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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for
inspecting and estimating a joined region and joining
strength of an object by means of a non-destructive in-
spection, the object being formed by joining two members
together by using a friction stir joining method.

BACKGROUND ART

[0002] Fig. 25 is a diagram for illustrating a method for
estimating a welded region 2 of a welded object 1 welded
by a conventional resistance spot welding. As shown in
Fig. 25, the welded object 1 is formed by spot-welding
an upper plate 3 and a lower plate 4 together at the weld-
ed region 2. In the welded region 2, the upper plate 3 and
the lower plate 4 are welded together due to disappear-
ance of an interfacial portion 5, caused by melting, be-
tween the upper plate 3 and the lower plate 4. In non-
welded regions 6 except for the welded region 2 of the
welded object 1, the interfaces 5 remain between the
upper plate 3 and the lower plate 4.
[0003] The welded region 2 includes a nugget portion
7, in which the upper plate 3 and the lower plate 4 are
melted and welded together, and a corona-bonded por-
tion 8, which covers the nugget portion 7 and in which
the upper plate 3 and the lower plate 4 are slightly melted
and closely adhered together. In the resistance spot
welding, a front face 9 and a rear face 10 of the welded
object 1 are arranged to be substantially parallel with
each other.
[0004] As a conventional art, there is a method for es-
timating the welded region 2 of the welded object 1 by
using an ultrasonic wave. In the conventional art, an ul-
trasonic probe 11 adapted to generate the ultrasonic
wave is scanned to pass through over the welded region
2 so as to take therein a reflected wave of the ultrasonic
wave reflected from the welded object 1 for each scan-
ning displacement. The reflected wave 12 of the ultra-
sonic wave introduced in and reflected from the welded
object 1 will be a reflected wave reflected from a bottom
face 13 of the upper plate 3 in the non-welded regions
6, while it will be a reflected wave reflected from a bottom
face 14 of the lower plate 4 in the welded region 2. In this
conventional estimating method, boundary positions 15
between the welded region 2 and the non-welded regions
6 are estimated by comparing the reflected waves from
the upper plate 13 and from the lower plate 14, thus es-
timating a size of the welded region 2.
[0005] In a technique disclosed in Patent Document 1,
as an estimation of the welded region 2 in the welded
object 1, the nugget portion 7 is obtained based on at-
tenuation of multiple reflection waves multiply reflected
from a top face 16 of the upper plate 3 and from the
bottom face 14 of the lower plate 4. In a technique dis-
closed in Patent Document 2, as the estimation of the

welded region 2 in the welded object 1, the nugget portion
7 is obtained based on a level of a transverse ultrasonic
wave generated by mode conversion that is caused when
an ultrasonic wave is reflected by the bottom face 14 of
the lower plate 4.
[0006] As another conventional art, there is a method
for estimating a joined region by employing an ultrasonic
wave, the joined region being formed by a continuous
friction stir joining. In a technique disclosed in Patent Doc-
ument 3, presence of holes indicative of a defect of joining
in the joined region is detected when amplitude of a bot-
tom face echo reflected from a bottom face of a joined
object is lower than a theoretical value. It is noted that
the joined object formed by the continuous friction stir
joining has a substantially flat front face.

Patent Document 1: JP 3-233352 A
Patent Document 2: JP 2000-146928 A
Patent Document 3: JP 2004-317475 A

[0007] As one of joining methods, there is a lap-joint-
joining method utilizing the friction stir joining method.
Namely, in a lap joint formed by the friction stir joining
method, the upper plate and the lower plate are joined
together due to disappearance of the interfacial portion,
which was stirred between the upper plate and the lower
plate. Conventionally, the joined region and the joining
strength of a lap-joint-joined object formed
by the friction stir joining method are obtained by a de-
structive inspection, respectively. Therefore, there still
remains a need for a method and an apparatus for ob-
taining the joined region and the joining strength by a
non-destructive inspection also in the case of the lap-
joint joined object formed by the friction stir joining meth-
od.
[0008] However, the joined object formed by the friction
stir joining method generally includes a non-flat tool-
processing or tool-plunging face having a complex con-
cave/convex shape. Therefore, in the technique of the
non-destructive inspection employing the reflected wave
reflected from the bottom face 14 of the bottom plate, the
reflected wave is affected by such a concave/convex
shape of the tool-plunging face. This makes it difficult to
obtain the joined region and the joining strength with re-
spect to an object formed by a spot friction stir joining
method.
[0009] US 2004/045358 discloses a method and ap-
paratus for the ultrasonic analysis of lap-welded joints.
[0010] BIRD C.R.: "Ultrasonic phased array inspection
technology for the evaluation of friction stir welds", IN-
SIGHT - NON-DESTRUCTIVE TESTING AND CONDI-
TION MONITORING, vol. 46, no. 1, January 2004
(2004-01), pages 31-36, discloses a system for the ul-
trasonic monitoring of friction stir welded linear joints.

