &s a
promissingly reliable and repeatable quality
monitoring method to examine the effects
of main welding parameters (inertia, rota-
ting speed and axial pressure) on the weld
strength (tensile strength) and acoustic em-
ission counts in inertia welding of heat
resisting low alloy steel bars (AISI 4140)
to sulphurized free machining steel bars
(AISI 1117, 12L14) and low carbon steel
tubes (AISI 1020) to austenite stainless steel
tubes (AISI 304).

Finally, the empircal equations are com-
uted by the regression analysis using the
least squares method through several confi~
rmatory trials for the closest similar predic-
ting functions (e.g. first order, quadratic,
cubic, power function, etc.) according to

and then checked
959 by
error analysis and lack-of-fit test. And the

the experimental data,
for the adequacy at confidence
comparison between empirical and calculated
equations for relationship between weld
strength and total AE counts are made to be
utilized for quality control.

Consequently, the objectives of this study
are as the following :
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(1) To examine the effects of

parameters (inertia, rotating speed, press-

and total AE

welding
ure) on the weld strength
counts,

(2) to determine the optimum welding
conditions for the joint efficiency more than
100% and

(3) to make the quantitative relationship
equations between rotating speed # and weld
strength (tensile strength) o, or total AE co-

unts N, and then the calculated - N equation.

2. Experimental Setup and
Procedures

Fig.1 shows the dimensions ¢f welding
workpieces and tension test specimens.
About eighty work pieces for each welding
material were prepared.

The chemical compositions of base metals

are shown in Table 1.
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TFig.1 Welding workpieces and
ecimens.

tension test sp-

Table 1 Chemical compositions and tensile strength.

Materials Chemical composition (wt % | T.s*
O .- e e O | .
| ' i
(AISD c | Mn | P | Pb Lo | Mo | N | si | o7
{ ’ B ] f I
4140 i 0.38 0.75; 0. 04‘ — _,1 0.80 0.135 —i 0.20‘ 113.4
|
1117 0.17 1.00]  o. 04{ 0.08 — — — _‘ _1 79.1
1
|
12L14 0.1 0.85 0.04 0260 0.15 - - — _1' 66.9
1020 0.20 0.45{ 0.04 0.0 — — — _{ o0
i i
304 S.S. 0.08 2.00t 0.04_‘ 0.03 ——} 18.0 — 8 OO{ 0 75} 75.5
;Hlﬂut kgf/mmach spec1men with 0. 6337mm7R notch. -
For friction welding, an experimental Table 2 Welding conditions.
inertia welding machine (automatic contr- Matiljials Diameter Morr%ent‘lmtlal Amal
. . S o - t
olled inertia welder) was used, which is ¢ irilorl‘na ine(r)tia :gteiéng ’g,‘es‘gsf“/re
run by a hydraulic motor and pressed axi- (AISD | D.mm |/, kgfm? »rpm | mm?
ally by pneumatic power. Table 2 lists . ;oo 9525 | 0.236 | 037-3450 |12.7,10.1,
the welding conditions. 4140-1117 125_5
For tension test of friction welds, the Tube-to- [OD 25.40| 0.472 | 796-2984 , 8.2
. . . tube ID 19.05 |
universal testing machine (Instron 1114) 1090-304 l '
SS| !

was used. The tension loading speed was
2.54 mm/min.

The AE transducer location disgram and

the block diagram of electronic components

for AE monitoring equipment and welding
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-parameters measuring epparatus are given
A 22,

225 mm diameter scoustic emission piezoele-

in Fig.2 (a) and (b), respectively.

ctric transducer (Dunegan/Endevco Model
D9203, sensitivity ~66 db) was mounted on
the jaw 53. 85 mm away longitudinally from
the welding interface and 40.64 mm away
transversely from the centerline of workp-

iece.
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Fig.2 (a) AE transducer lccation,

(b) Block diagram of AE monitoring
equipment and welding parameters
measuring apparatus.

The AE equipment was a standard com-
mercial unit (Dunegan/Endevco Model 300
0). For two specimens, under each weldi-
ng condition, a reset clock was used, while
for one, the cumulative total counts were
obtained by using ‘Memory’ set.

