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1. Introduction

In applying friction welding process, one
of the important concerns is the reliable qua-
lity monitoring method for a good weld stre-
ngth in process of production. However, no
reliable nondestructive test method is available
at present to monitor the weld strength qua-
ntitatively in process :® except the author,
et al.’s reports ¥:%% even though studies
on ultrasonic detection of weld strength were
reported® ' but no quantitative relationship
was drawn because of considerable scattering
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of the data.

In this continued study since the former
reports® 9.5 the relationship between the weld
strength and the measurable acoustic emission
total counts was analyzed quantitatively. This
was possible through relating the direct mea-
surement and analysis of AE counts to the
strength (tensile strength) of friction welds
of medium carbon low alloy steel bars to sul-
furized free machining steel bars and stainless
steel tubes to low carbon steel tubes.

2. Specimens and Procedures

The dimensions of welding workpieces and
tension test specimens are the same as those in
Fig. 1. And the chemical compositions and
tensile strength of base metals are listed in
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Table 1. The friction welding conditions (ine-
rtia type) used in this study are revealed in
Table 2 including the diameters of workpieces.

The AE transducer location diagram and
the block diagram of electronic components
for the AE monitoring equipment including
the welding parameter-history measuring ap-
paratus are given in Fig. 2-(a) and (b)¥,
respectively. A 22.225 mm¢ acoustic emission
piezoelectric transducer (Dunegan / Endevco,
Model D9203, sensitivity —65 db) was tightly
mounted with tape on the jaw, using high
vacuum grease on the contacting surface; At
such a location as shown in Fig. 2-(a), there
was no thermal effect from the interface.
The AE equipment was a standard commercial
unit (Dunegan/Endevco Model 3000). As sho-
wn in Fig. 2-(b), the band pass filter was
set to 100 through 300 kHz to remove the bac-
kground noise, and AE signals were further
amplified 35 db with a variable broadband am-
plifier (0—60 db) after the preamplifier of 40
db®. Thereby, the total system gain setting was
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Table 1 Chemical compositions and tensile strength of base metals.

Materials Chemical compositions (wt %) T.S*
(AISD C Mn P S Pb Cr Mo Ni Si o1
4140 { 0.38 0.75 0.04 — — 0.80 0.15 — 0.20 113.4
1117 0.17 1.00 0.04 0.08 — — — — — 72.1
12114 0.15 0.85 0.04 0.26 0.15 — — — — 66.9
1020 0.20 0.45 0.04 0.05 — — — — — 62.2
3045.S 0.08 2.00 0.04 0.03 — 18.0 - 8.00 0.75 75.5
* Unit : kgf/mm?, each specimen with (.635mm R notch.
Table 2 Welding conditions.
Materials Diameter Moment of Initial Axial
combination inertia rotating speed pressure
(AISD D, mm I, kgf-m? #n, YpPm ?p, kgf/mm?
Bar-to-bar
4140-1117 9.525 0.236 937-3450 12.7, 19.1, 25.5
4140-12L 14
Tube-to-tube OD 25,40
1020-304S.S 1D 19.05 0.472 796-2984 8.2
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typical history of welding parameters and AE
measurements in inertia friction welding. The
total cumulative AE counts (&, counts) at
Zone A of the welding period between welding
start (Ws) and welding end (W;:) plus Zone
B of the cooling period between martensite
formation start (Ms) and finish (M) were
used for relating to the tensile strength (or,
kgf/mm?) of welded joints, because the AE
counts at Zone A result primarily from the
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Fig. 2 (a) AE transducer location.
(b) Block diagram of AE monitoring equip-
ment and welding parameters measuring

apparatus.
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Fig. 3 History of Welding parameters and AE me-
asurement in intertia friction welding.

75 db in this study, that is, counting each pulse

that exceeded -75 dbv. About eighty workpieces

for each metal pair (AISI 4140-1117, 4140-

12L14, 1020-304) for welding and measuring

AE counts were prepared. Fig. 3% shows the

plastic deformation during welding and those at
Zone B primarily from the martensitic phase
transformation during cooling and then the
cumulative total AE counts at Zone A-+B
should be more intimately as a whole correlated
to the welded joint properties®>®, The corre-
lated history graphs as those in Fig. 3 were
made according to every welding condition and
used for analysis of each weldment and AE
measurement.