DISCLOSURE OF INVENTION

[0011] Therefore, it is an object of the present invention
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to provide an estimation method according to claim 1 and
an estimation apparatus according to claim 8 for estimat-
ing the joined region and/or joining strength of the joined
object formed by the spot friction stir joining method.
It is another object of the present invention to provide a
method and an apparatus for inspecting the joined region
of the object formed by the spot friction stir joining meth-
od, without performing a destructive inspection.
[0012] The present invention is a method of estimating
a joined region of a joined object in which two joining
members are joined together while being overlapped one
on another by using a spot friction stir joining method,
comprising: a reflected wave measuring step of introduc-
ing an ultrasonic wave into the joined object from a back-
ing face of the joined object opposed to a plunging face
thereof in which a joining tool was plunged upon a friction
stir process, and taking in a reflected wave of the ultra-
sonic wave introduced into and reflected from the joined
object; and an estimation step of estimating an ultrasonic
wave incident position as a position over the joined re-
gion, provided that among reflected waves taken in by
the reflected wave measuring step, an observed reflected
wave reflected in a vicinity of a position corresponding
to an interface between the two joining members satisfies
a predetermined boundary condition, wherein the bound-
ary condition is set based on the reflected wave reflected
at the interface of the two joining members when the ul-
trasonic wave incident position is located over a non-
joined region, wherein the backing face is maintained as
a flat face, and wherein in the reflected wave measuring
step, the ultrasonic wave incident position is scanned so
as to pass through over the joined region with an incident
direction of the ultrasonic wave being kept vertical to the
backing face, while the reflected wave of the ultrasonic
wave introduced into the joined object is taken in for each
displacement of scanning position.
[0013] According to this invention, in the reflected wave
measuring step, the ultrasonic wave is introduced into
the joined object from the face opposed to the plunging
face in which the joining tool was plunged, while the ul-
trasonic wave reflected from the joined object is taken
in. In a non-joined region, because an interface between
one joining member and the other joining member does
not completely disappear, the ultrasonic wave introduced
from the one joining member is reflected from the inter-
face between the one joining member and the other join-
ing member. On the other hand, in the joined region, be-
cause the one joining member and the other joining mem-
ber are joined together and the interface therebetween
has been disappeared, the ultrasonic wave introduced
from the one joining member is transmitted into the other
joining member without being reflected by the one joining
member, as such the reflected wave reflected in the vi-
cinity of a position corresponding to the interface between
the two joining members will be quite reduced or sub-
stantially lost.
[0014] Accordingly, a feature or features of the ob-
served reflected wave will change between the case in

which the ultrasonic wave incident position is located
over the non-joined region and the case in which the
same incident position is located over the joined region.
By judging whether or not the observed reflected wave
satisfies the predetermined boundary condition, based
on changing amounts of the feature’s value of the ob-
served reflected wave, it can be estimated which of the
non-joined region or joined region the ultrasonic wave
incident position is located over.
[0015] In this invention, the ultrasonic wave is intro-
duced into the joined object from the face opposed to the
plunging face in which the joining tool was plunged. Con-
sequently, the ultrasonic wave can be introduced into the
joined object without being affected by the concave/con-
vex shape formed in the tool plunging face. This can also
prevent the ultrasonic probe from contacting with a tool
plunging mark of the joined object, thereby avoiding dam-
age of the ultrasonic probe. In this invention, in the esti-
mation step, the joined region is estimated by observing
the reflected wave of the ultrasonic wave reflected in the
vicinity of the position corresponding to the interface of
the two joining members, without utilizing the reflected
wave of the ultrasonic wave reflected from the joining
tool plunging face. Thus, the joined region can be esti-
mated without being affected by the concave/convex
shape of the joining tool plunging face.
[0016] In this way, by estimating the joined region by
using the ultrasonic wave, the quality of joining can be
estimated without destroying the joined object. Thus, the
cost required for the quality inspection can be reduced
as compared with the case requiring the destructive in-
spection. Even in the case of a large-size joined object
for which the destructive inspection is generally difficult,
the joining quality can be estimated with ease.
[0017] According to this invention, by scanning the ul-
trasonic wave incident position so as to pass through
over the joined region, the position over the boundary
between the joined region and the non-joined region,
which would be located on the straight line along the
scanning direction, can be estimated, thereby estimating
a general size of the joined region. Consequently, the
joining strength can be obtained as well as information
necessary for works for inspecting the joining quality or
the like can be provided.
[0018] According to this invention, the boundary con-
dition is set based on the observed reflected wave in the
case in which the ultrasonic wave incident position is lo-
cated over the non-joined region. Thus, the boundary
condition can be set for each joined object, and therefore
the joined region can be precisely estimated even in the
case in which there are variations of the boundary con-
dition for each joined object.
[0019] In the present invention, in the estimation steps,
the ultrasonic wave incident position, in which an ampli-
tude of the observed reflected wave is lower than a pre-
determined amplitude threshold value, is estimated as
the position over the joined region.
[0020] According to this invention, when the ultrasonic
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wave incident position is located over the joined region,
the ultrasonic wave introduced into the joined object is
transmitted from the one joining member into the other
joining member. Therefore, the amplitude of the ultrason-
ic wave reflected from the position corresponding to the
interface of the two joining members will be relatively low.
Accordingly, the ultrasonic wave incident position, in
which the amplitude of the observed reflected wave is
lower than the predetermined amplitude threshold value,
can be estimated as the position over the joined region.
Since this estimation is based on the amplitude of the
observed reflected wave, there is no need for analyzing
frequencies of wave forms included in the reflected wave,
as such facilitating the estimation of the joined region.
[0021] In the present invention, in the estimation step,
the ultrasonic wave incident position, in which a central
frequency that is a center of a frequency distribution band
of a wave form higher than an amplitude value lower by
a predetermined amount than a maximum amplitude val-
ue in the frequency distribution band of the wave form
included in the observed reflected wave is lower than a
predetermined frequency threshold value, is estimated
as the position over the joined region.
[0022] According to this invention, in the case in which
the ultrasonic wave incident position is located over the
joined region, the ultrasonic wave is more likely to be
transmitted from the one joining member into the other
joining member, as compared with the case in which the
ultrasonic wave incident position is located over the non-
joined region. Among the wave forms included in the re-
flected wave, the wave forms in a higher frequency band
will exhibit higher directivity as compared with the wave
forms in a lower frequency band. If the boundary face
between the joined region and the remaining region not
subjected to the friction stir process is inclined relative to
the ultrasonic wave incident face on the side of the ultra-
sonic wave incident face, the wave forms in the higher
frequency band will be taken in, in a lesser amount, as
the reflected wave. Besides, the wave forms in the higher
frequency band are more likely to be lowered as com-
pared with those in the lower frequency band. In view of
this point, in the case in which the ultrasonic wave inci-
dent position is located over the joined region, the central
frequency of the observed reflected wave is lowered, as
compared with the case in which the same incident po-
sition is located over the non-joined region.
[0023] Accordingly, the ultrasonic wave incident posi-
tion, in which the central frequency of the observed re-
flected wave is lower than the predetermined frequency
threshold value, can be estimated as the position over
the joined region. With the frequency analysis, the joined
region can be precisely estimated even in the case in
which the echo level is significantly lower as well as in
the case in which considerable noise is generated. For
instance, the predetermined frequency threshold value
is set lower than the central frequency of the observed
reflected wave in the case in which the ultrasonic wave
incident position is located over the non-joined region.