For investigating AE results, the count
rate was converted to the cumulative total
counts as the following by measuring the
area of Zone A and B with a planimeter;

(Total Counts)

=2(Area of Zone A+B)
K (X-axis Sweep Time)

X (Full Scale AE Counts/10)
X (1 Pulse Interval),
[(mm?) X (sec/mm) X (counts/volt)/(mm/
volt) X (1/sec)]
The results analyzed by Equation (1) were
coincident with the cumulative total counts
obtained directly from the digital window
by ‘Memory’ setting.

Also, at the same time, rotational speed,
pressure (thrust force) and upset versus
time (sec) were recorded with the same X-
axis sweep time using a separate oscillogr-
aphic recorder.

The history of welding parameters and
the typical AE measurement in Fig. 3 (&) and
(b), respectively. In Fig.3 (a), under 907.
2 kgf (gage pressure 1.0547x 1072 kgf/mm?)
setting, the thrust force (kgf) curve reaches
the first peak at about 0.2 sec after welding
start under the rotating speed (#,rpm) of 155
3rpm in Phase | (friction and heating area)
and decreases in Phase [| (shearing plastic
deformation area) like the torque curve. The

total upset (U,mm) curve is constant du-
(a)
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Fig.3 History of welding parameters and AE
measurement in inertia friction welding:
(a) History of welding parameters for 9.525
mm¢ bar-to-bar weld of 4140 to 1117
steels (Inertia: 7=0.236 kgfm?),
(b) AE count rate and cumulative AE cou-
nts, (Gain: 75 db).
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ring cooling period after speed drops to zero
resulting in the welding period end. The
moment of inertia was 0.236 kgfm? by
setting one flywheel.

In Fig.3 (b), AE count rate and cumu-
lative AE counts curves were given by
setting with RATE and MEMORY, respe-
AE

Total counts from the AE count rate curve

ctively on the instrumental system.
were calculated by Equation (1) as descri-
bed above for analyzing AE of Zone A in

welding period and Zone B in cooling period.

3. Results and Discussions
3-1. Effect of Rotating Speed

In Fig.4, the experimental results about
the effects of rotating speed on the inertia
friction weld strength (tensile strength)
for 9.525 mm¢ bar-to-bar weld of AISI 4140
to 1117 steels and 25.40 mm¢ tube-to-tube
weld of AISI 1020 to 304 stainless steels are
shown.

The empirical equations of the {riction
welded joint strength (tensile strength, o,
kgf/mm?) versus rotating speed (#,rpm)

Journal of the Korean Society of Marine Engineers Vol.7, No.1, 1983.

computed by the least squares method from
the experimental data are as follows;
For 4140-1117 welds,
or=—9.2195x10"%%2433. 582
% 1073n-4-46. 55,
(1010=1<3450, Eq. adequacy; mean
% error 3.29)
For 1020-304 tube welds,
op==—28.463x107%%24-107. 71
x 10732—30. 18,
(1261£1n£2569, Eq. adequacy;
mean % error 1.16)---.oo-eeereeeen 3
For analysis convenience, the or-7 curve
for 4140—1117 welds is made to be related
to the energy versus speed (E—n) curve
which was made from the formula
E=In?/1787.3=132. 041078 #2.---euvonen. 4)
of

experiment,

where the rotational moment inertia
Iis 0.236 kgfm? in this

well as related to V,-n curve of the burn-

as

off rate V, (mm/sec) versus welding speed
n (rpm) for 4140—1117 welds, which was
obtained from experimental results and co-
mputed to make the empirical equation as
follows;
V,=836.91 x10-%»2—3.5389
%108 245.00, (974Ln£3175, Eq.

Tensile Strength of FrictionWeldeddJoints, oy kgf/mrnzr
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Fig.4 Effect of rotating speed on weld strength for 9.525 mm¢ bar-to-bar welds of 4140
to 1117 steels and 25.4 mm¢ tube-to-tube welds of 1020 to 304 stainless steels.
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adequacy; mean % error 4.78) ---(5)
As shown in Fig.4 and from Equations (2)
and (3), it is clear that
have correlaticn and

all these curves
the weld strength
(tensile strength) has dependence upon ro-
tating speed, energy and burn-off rate.
To increase welding energy, rotating speed
should also be increased. The increase of
the rotating speed from low speed to high
level speed results in increasing and then
while the
burn-off rate, which is obtained from the
straight line gradient of axial

decreasing the weld strength,

shortening
curve during ebout 0.2 sec (temperature
peak) after weld start in Phase I ® (Fig. 3),
decresses during low level speed and opti-
mum speed zcne (OnZ, and then increases
during high level speed zone (HnZ). It is
reported that welding energy produces the
heat necessary for welding and the rate of
burn-off, that is the rate of axial compr-
essive deformaticn, under the steady state
in heating phase is related to welding par-
ameters, and the burn-off rate is used pr-
actically for quality contrcl in friction we-