3. Results and Discussions

3. 1. Relationship between Weld Strength
and Total AE Counts for Zone A+ B

Fig. 4 shows the relationship between the
inertia friction weld strength and total AE
counts for Zone A+ B of friction welded joints
of 9.525 mme¢ bars AISI 4140 to AISI 1117
steels. For comparison the cases of the weld
of 25.4 mm¢ (3. 175 mm wall) tubes AISI 1020
to AISI 304 stainless steels and 9. 525 mm¢ bars
AISI 4140 to AISI 12L14 steels are also given
in Fig. 4. Regarding to the optimum AE zone
(OAZ) for each weld, the OAZ-1 in the case
of the weld of AISI 4140 to AISI 1117 is the
widest (0.5x10° through 2.5x10%),
of more carbon contents in them and also the

because

martensite-forming-stabilizer Cr content in AISI
4140 resulting in their excellent hardenability.
This OAZ-1 is well coincident with the GAZ-1
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Fig. 4

Relationship between inertia friction weld strength and total AE counts tor zone A+B or

friction welded joints of 9,525 mmg¢ bars 4140 to 1117 steels, 4140 to 12L14 steels and 25,40 mmg
(3.175 mm wall) tube 1020 to 304 stainless steels. AE Gain; 75db.

in the former reports®:®. This means that
those have a high reliability.

In the case of welding AISI 1020 to AISI
304 stainless steel tubes, they have especially
the area (a) where strength is dropped and
total AE counts are very low even though they
were welded at high speed level (2968 through
2984 rpm). Those welds were fractured on the
boundary area between HAZ and base metal.
This must be the dangerous weak points in
the view of weld strength. So that, the OAZ-2
(1.2x 106 through 2.5x10° counts) in Fig. 4
should be compensated to the AE range of
C-0AZ-2 (1.2x10% through 1.9%10° counts)
for attaining to the GWZ (good welding zone
with the joint efficiency more than 100%) for
safety quality monitoring and for practical use.

In the case of 4140-to-12L14 welds in Fig. 4,
they also have the dropped strength and low-
ered total AE counts areas (b) and (c¢) much

scattered from the fitted curve exceptionally.
The welds in the area (b) welded at semi-high
speed level (1805 through 2313 rpm) were
fractured on HAZ boundary surface with ma-
cro- or micro-crack (as shown in Fig. 5). And
also the welds in the area (c) welded at high
speed level were fractured on the HAZ and
base metal boundary surface with visible crack,
and with macro or micro crack (as shown in
Fig. 5 (d) and (e) observed by EPMA X-ray
images). To avoid these weld defects, the
OAZ-3 of AE counts with the range of 1. 90X
105 through 2.90x 108 counts should be com-
pensated to the C-OAZ-3 with the range of
2.15%x 10% through 2.90x10¢ counts for safety
quality monitoring and for practical use, In
Fig. 4.

The empirical equations of or—N for 4140-
1117, 1020-304 and 4140-12L14 welds are
given as the following, computed by the pol-
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(937 rpm).

(c) Macro crack on HAZ boundary surface
of 4140-12L 14 joint welded at semi-high
speed level (2313 rpm).

(d) Macro crack at boundary area of HAZ
and base metal of 4140-12L14 joint wel-
ded at high speed level (2617 rpm). (EP-

MA X-ray image, BEI (COMPO), 20 kV).

(e) Micro crack discontinuities on HAZ bou-
ndary of 4140-12L14 joint welded at high
speed level (2617 rpm). (EPMA X-ray
image, SEI, 20 kV).

Welding conditions; I=0. 236 kgf-m?, p=
12.7 kgf/mm?, n=as above.

Macro and micro photos, and EPMA X-ray
images for the discontinuities of the intertia
welded joints welded at different speed levels.