[0024] In the present invention, in the estimation step,
the ultrasonic wave incident position, in which a peak
frequency that is a frequency of a wave form exhibiting
a maximum amplitude value in a frequency distribution
band of the wave form included in the observed reflected
wave is lower than a predetermined frequency threshold
value, is estimated as the position over the joined region.
[0025] According to this invention, in the case in which
the ultrasonic wave incident position is located over the
joined region, the ultrasonic wave is more likely to be
transmitted from the one joining region into the other join-
ing region, as compared with the case in which the same
incident position is located over the non-joined region.
Among the wave forms included in the reflected wave,
the higher frequency wave forms will exhibit higher di-
rectivity as compared with the lower frequency wave
forms. If the boundary face between the joined region
and the remaining region not subjected to the friction stir
process is inclined relative to the ultrasonic wave incident
face on the side of the ultrasonic wave incident face, the
higher frequency wave forms will be taken in, in a lesser
amount, as the reflected wave. Besides, the higher fre-
quency wave forms are more likely to be lowered as com-
pared with the lower frequency wave forms. In view of
this point, in the case in which the ultrasonic wave inci-
dent position is located over the joined region, the peak
frequency of the observed reflected wave is lowered, as
compared with the case in which the same incident po-
sition is located over the non-joined region.
[0026] Accordingly, the ultrasonic wave incident posi-
tion, in which the peak frequency of the observed reflect-
ed wave is lower than the predetermined frequency
threshold value, can be estimated as the position over
the joined region. With the frequency analysis, the joined
region can be precisely estimated even in the case in
which the echo level is significantly lower as well as in
the case in which considerable noise is generated. For
instance, the predetermined frequency is set lower than
the central frequency of the observed reflected wave in
the case in which the ultrasonic wave incident position
is located over the non-joined region. In addition, due to
the estimation of the joined region based on the peak
frequency, the joined region can be estimated, even in
the case in which the frequency distribution of each wave
form included in the observed reflected wave is shifted
to some extent from a normal distribution.
[0027] In the present invention, in the estimation step,
the ultrasonic wave incident position, in which a frequen-
cy distribution bandwidth of a wave form greater than an
amplitude value lower by a predetermined amount than
a maximum amplitude value in a frequency distribution
band of the wave form included in the observed reflected
wave is greater than a predetermined frequency band-
width threshold value, is estimated as the position over
the joined region.
[0028] According to this invention, in the case in which
the ultrasonic wave incident position is located over the
joined region, the ultrasonic wave is more likely to be
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transmitted from the one joining region into the other join-
ing region, as compared with the case in which the same
incident position is located over the non-joined region.
Among the wave forms included in the reflected wave,
the higher frequency wave forms will exhibit higher di-
rectivity as compared with the lower frequency wave
forms. If the boundary face between the joined region
and the remaining region not subjected to the friction stir
process is inclined relative to the ultrasonic wave incident
face on the side of the ultrasonic wave incident face, the
higher frequency wave forms will be taken in, in a lesser
amount, as the reflected wave. Besides, the higher fre-
quency wave forms are more likely to be lowered as com-
pared with the lower frequency wave forms. In view of
this point, in the case in which the ultrasonic wave inci-
dent position is located over the joined region, dispersion
of the frequency distribution of the wave form included
in the observed reflected wave becomes greater as com-
pared with the case in which the same incident position
is located over the non-joined region, as such further wid-
ening the frequency distribution bandwidth of the wave
form greater than the amplitude value which is lowered
by the predetermined amount from the maximum ampli-
tude value.
[0029] Accordingly, the ultrasonic wave incident posi-
tion, in which the frequency distribution bandwidth of the
observed reflected wave is greater than the predeter-
mined frequency bandwidth threshold value, can be es-
timated as the position over the joined region. For in-
stance, the predetermined frequency bandwidth thresh-
old value is set wider than the frequency bandwidth in
the case in which the ultrasonic wave incident position
is located over the non-joined region. With the frequency
analysis, the joined region can be precisely estimated
even in the case in which the echo level is significantly
lower as well as in the case in which considerable noise
is generated. In addition, due to the estimation of the
joined region based on the peak frequency, the joined
region can be estimated adequately, even in the case in
which the frequency distribution of each wave form in-
cluded in the observed reflected wave is shifted to some
extent from a normal distribution.
[0030] Additionally, the present invention may feature
that, in the reflected wave measuring step, the ultrasonic
wave is introduced into the joined object at a plurality of
different angles of refraction.
[0031] According to this invention, even in the case in
which a hooking phenomenon occurs upon the friction
stir joining process, a reflected echo from a hooking por-
tion can be caught by an angle beam method. Therefore,
the precision of estimation for the joined region and/or
joining strength can be enhanced.
[0032] The present invention is a method of testing a
joined object in which two joining members are joined
together while being overlapped one on another by using
a spot friction stir joining method, the testing method com-
prising the step of inspecting the joined object based on
an estimation result obtained by the estimation method