1ding#»5» 110,

In this study, therefore, the energy-speed
(E-n) and burn-off rate-speed (V,-n) curves
were used only as the intermediaries for
analyzing the relationship between weld
total AE counts rather than
interpreting themselves.

strength and

In Fig. 4, for example, in the case of 4140-
1117 welds, it is clear that the optimum we-
lding condition for getting to the good weld
zone (GWZ-1) with the joint efficiency
above 100%, that is more than the
strength of base metal 1117, is 1300 through
2300 rpm at optimum rotating speed zone
(OnZ-1) between lcw speed zone (LnZ)
and high speed zone (HnZ), and, at the
same time, 221.28 through 691.50 kgfm at
optimum energy zcne (OEZ) and 1.32 mm/s

tensile

through 1.91 mm/s at optimum burn-off rate
zone (OBZ). Thereby, it is found that the
optimum (or good) AE zone (GAZ-1) for
getting to the good weld zone (GWZ) is
0.54x 108 through 2.54x10% counts at the
same coptimum zones (OnZ-1, OEZ, OBZ)
in Fig.5 as those in Fig. 4.

In the case of 1020—304 tube welds, the

optimum welding conditions for the good
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— E-n 4140- M7 (E*In%/1787.3)

T T T T T T

% S
» a
z a
- AE Gain= 75 db m
@ 3
+ 2
< g
L] m
c

N 3
2 3
o
£ 3

3 303

w = ~ =

w n=2968-2984 |y

B o &

R R RSN ¢ 1 B St =l 1920

s ~

; i 8l 134153

; E 4 4T § ——--102

CHN ¢ L1 3.0 S -

o 1 L= iy R S 1 Il L L L4 -‘O S

6 8 410 12 14 16 8 20 22 24 26 28 30 32 34 36

Rotating Speed, n rpmx 100

Fig.5 Effect of rotating speed on total AE counts for 9.525 mmé¢ bar-to-bar welds of
4140 to 1117 steels and 25.4 mm¢ tube-to-tube welds of 1020 to 304 stainless steels.



28 Journal of the Korean Society of Marine Engineers Vol.7, No.1, 1983.

weld zone (GWZ-2) in Fig.4 is 1500 thr-
ough 2200 rpm at OnZ-2, where the good
AE zone (GAZ-2) is 1.2x10¢ through 2.5
X108 counts in Fig.5 for getting to GWZ-
2 in Fig. 4.

The above method is the indirect one for
monitoring the weld strength by total AE
counts through rotating speed plus welding
energy and burn-off rate.

It is also known in Fig.4 that the opti-
mum speed zone (OnZ) should be about 250
rpm away inward from the two intersecti-
ons of the op-# curve and the tensile stre-
ngth line of each base metal, because the
op-n curve has such a degree of scatter
band and the allowance for safety design
should be given.

In Fig.5, the experimental results about
the effects of rotating speed on the cumulat-
ive total AE counts for 9.525 mm¢ bar-to-
bar welds of 4140 to 1117 steels and 25.4
mm¢ (3.175 mm wall) tube-to-tube welds
of 1020 to 304 stainless steels are given.

The empirical equations of the total AE
counts (N, counts) for Zone A4+B versus
rotating speed (%, rpm) computed by the
least squares method from the experimen-
tal data are as follows;

For 41401117 welds,

T T T T e T T T T 3|

1 * 0.236 kgfm? PYTE)
n = 2995 rpm 3 i
7)’ {HIGH SPEED LEVEL) ~~’;—- -—oi2}
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KNH 950 350 MEAN
sr MAX 2072 WXO7TMAX A
4140 17
o} = i
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DISTANCE FROM WELD INTERFACE um« 1000

Fig.6 Hardness distribution of welded joint
4149 to 1117 steel (9.525 mm¢).