Fig. 5

ynomial regression analysis, calculating the
equation adequacy by the error analysis®:
For 4140-t0-1117 (9.525 mm dia.) welds:

or=154. 54X 10" N?—2,3807 X 10~  N*+
6. 6381x10-°N+71. 39,
(0.320X 108 < N<7.447%x10°% Eq. adeq.:

mean % error 4.24) €))
For 1020-304 (25.4 mm¢, 3.175 mm wall
tubes) welds:
or=—14. 779X 10~12N?+54, 917 X 10-°* N

+19. 94,
(0.515X 108 < N<2,649x10% Eq. adeq.:
mean % error 8, 02) @

For 4140 12L14 (9.525 mm dia.) welds:
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or=1.09987 X 10~'® N3-21,274 X 10~12N? +
66. 801 X 10-°N—+4. 12,
(0. 442 X 10°<N<5.041x10% Eq. adeq.:
mean % error 9. 34) 3
Thus, by the above empirical equations of
the gr—N relationship for the welded joints
(AISI 4140-1117, 1020-304 and 4140-12L
14), the general empirical equation form can
be modeled as the following cubic (a#0) or
parabolic (a=(0) equation depending on mate-
rials:
or=aN3+bN?*+cN-+d @

3.2. Comparison between Empirical and
Calculated Equations and 95% Confi-
dence Tests

Fig. 6 shows the comparison between the
calculated equations® and the empirical equa-
tions (1) & (2):Such calculated equations
derived from the combination of empirical oz
—n and N—n are as follows®,

4140-1117 : ora=—T731. 94X 10-6N0- 75377

+299, 23X 103N 37688 446, 55

(0. 283 X 10°< N<7. 356 X 10°, Mean % Diff.
0.6%) ()

1020-304 : 07,=—13. 368 X 10-SN1-097!

+73. 813X 10-2N0-34838—3(), 18

(0. 895 X 10° < N<2. 484 X 108, Mean % Diff.
2.02%) ®)

The maximum mean % difference is only 2. 05

%, showing a high reliability.

For their 95% confidence examination, in
the case of 4140-1117 welds, the residual sum
of squares for the weld strength are computed
statistically, and the ANOVA table for testing
the lack of fit is calculated as in Table 3. The
calculated F-ratios for the lack of fit for both
the empirical equations at full range and
OAZ-1 of AE and the calculated equation are
1.44, 0.13 and 0.13 which are much smaller
than the corresponding values of 3.09, 19.36
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Table 3 ANOVA table for testing the lack of fit on the empirical (o6r-N, mean % error 4.24) and
the calculated (or.-N, % difference (.60) equation models of 4140-1117 welds.

Sum of squares Degree
Fall ra’ 0AZ-1 of Mean squares F-ratio
Source

Empirical gt%lgul- freedom

oo |oe | ool ]o|olole
Residual 545. 201 50.5¢  59.51] 37 9
Pure error 87.80;, 41.24] 41.24] 8 2 10.98| 20.62| 20.62
Lack of fit 457.40{ 18.35| 18.27| 29 7 15.77 2.62 2.61 1.44/ 0.13 0.13

Remarks \ Fre,800.05=3.09 (From F-table, Fygs0.05=3.08 and Fzs,s0.05=3.12) Fr2,0.0s=19. 36

and 19. 36,
95 percent confidence level.

respectively from the F-table at
This analysis
suggests that not only there is no great danger
of lack of fit between all the postulated mod-
els and the experimental data in this study,
but also it seems possible to monitor the weld
strength quantitatively during the process of
production by the acoustic emission techniques
$,4,5,8 more reliably than by the conventional
methods®,
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Fig. 6 Comparison between calculated and empirical
equations for friction weld strength versus
total AE counts of 9. 525 mmg bar-to-bar (AISI
4140 to 1117) and 25. 4 mm¢ (3. 175 mm wall)
tube-to-bube (AISI 1020 to 3045.S) welds.

4. Conclusions

The results obtained in the study!® on Qu-
antitative Analysis of Friction Weld Strength

by Acoustic Emission are as follows:

(1) The weld strength can be quantitatively
and usefully monitored or controlled in process
by using AE techniques because it was conf-
irmed experimentally and quantitatively that
the friction weld strength and the total acou-
stic emission counts have the correlation bet-
ween them, and the relationship model is ex-
pressed as

or=alN3*+bN?+cN+d, (depending on
materials, a=0),
whose maximum mean % difference from the
calculated model (or.) is 2.05%,
has a high reliability, and can be used for in-

and which

process monitoring of friction weld strength
as a nondestructive monitoring method using
AE techniques.

(2) It was confirmed again statistically by
error analysis and lack-of-fit testing that the
empirical equations for the relationship betw-
een the weld strength and the total AE counts
computed by the regression analysis using the
least squares method have also a reliability
at 95% confidence level.
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