described above.
[0033] According to this invention, the joined object is
inspected based on the estimation by the estimation
method described above. Consequently, the inspection
for the joined region can be performed without destroying
the joined object, as such facilitating the inspection work.
[0034] The present invention is an apparatus for esti-
mating a joined region of a joined object in which two
joining members are joined together while being over-
lapped one on another by using a spot friction stir joining
method, comprising: an ultrasonic probe configured to
introduce an ultrasonic wave into the joined object and
also take in a reflected wave reflected from the joined
object; probe moving means configured to scan the ul-
trasonic probe over a backing face of the joined object
opposed to a plunging face thereof in which a joining tool
was plunged, such that the ultrasonic probe passes
through over the joined region of the joined object; scan-
ning position detection means configured to detect a
scanning position of the probe; extraction means con-
nected with the ultrasonic probe and configured to extract
an observed reflected wave reflected in a vicinity of a
position corresponding to an interface between the two
joining members, among reflected waves taken in by the
ultrasonic probe; storage means configured to correlate
the scanning position detected by the scanning position
detection means with the observed reflected wave ex-
tracted by the extraction means corresponding to the
scanning position and store them therein; estimation
means configured to read information stored in the stor-
age means and estimate the scanning position corre-
sponding to the observed reflected wave satisfying a pre-
determined boundary condition, as a position over the
joined region; and output means configured to output an
estimation result obtained by the estimation means,
wherein the boundary condition is set based on the re-
flected wave reflected at the interface of the two joining
members when the ultrasonic wave incident position is
located over a non-joined region, wherein the backing
face is maintained as a flat face, and wherein the probe
moving means scans the ultrasonic probe while keeping
an incident direction of the ultrasonic wave vertical to the
backing face.
[0035] According to this invention, the ultrasonic wave
is introduced into the joined object from the face opposed
to the plunging face in which the joining tool was plunged,
while the ultrasonic wave reflected from the joined object
is taken in, by the ultrasonic probe. In this state, the probe
moving means scans the ultrasonic probe such that it
passes through over the joined region of the joined object.
The extraction means extracts the observed reflected
wave, for each scanning position, during a period of time
the ultrasonic probe is moved by the probe moving
means. The storage means correlates the scanning po-
sition detected by the scanning position detection means
with the observed reflected wave extracted by the ex-
traction means corresponding to the scanning position
and then stores them therein.
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[0036] A feature or features of the observed reflected
wave will change between the case in which the ultra-
sonic wave incident position is located over the non-
joined region and the case in which the same incident
position is located over the joined region. The estimation
means estimates the scanning position in which the ob-
served reflected wave satisfies the predetermined
boundary condition as a position in which the ultrasonic
wave incident position is over the joined region. The out-
put means outputs the estimation result obtained by the
estimation means.
[0037] In this invention, the ultrasonic wave is intro-
duced into the joined object from the face opposed to the
plunging face in which the joining tool was plunged, while
the joined region is estimated by observing the reflected
wave of the ultrasonic wave in the vicinity of the position
corresponding to the interface between the two joining
members. Consequently, the joined region can be esti-
mated, without being affected by the concave/convex
shape of the joining tool plunging face. This can also
prevent the ultrasonic probe from contacting with the tool
plunging mark of the joined object, thereby avoiding dam-
age of the ultrasonic probe. Due to the output of the es-
timation result for the joined region, the quality of joining
can be known without destroying the joined object, as
such reducing the cost required for the quality inspection
as compared with the case requiring the destructive in-
spection.

BRIEF DESCRIPTION OF DRAWINGS

[0038]

Fig. 1 is a section for illustrating an estimation meth-
od for a joined region 21 of a joined object 20, this
method being a first embodiment of the present in-
vention.
Fig. 2 is a block diagram showing an estimation ap-
paratus 30 for the joined region 21.
Fig. 3 is a diagram showing a transfer route of an
ultrasonic probe 31 moved by a probe moving means
32.
Fig. 4 is a diagram showing a wave form of an ultra-
sonic reflected wave reflected from the joined object
20.
Fig. 5 is a diagram for illustrating changes of the wave
form of the reflected wave, relative to changes of a
scanning position.
Fig. 6 is a diagram for illustrating changes of an echo
level, relative to the changes of the scanning posi-
tion.
Fig. 7 is a graph for showing a comparison of distri-
bution of a diametric size of the estimated joined re-
gion 21 with the diametric size of the joined region
21 obtained by observation of a ruptured face thereof
after estimation.
Fig. 8 is a graph for showing a comparison of the
distribution of the diametric size of the estimated

joined region 21 with the diametric size of
the joined region 21 obtained by observation of the
ruptured face thereof after the estimation.
Fig. 9 is a graph for showing distribution of the joining
strength of the joined object measured by a destruc-
tive inspection, relative to the diametric size of the
estimated joined region 21.
Fig. 10 is a flow chart showing a procedure of an
estimation method for estimating the joining
strength.
Fig. 11 is a plan view showing an estimation result
for illustrating the estimation method for the joined
object.
Fig. 12 is a graph for showing distribution of the join-
ing strength of the joined object 20 measured by the
destructive inspection, relative to an area of the es-
timated joined region 21.
Fig. 13 is a graph for showing a result of a frequency
analysis of a wave form included in an observed re-
flected wave 45.
Fig. 14 is a block diagram showing an estimation
apparatus 130 of a third embodiment of the present
invention.
Fig. 15 is a diagram for illustrating changes of a peak
frequency, relative to the changes of the scanning
position.
Fig. 16 is a diagram for illustrating changes of a band-
width, relative to the changes of the scanning posi-
tion.
Fig. 17 is a graph for illustrating an example of an-
other estimation method.
Fig. 18 is a perspective view showing one example
of the ultrasonic probe 31 used in the embodiments.
Fig. 19 is a perspective view showing an ultrasonic
probe 200.
Fig. 20 is a diagram showing a relationship between
the scanning position and the echo level.
Fig. 21 is a graph showing a relationship between a
relative echo level and the area of the joined region
21.
Fig. 22 is a diagram for illustrating a measuring meth-
od employing the ultrasonic probe 300.
Fig. 23 is a diagram for illustrating a measuring meth-
od employing an ultrasonic probe 400.
Fig. 24 is a graph showing a relationship between a
joined region diameter and the echo level.
Fig. 25 is a diagram for illustrating the estimation
method for estimating the welded region 2 of the
welded object 1 welded by the resistance spot weld-
ing of the conventional art.