N=3.0174X 10732 0583
(1010£7£3450, Eq. adequacy; mean
% error 14.50)« reveeeerrersoniniann. (6)
For 1020—304 tube welds,
N=1.9915z51828%0
(1019£%n«£2208, Eq. adequacy; mean
9% error 11.28) «eeeeeerieeivierreainees )
As shown in Fig.5 and from Equations (6)
and (7), it is clear that those curves have
correlation, among one another, and the total
AE counts
speed, energy and burn-off rate as described
in Fig.4. In the case of 4140—1117 welding,
the increase of the rotating spsed from low

have dependence on rotating

level to high level speed and consequently
the increase of the welding energy results
in increasing the total AE ccunts, while the
burn-off rate decreases at low level and
optimum speed zones (Lnz, OnZ) and then
increases at high level speed zone (HnZ).

In the case of 1020—304 tube welding,

(e)

Fig.7 Typical appearance and fracturzd surfaces
of welded joints:
(a), (b); at lowest speed ¢37 rpm,
(), (d); at medium speed 1603 rpm,
(e), (f); at high speed level 2822 rpm.
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the incresse of speed or energy results in
increasing the tctal AE counts with decrease
of burn-off rate initially at low level and
cptimum speed zones, but, at high level speed
zone, decreasing the total AE counts with
increase of burn-off rate.

As shown on the or-n curves in Fig. 4,
there are the increase, the peak and the
decresse zones according to the increase of
rotating speed from low to high level. In
order to interpret the cause for such fluct-
uations behavior of weld tensile strength
versus total AE counts, some attentive exa-

minaticn snd experiments were carried out

with the results s shown in Fig. 6 and Fig.7.

Fig.6 shows the hardness distributions
(Knoop hardness, load 200g) along the cen-
to 1117
joint welded under the welding condition
such as I=0.226 kgfm?, »=2895 rpm (high
level) and p=12.7 kgf/mm? Each distribut-

the adjacent

terline and the periphery of 4140

ion diagram hes the peak at
area of weld interface because the weld
interface received the heat which, by a
report in the case of welding AISI 1020
1300°C
only in 0.06 sec at the periphery and then

steel to itself®), climbs up to about

flows toward the center by conducticn and
becomes almost epualized over the whole
interface at the end of 0.2 sec and stays
within the range of 1250 to 1350°C after
the first 0.2 sec.

within a few seconds until welding ends

This high temperature

(rotating stops) is enough to make the in-
terface hardened by being cooled with the
adjacent air and parent metal as a quench-
ing effect, resulting in forming the marte-
nsite structure at the welded zone®.

It was found that such martensite phase
transfermation from austenite is most signif-
icant at the outside flashes with mean KNH
950 on the 4140 side and mean KNH 350
(907 mex) on the 1117 side™.

On each of both sides within 2.29 mm
away at the periphery area and 1.02mm
away at the centerline from the interface,
there is the weakest area with the lowest
hardness, which is lower than that of base
metal. This is the boundary area of heat
affected zone (HAZ) and base metal. At the
HAZ, the hardness at periphery is higher
than that at centerline on the 4140 side beca-
use the periphery has been more heated and
also 4140 steel has more excellent hardenabi-
lity with the higher carbon contents (0. 38%
and with the elements Cr (0.80%) and Mo
(0.15%) as martensite formaticn stabilizers.
On the other hand, the 1117 side
periphery hardness is lower than that
of the centerline at the HAZ boundary area
because the periphery has been more heated
but not enough to be hardened because 1117
steel has less hardenability with lower car-
bon (0.17%) and with no martensite stab-
ilizer, resulting in making it softened rat-
her than hardened!®. In the case of Fig.6,
the welding was performed at high speed
level, so the HAZ is somewhat wide. But
it becomes mnarrower according to the dec-
rease of rotating speed, resulting in the va-
riation of tensile fracture lccaiton according
to the HAZ boundary of 1117

side in the range from about 2 mm area to

movement

the weld interface as shown in Fig.7. Th-
ese hardness distribution characteristics are
well consistent with those of friction wel-
ding the Si-Cr alloy (Cr 11%, Si 2%) to
high Ni-Cr alloy (Ni 14%, Cr 15%, Si 1.5
%78,
between the interface area and the