BEST MODE FOR CARRYING OUT THE INVENTION

[0039] An estimation method for a joined region of a
joined object, according to the present invention, is used
for estimating the joined region 21 of the joined object 20
shown in Fig. 1. In this embodiment, the joined object 20
is formed by joining two members 22, 23 together along
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the reference directions Z, by utilizing the friction stir join-
ing method, these two members 22, 23 having been put
one on another in advance along the reference directions
Z.
[0040] In the spot friction stir joining method, a joining
tool is pressed into a tool plunging face 24 that is a surface
located in one reference direction Z1 of the joining mem-
ber 23 located in the one reference direction Z1 of the
two joining members 22, 23 while the joining tool is ro-
tated. Consequently, frictional heat is generated between
the joining tool and the one joining member 23 so as to
soften the one joining member 23. Thus, a distal end of
the joining tool is pressed into and plunged through the
one joining member 23 until it reaches the other joining
member 22. At this time, softened portions of the respec-
tive joining members 22, 23 are plastically flowed about
a rotation axis with the joining tool. After the respective
softened portions of the joining members 22, 23 are plas-
tically flowed, the joining tool is withdrawn from the joining
members 22, 23 in the one reference direction Z1.
[0041] The joining tool is designed to include a gener-
ally cylindrical pin portion and a generally cylindrical
shoulder portion connected with one end of the pin por-
tion and formed coaxially with the pin portion. The diam-
eter of the shoulder portion is formed to be larger as com-
pared with the diameter of the pin portion. The joining
tool is configured to be plunged into the tool plunging
face 24 of the one joining member 23 from its pin portion
as a distal portion. In a state in which the pin portion
extends through the one joining member 23 and is
plunged in the other joining member 22, the shoulder
portion is also plunged in the one joining member 23 and
is pressed against the other joining member 23.
[0042] Due to such plastic flowing of interfacial portions
of the respective joining members 22, 23, the two joining
members 22, 23 will be mixed together by friction stirring
in the vicinity of an interface thereof. As a result, the in-
terface 27 between the two joining members 22, 23 will
disappear, and hence the two joining members 22, 23
are metallurgically integrated. Thus, a portion, in which
the interface between the two joining members 22, 23
has disappeared, will be referred to as the joined region
21 of the two joining members 22, 23.
[0043] The joined object 20 after the joining process is
formed to include a stirred portion 21a and a heat-influ-
enced portion 21b. The stirred portion 21a corresponds
to a portion which was rotated with the pin portion and
plastically flowed upon the friction stirring. Namely, the
stirred portion 21a corresponds to the portion which was
adjacent to or facing the pin portion of the joining tool
upon the friction stirring, and is formed into a substantially
ring-like shape, coaxially with the axis of a joining mark
29. In addition, the stirred portion 21a has a structure in
which metal crystal grains of a metallographic structure
are formed more finely as compared with the remaining
portion. The heat-influenced portion 21b corresponds to
a portion which was formed into a substantially ring-like
shape covering the stirred portion 21a. Namely, the heat

influenced portion 21b corresponds to the portion which
was softened upon the friction stirring due to heat applied
from the stirred portion 21a and the joining tool.
[0044] In the joined object 20, the joined region 21,
which contributes to the joining strength, is formed. The
joining region 21 is configured to include a stir-joined re-
gion 21c and a pressure-joined region 21d. The stir-
joined region 21c corresponds to a part of the stirred por-
tion 21a, which has disappeared as a melted mixture of
the interfacial portions between the upper plate 22 and
the lower plate 23, the melted mixture being mainly
caused by stirring due to plastic flowing. The pressure-
joined region 21d corresponds to a part of the heat-influ-
enced portion 21b. The pressure-joined region 21d has
been formed in the portion where the interfacial portions
between the upper plate 22 and the lower plate 23 dis-
appeared mainly due to the influence of the softening of
each plate 22, 23 by the frictional heat and the pressing
by the shoulder portion of the joining tool. The stir-joined
region 21c and the pressure-joined region 21d are
formed in a position, in which the interface between the
respective plates 22, 23 has existed before the joining
process, and have a ring-like shape coaxial with the axis
of the joining mark 29, respectively. The size of such a
joined region 21 will have a substantial effect on the join-
ing strength of the joined object 20.
[0045] In the joined object 20 after the joining process,
the joining mark 29 of the joining tool remains as the
concave/convex shape formed in the surface on the side
of the one reference direction Z1 of the joining member
23 located in the one reference direction Z1. The joining
mark 29 is a generally concave cylindrical portion which
opens in one direction and has a bottom portion. In the
joined object 20, a backing face 25 opposed to the tool
plunging face 24 is maintained as a flat face. Hereinafter,
the joining member 22 located in the other reference di-
rection Z2 will also be referred to as the upper plate 22,
and the joining member 23 located in the one reference
direction Z1 will also be referred to as the lower plate 23.
In addition, a region other than the joined region 21 will
be referred to as a non-joined region 28. In the non-joined
region 28, the upper plate 22 and the lower plate 23 are
not joined together, and the interface 27 exists between
the upper plate 22 and the lower plate 23.
[0046] As shown in Fig. 1, by using the ultrasonic probe
31, an ultrasonic wave is radiated or introduced into the
joined object 20 from the backing face 25 of the joined
object 20 opposed to the tool plunging face 24 thereof in
which the joining tool was plunged upon the friction stir
process, while a reflected wave of the ultrasonic wave
introduced in the joined object 20 is taken in. The ultra-
sonic wave generated by the ultrasonic probe 31 is
scanned such that each position in which the ultrasonic
wave is introduced is located along a predetermined
scanning direction X and such that the ultrasonic wave
passes through over the joined region 21 of the joined
object 20.
[0047] In the estimation method of the invention, the
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joined region 21 is estimated based on changing
amounts of amplitude of an observed reflected wave re-
flected in the vicinity of a position corresponding to the
interface 27 of the two joining members 22, 23, among
the reflected waves taken in due to the ultrasonic probe
31. Hereinafter, the amplitude of the observed reflected
wave will be referred to as an echo level. Namely, the
echo level is the maximum amplitude of the observed
reflected wave and corresponds to the intensity of the
observed reflected wave. In this embodiment, a scanning
position measured when the echo level becomes lower
than a predetermined threshold value is estimated as a
position over the joined region 21.
[0048] Fig. 2 is a block diagram showing the estimation
apparatus 30 for estimating the joined region 21. In this
example the estimation apparatus 30 is also configured
to estimate the joining strength, which is also referred to
as joint strength, of the joined object 20. In this example
the joining strength of the joined object 20 is regarded
as strength measured when pulling force is applied to rip
off the upper plate 22 from the lower plate 23 in the ref-
erence directions Z or as strength measured when shear-
ing force is applied to the upper plate 22 and lower plate
23 in a direction vertical to the reference directions Z.
[0049] The estimation apparatus 30 is configured to
include the ultrasonic probe 31, a probe moving means
32, a scanning position detection means 33, an ultrasonic
transmitter/receiver 34, and a computer 35. The ultra-
sonic probe 31 is configured to include an electric sound
converter element, which is adapted to generate an ul-
trasonic wave when vibrated due to application thereto
of a pulsed electric signal from the ultrasonic transmitter
and receiver 34. In addition, the ultrasonic probe 31 is
configured to be vibrated when receiving an ultrasonic
wave, so as to generate a pulsed electric signal corre-
sponding to the vibration, thus providing the generated
electric signal to the ultrasonic transmitter and receiver
34. The ultrasonic probe 31 is also configured such that
it can introduce the ultrasonic wave into the joined object
20 as well as it can take therein the reflected wave re-
flected from the interior of the joined object 20.
[0050] In this example the ultrasonic probe 31 is a sin-
gle probe which can transmit and receive the ultrasonic
wave, having a beam diameter of 0.8 3 0.5mm and is
adapted to generate the ultrasonic wave having a fre-
quency of 17MHz. Between the ultrasonic probe 31 and
the joined object 20, a contact medium is placed for trans-
mitting and receiving the ultrasonic wave. For instance,
the contact medium is a water bag filled with water, a
liquid like water, or a jelly-like material such as glycerin
or the like.
[0051] The probe moving means 32 is configured to
displace the ultrasonic probe 31. In this example the
probe moving means 32 scans the ultrasonic probe 31
over the backing face 25 of the joined object 20, such
that the ultrasonic probe 31 can pass through over the
joined region 21 of the joined object 20. Specifically, the
probe moving means 32 is configured to drive and dis-