Such a severe hardness difference
HAZ
boundary causes to make the residual stress,
and according as the hot weld zone becom-
es cooling and shrinks, the HAZ boundary
periphery area becomes to get crack initia-
tion and propagation transversely on the

periphery surface as shown in Fig.7.
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Fig.7 shows the
tensile fractured surfaces of inertia welds
4140-1117 and 4140-12L14 welded at differ-
At the lower
speed level, non-welded periphery (NW)

typical appearance and

ent rotating speed levels.
occurs by hot tearing of the weld at the
periphery of the interface as shown in Fig.
7 (a)
the interface on the fractured surface is not
welded due to lack of heat. At the medium
(proper) speed level as shown in Fig.7 (¢)

and (b), and also the center area of

and (d), crack occurs initially on the per-
iphery surface of the 1117 side HAZ boun-
dary, that may be the corner between flash
and parent material or the corner just bef-
ore the HAZ boundary

interfacs. But, as the crack propagates in-

surface from the

ward of HAZ along the boundary, it stops
for the inside is harder than the periphery
at the 1117 side HAZ. Instead,
interface with

the tensile
fracture occurs at the weld
the notch of 0.635 mm radius. This means
that the HAZ strength is just
to be fractured at HAZ. The appearance

enough not

of this tensile fractured surface consists of

the ductile fractured outside part and the
brittle fractured inside one, that expresses
nearly a good weld. At the higher speed

level as shown in Fig. 7 (e) and (f), the
tensile fracture occurs on the HAZ perip-
hery surface (the flash corner) eventhough
it has a notch on the interface, because it
had a crack or a few cracks on the HAZ
boundary periphery surface occurred during

cooling after welding by the thermal stress

effect and flash-corner-notch effect bef-.

ore tension test. Such crack phenomena on
HAZ boundary surface are especially seve-
rer in the case of leaded sulphurized free
machining steel 12L14 because of
weldability with lead.

Consequently, the variation of the incre-

the poor

ase and decrease of weld strength with the

increase of rotating speed is due to the lack
of heat by the lower energy at lower speed
level, and on the contrary, itis due to the
over-heating by the higher energy at hig-
her speed level resulting in weld defects,
that is, crack or residual stress concentrat-
ion at the flash corner. But, it has also the
tendency of the decrease at the higher speed
level depending on the difference of cooling
rate of materials, resulting in the difference
of the martensite start and end temperatu-
res on the CCT curve. The weld of low
carbon steel tube 1020 to 304 stainless steel
tube has such a tendency, because the lat-
ter with very low carbon (C 0.082%) takes
than 100 sec) to form

the martensite at higher

longer time (more
speed level, res-
ulting in slower cooling rate and the less
martensite formation with the lower AE

burst.

3-2. Effect of Welding Pressure

The experimental results of welding axial

pressure effect on weld strength and total

E
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T 1
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288 o———d _an-zo00tpm 1% S
. 4z ¥
~ m
s -
084 § STo———p————afec0rem !z
0 N=1200 TPM |5 G

1
(o] 12.7 1941 25.5
Axial Pressure, p kgf/mm?
Fig.8 Effect of pressure on weld strength and
total AE counts for 4140-1117 welds
(9.525 mme).
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AE counts in inertia welding of 4140 to 1117
steel bars (9.525mm diameter) welded under
various rotating speeds are shown in Fig.8.
It is clear that the higher pressure (25.5 kgf
/mm?) at the higher speed level (2400 rpm)
causes the higher AE counts but the lower
strength (lower joint efficiency). On the
contrary, the lower pressure (12.7 kgf/mm?)
at the medium speed level (1600, 2000 rpm)
in good AE zone (GAZ) causes the medium
AE counts but the highest strength (highest
joint eficiency). Since welding pressure
acts as heating in Phass [, as balancing
for the effects of thermal softening and st-
rain hardening in Phase [, and as forging
for bonding in Phase I, it isimportant to
determine the proper pressure for good
weld as shown in Fig. 8.