place the ultrasonic probe 31 in a first direction vertical
to the reference directions Z as well as in a second di-
rection vertical to both of the reference directions Z and
the first direction. More specifically, the probe moving
means 32 scans the ultrasonic probe 31, while keeping
an incident direction of the ultrasonic wave vertical to the
backing face 25. The scanning position detection means
33 is configured to detect a scanning position of the ul-
trasonic probe 31. The scanning position detection
means 33 provides a scanning position signal indicative
of the scanning position of the ultrasonic probe 31 to the
computer 35.
[0052] The ultrasonic transmitter and receiver 34 pro-
vides the pulsed electric signal to the ultrasonic probe 31
so as to vibrate the ultrasonic probe 31. Besides, the
ultrasonic transmitter and receiver 34 is configured to
amplify the pulsed electric signal provided from the ultra-
sonic probe 31 and corresponding to the reflected wave,
convert the electric signal into a reflected wave signal
indicative of the reflected wave taken in the ultrasonic
probe 31, and provide the reflected wave signal to the
computer 35. The reflected wave signal is indicative of
changes over time of the amplitude of the ultrasonic wave
taken in the ultrasonic probe 31.
[0053] The computer 35 is configured to include an ob-
served reflected wave extraction unit 42, an echo level
measuring unit 36, a joined region estimation unit 37, a
joining strength estimation unit 38, a memory or storage
means 39, an input unit 41, and a display 40. The ob-
served reflected wave extraction unit 42 is configured to
extract the observed reflected wave reflected in the vi-
cinity of a position corresponding to the interface between
the two joining members, based on the reflected wave
signal provided from the ultrasonic transmitter and re-
ceiver 34, for each displacement of the scanning position
of the ultrasonic probe 31. The echo level measuring unit
36 is configured to measure the echo level that is the
amplitude of the observed reflected wave, based on the
result of extraction due to the observed reflected wave
extraction unit 42, for each displacement of the scanning
position of the ultrasonic probe 31, and send the meas-
ured echo level to the memory 39 in order to store it there-
in.
[0054] The memory 39 receives a scanning position
signal from the scanning position detection means 33.
The memory 39 is configured to store therein the scan-
ning position of the ultrasonic probe 31 detected by the
scanning position detection means 33, in relation to the
echo level measured by the echo level measuring unit
36, corresponding to the scanning position. The joined
region estimation unit 37 is configured to read information
stored in the memory 39 and estimate the scanning po-
sition that satisfies a predetermined boundary condition,
as a position located over the joined region 21. The join-
ing strength estimation unit 38 is configured to estimate
the size of the joined region 21, based on the position
over the joined region 21 estimated by the joined region
estimation unit 37, and further estimate the joining
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strength, based on a one-to-one relationship with the es-
timated size.
[0055] The display 40 is configured to display informa-
tion indicative of the echo level stored in the memory 39
and the scanning position stored therein in relation to the
echo level. The display 40 also displays the joining
strength estimated by the joining strength estimation unit
38. The input unit 41 is configured such that the prede-
termined boundary condition required for estimation of
the joined region 21 is introduced thereto as well as con-
figured to provide the introduced boundary condition to
the joined region estimation unit 37. Additionally, the in-
put unit 41 is configured such that the information indic-
ative of the relationship, between the size of the joined
region 21 and the joining strength, necessary for estima-
tion of the joining strength, is introduced thereto as well
as configured to provide the introduced relational infor-
mation to the joining strength estimation unit 38. In this
embodiment, the echo level extraction unit 36, joined re-
gion estimation unit 37 and joining strength estimation
unit 38 can be achieved by performing operating pro-
grams stored in a preset memory circuit by using a proc-
essor circuit 43, such as a central processing unit (CPU).
[0056] Fig. 3 is a diagram showing a transfer route of
the ultrasonic probe 31 moved by the probe moving
means 32. As shown in Fig. 3(1), the probe moving
means 32 causes the ultrasonic probe 31 to move in the
scanning direction vertical to the reference directions Z
such that it can pass through over a central position 43
of the joining mark 29. Specifically, the probe moving
means 32 moves the ultrasonic probe 31 in one scanning
direction, from a position sufficiently far away from the
joined region 21 on one side along the scanning direction
to a position sufficiently far away from the joined region
21 on the other side along the scanning direction. In other
words, the probe moving means 32 moves the ultrasonic
probe 31 from a position over one non-joined region 28
adjacent to the joined region 21 on one side along one
scanning direction, such that the ultrasonic probe 31
passes through over the joined region 21 in the scanning
direction and then reaches the other non-joined region
28 adjacent to the joined region 21 on the other side along
the scanning direction. It is noted that each non-joined
region 28 is a region including the interface 27 present
between the two joining members 22, 23.
[0057] Alternatively, as shown in Fig. 3(2), the ultra-
sonic probe 31 may be moved both in a first scanning
direction X and in a second scanning direction Y. The
first and second directions X, Y are respectively defined
to pass through over the central position 43 of the joining
mark 29 and extend vertically to the reference directions
Z and orthogonally to each other. Also in this case, the
ultrasonic probe 31 is scanned to pass through over the
joined region 21 along the backing face 25 in both of the
first and second directions.
[0058] Alternatively, as shown in Fig. 3(3), the ultra-
sonic probe 31 may be moved along the backing face 25
so as to be scanned over the whole two-dimensional sur-