Consequently, depending on the pressure
it is found that

inertia

effect diagram in Fig. 8,
the optimum welding condition for
welding of 4140 to 1117 steel bars (9.525 m
m dia.) should be p=12.7 kgf/mm?, »n=
1600 through 2000 rpm and I=0. 236 kgfm?
These
well consistent with the optimum speed
zone (OnZ-2) 1300 through 2300 rpm and
the good AE zone (GAZ-1) 0.54x168
through 2.54x 108 counts in Fig. 4 and Fig.
5 for obtaining the good welds in GWZ.

constant. pressure and speeds are

3-3. Effect of Inertia

The effects of moment of inertia (I, k
gfm?) on the weld strength and total AE
counts for inertia welding of 4140 to 1117
steel bars (9.525 mm dia.) welded under
the welding conditions of p=12.7 kgf/mm?
const., #=1000, 1400, 1800, 2200 and 2600
rpm, [=0.118, 0.236 and 0.472 kgfm? are
given in Fig. 9. As known in Fig. 9, it
is clear that the optimum weld conditions

for good welds are p==12.7 kgf/mm? const.,
1=0.236 kgfm?, #=1400, 1800 and 2200

rpm, which are slso quite consistent with

BSF— T T 1

sof |
3
75F 70

70 2200 rpm |10
65+ 2200 rpm

1800 rpm -9
601 1400 rpm
55} -8
50 o op-l 7
wsf- & N-d

Weld Cond. P=12.7kgf/mm?

40k AE Gain:75db 2600 ipm - 16

Tensile Strength of Welded Joints, oy kgt/

1800 rpm

Freq. Response: |
100-300kHz s
—4
-3
2,54 1400 Fpm

9Ol XN ‘8+ v 2u0Z Joj syuno) Jy  IDjo)

10007 pm J
Y :

LA, i}
0 0.118 0.236 0.472
Moment of Inertic, I kgfm?Z

Fig.9 Effect of inertia on weld strength and total
AE counts for 4140-1117 welds (9.525 mmg).

the optimum zones of total AE counts and
weld strength in Fig. 4 and Fig. 5.

The cause of the variation of both pres-
sure and inertia effects on weld strength and
total AE counts can be interpreted by the
same method as the speed effects shown in
Fig. 4 and Fig. 5, because all these para-
meters are correlated to the heat generation
and forging effect for metallurgical bond.

Since moment of inertia affects the heat
generation by energy for bonding metals
with rotating speed, it is also necesszry to
cosnider upon determining the proper ine-
rtia by selecting the proper flywheel.
weld

strength and total AE counts have depend-
g

Consequently, it was clarified that

ence on rotating speed, pressure and inertia

effects.

3-4. Relationship between Weld
Strength and Total AE Counts
and 95% Confidence Test

From the combination of or-z Equation
(2) and N-z Equation (6), the calculated
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or,-# Equation for 4140-1117 welds is as
follows;

orr=—"T731.94 X 1078 NO 3377
+299- 23)(10—3 N0‘37688+46. 55,
(0. 283X 10° LN £ 7. 356X 108)-+-+--(8)

where o, is tensile strength oy asn

was an intermediate variable.
From the combination of or-7 Equation
(3) and N-n Equation (7), the calculated

or.-7 equation for 1020-304 welds is as
follows:
or,=—13.368 X 1078 ]N1-0971
73,813 X 10-8/No-54558 30, 18,
(0. 895X 10° L N £2. 484X 109). -+--+(9)

For the 95% confidence examination of
the empirical N-» Equation (6) with the
largest mean 9% error of 14.5%, the resid-
total AE
counts was computed as in Table 3, and the
ANOVA (analysis of variables) table for
testing the lack of fit was calculated as in
Table 4. The calculated F-ratio for the lack

ual sum of squares for the
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which is much smaller than the correspond-
ing value of 3.09 from the F-table at 95%
confidence level as shown in Table 3 and
Table 4. This analysis suggests that there
is no great danger of lack of fit betwesn
all the empirical equations and the exper-

imental data in this study.

Table 4 ANOVA table for testing the lack

of fit on the empi
model (mean 9%

4140-1117 welds,

speed.

rical N-n equation
error: 14.5%) of
at full range of

of fit for the empirical equation

is 1.63

Tabe 3 Computaion of residual sum of squ-
ares and pure error for the total AE
counts at the full range of speed on
the empirical N-n equation model of
4140-1117 welds.

Total AE count, Total Ak count,
. counts " counts
Trial 'Expec- {Obser- Trial Expec- {Obser-
1
No. ted. ved. No. [|ted, ved,
| ]\// N[
1 a | 359550; 409000 12 604235 348000
b 359550 388000 3 617436; 500000
2 a | 900130; 682000 14 884923 513000
b } ¢00130] 1059000 15 962544 553000
3 a ' 1310109| 2165000 16 1303363] 2270000
b 1310109 1196000 17 1383861 1362000
4 a | 1759127} 1635000 18 1697160{ 1710000
b | 1759127| 1973000 19 2302943 2869000
5 a | 2461245| 2816000 20 2740825 3088000
b 12461245 2912000 21 2578768 2812000
6 a | 3571527] 3351000, 22 2731660} 3013000
b 2571527; 3755000 23 3462570 4458000
7 a | 4830824| 5540000, 24 4535090( 4102000
b }4890824 4827000 25 4435331 3450000
8 a  £038083; 5864000 26 4284235] 3635000
b i6038083 6730000, 27 | 5063792 4897000
9 | 282571| 320000, 28 6141174 5064000
10 i 349291 407000 29 7356666| 7447000
11 364748| 419000 30 7121419 6044000

Residual sum of squares= 3, (N’ —N)2=9.0575X 102

Pure error=1/2 3 (N'b—N’a}2=1.3133X10!?

Sum of |Degree of| Mean .
Source squares | freedom | square F-ratio
Residuall9. 0575 X 37
1012
Pure 1.3133X 8 1.6416 X
error, 1012 o1
Lack 7.7442% 29 2.6704X 1.63
of fit 1012 1ot
Remarks| From F-table: Fig5,0.05=3.08,
24,8,0.05=3- 12,
then, Fag,s,0.05=3.09.

4. Conclusions

The results of the study® on Effects of
Welding Parameters on Weld Strength and
Acoustic Emission (at Zone A+ B) in Inertia
Friction Welding are as the following:

(1) The optimum range of welding con-
ditions for welding the medium carbon low
alloy steels to the sulphurized free machi-
ning steels and the mild steels to the stai-
nless steels (tubes) could be determined by
the examination of the parameters effects
for good weld strength with the joint effic-
iency more than 100 %, using AE techniq-
ues, avoiding the possible weld defects.

(2) It was found that the weld

(tensile strength) and total AE counts have

strength

an intimate dependence quantitatively on the
welding parameters, and then their relati-
onship equations can be derived by using
one of the parameters as an intermediate
variable.

(3) The calculated equations for the rel-

ationship between the weld strength (tensile
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strength) o and the total AE counts N at
Zone A+B in inertia friction welding of
AISI 4140 to 1117 (9.525 mm¢ bars) steels
and AISI 1020 to 304 (25.4 mm¢, 3.175 mm
wall tubes) stainless steels are as follows,
respectively, calculated from the empirical
or-it and N-#n empirical equations computed
by the regression analysis using the least
squares method;

ora=—T31. 94 10~ No-75877
+299. 23X 103 N0-37885 1 46, 55,

ora==—13. 368 X 10~8 \'1-0071
+73. 813X 103 )No-54858 . 3(), 18.

It was confirmed by error analysis and
lack-of-fit test that all equations have a

high reliability at the 95% confidence level,

(4) It was also found that the welding
energy or the burn-off rate have a great deal
of effects quantitatively upon the total AE
counts as well as the weld strength, so that
it will be possible to beused as a parame-
ter for monitoring or controlling the weld
strength using AE techniques.

(5) It was verified by the examinations
of hardness distribution and typical appea-
rance or tensile fractured surfaces that the
variaticns (or droppings) of the weld stre-
ngth and the total AE counts curves should
be, at low speed or high speed level,
caused by the weld defects at the weld inte-
rface periphery or the HAZ boundary sur-
face area, where the tensile fracture occur-
red on the base metal side with lower tensile
strength, initiating from the crack on the
HAZ surface of the specimen with the half
circle notch of 0.635 mmR on the interface

periphery.
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