face area set in advance to include a region spreading
over the joined region 21. For instance, the ultrasonic
probe 31 may be first moved in a main scanning direction
vertical to the reference directions Z, then shifted in a
sub-scanning direction vertical to the main scanning di-
rection, and thereafter moved again in the main scanning
direction. Furthermore, by repeating such operations, the
ultrasonic probe 31 may be scanned over the preset
whole two-dimensional surface area.
[0059] Fig. 4 is a diagram showing a wave form of an
ultrasonic reflected wave reflected from the joined object
20. In Fig. 4, time is expressed on the horizontal axis,
while the amplitude is designated on the vertical axis.
When the scanning position is located over the non-
joined region 28, the reflected wave will include a reflect-
ed wave 44 reflected at the backing face 25 that is a top
face of the upper plate 22 and the reflected wave 45
reflected at the interface 27 between the upper plate 22
and the lower plate 23.
[0060] The observed reflected wave extraction unit 42
obtains a reference time T1 defined between the time
the reflected wave 44 reflected from the top face 25 of
the upper plate 22 reaches the ultrasonic probe 31 and
the time the reflected wave 45 reflected from the interface
27 between the upper plate 22 and the lower plate 23
reaches the ultrasonic probe 31, base on the reflected
wave signal provided from the ultrasonic transmitter/re-
ceiver 34. In addition, the observed reflected wave ex-
traction unit 42 sets a gate interval W defined across the
reference time T1. Specifically, the gate interval W is set
as a time interval defined from the time (T1 - A1) set
earlier than the reference time T1 to the time (T1 + A2)
set later than the reference time T1. The observed re-
flected wave extraction unit 42 is configured to extract
each reflected wave taken in the ultrasonic probe 31 dur-
ing the gate interval W, as the observed reflected wave
45 reflected in the vicinity of a position, in the reference
directions Z, corresponding to the interface 27 between
the two joining members 22, 23. Then, the echo level
measuring unit 36 outputs the amplitude that is the high-
est of the observed reflected waves extracted over the
gate interval W, as the echo level.
[0061] Fig. 5 is a diagram for illustrating changes of
the wave form of the reflected wave, relative to changes
of the scanning position. Fig. 5(1) illustrates the wave
form of the reflected wave when the scanning position is
over the non-joined region 28. Fig. 5(2) illustrates the
wave form of the reflected wave when the scanning po-
sition is over the joined region 21.
[0062] In the non-joined region 28, since the interface
27 exists between the upper plate 22 and the lower plate
23, the ultrasonic wave introduced from the upper plate
22 is reflected from the interface 27 between the upper
plate 22 and the lower plate 23. Contrary, in the joined
region 21, since the interface 27 between the upper plate
22 and the lower plate 23 has disappeared, the reflected
wave introduced from the upper plate 22 is transmitted
through the lower plate 23 without being reflected in the
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upper plate 22.
[0063] Accordingly, as shown in Fig. 5(1), when the
scanning position is located over the non-joined region
28, the reflected wave reflected from the interface 27
between the upper plate 22 and the lower plate 23 is
relatively great, rendering the echo level of the observed
reflected wave 45 significantly higher. Contrary, as
shown in Fig. 5(2), when the scanning position is over
the joined region 21, the reflected wave reflected from a
position in the reference directions corresponding to the
interface 27 between the upper plate 22 and the lower
plate 27 is substantially reduced, thus lowering the echo
level of the observed reflected wave 45.
[0064] Fig. 6 is a diagram for illustrating changes of
the echo level, relative to the changes of the scanning
position. Fig. 6(1) illustrates the changes of the echo lev-
el, relative to the changes of the scanning position, and
Fig. 6(2) is a section of the joined object 20 corresponding
to the graph of Fig. 6(1). In Fig. 6(1), the scanning position
is expressed on the horizontal axis, while the echo level
is designated on the vertical axis. More specifically, in
Fig. 6(1), a percentage of the echo level for each scan-
ning position relative to a reference echo level H0 is ex-
pressed on the vertical axis. The reference echo level
H0 corresponds to the echo level when the scanning po-
sition is located over the non-joined region 28.
[0065] As shown in Fig. 3(1), when the ultrasonic probe
31 is scanned in the scanning direction such that it can
pass through the center of the joining mark 29, the scan-
ning position, in which the echo level measured for each
scanning position is lower than a preset level threshold
value C1, can be estimated as a position over the joined
region 21, as shown in Fig. 6(1).
[0066] In addition, a scanning position P1 in which the
echo level for each scanning position is switched from a
state higher than the level threshold value C1 to a state
lower than the same threshold value and a scanning po-
sition P2 in which the echo level is switched from the
state lower than the level threshold value C1 to the state
higher than the same threshold value can be estimated
as positions over the boundary between the joined region
21 and the non-joined region 28, respectively. Further-
more, the length of a line connecting the two scanning
positions P1, P2 over the respective boundary positions
can be estimated as a diametric size of the joined region
21.
[0067] The level threshold value C1 that is the bound-
ary condition for judging whether or not the scanning po-
sition is located over the joined region 21 is determined,
based on the observed reflected wave when the ultra-
sonic wave incident position is located over the non-
joined region 28. Namely, the level threshold value C1
is set lower than the echo level measured when the ul-
trasonic wave incident position is located over the non-
joined region 28. For instance, the level threshold value
C1 is determined based on a function of variables includ-
ing a plate thickness t1 of the upper plate 22, a plate
thickness t2 of the lower plate 23, a factor L1 related to

joining conditions, a factor L2 related to the tool shape,
and a factor L3 related to materials (i.e., C1 = f (t1, t2,
L1, L2, L3). In other words, the level threshold value C1
is set lower than the reference echo level H0 and defined
as the echo level measured when the scanning position
is located over the boundary between the joined region
21 and the non-joined region 28. In this embodiment, the
level threshold value C1 is determined based on a func-
tion of variables including the plate thickness t1 of the
upper plate 22 and the reference echo level H0. In this
case, the level threshold value C1 is set at a level ob-
tained by lowering the reference echo level H0 by - α
-20Log (t21/2) decibels. As described above, the factor
t2 is the plate thickness of the lower plate 23. Again, the
reference echo level H0 is set as an echo level when the
scanning position is located over the non-joined region
28. The variable α is a constant, and in this embodiment,
α=9.
[0068] Alternatively, when the reference echo level is
expressed as H0, the level threshold value C1 may be
set as H0 3 β. In this case, β is a constant, and in this
embodiment, it is set at, for example, 0.35. It is noted that
the variables α, β may be optionally altered depending
on the joining materials, joining conditions, shape of the
joining tool and the like and may be experimentally de-
termined in advance prior to the estimation.
[0069] Fig. 7 and Fig. 8 are graphs for respectively
showing a comparison of distribution of a diametric size
of the estimated joined region 21 (solid line) with the di-
ametric size of the joined region 21 obtained by obser-
vation of a ruptured face thereof after estimation. In each
of Figs. 7 and 8, the diametric size of the joined region
21 obtained by observation of the ruptured face is ex-
pressed on the horizontal axis, while the estimated joined
region 21 is designated on the vertical axis. Fig. 7 shows
a case in which the plate thickness of each plate 22, 23
is 1mm, while Fig. 8 shows a case in which the plate
thickness of each plate 22, 23 is 2mm. As shown in Figs.
7 and 8, it is found that the observation result obtained
from the ruptured face has correlativity with the estima-
tion result. Accordingly, with the estimation method as
described above, the diametric size L of the joined region
21 can be estimated without destroying the joined object
20.
[0070] Fig. 9 is a graph for showing distribution of the
joining strength of the joined object measured by a de-
structive inspection, relative to the diametric size of the
estimated joined region 21. In this case, the joining
strength that is estimated based on each average value
of the diametric size of the estimated joined region is
shown by a solid line, while the joining strength that is
estimated based on each value obtained by changing 6
20% the average value of the estimated diametric size
of the joined region is shown by broken lines, respective-
ly. As shown in Fig. 9, there is a one-to-one mutual rela-
tion between the estimated diametric size L of the joined
region 21 and the joining strength. Accordingly, with prep-
aration of a computing equation or data base expressing
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the relationship between the previously estimated dia-
metric size L of the joined region 21 and the joining
strength, the joining strength can be calculated, in ac-
cordance with such a computing equation or data base,
from the estimated joined region 21. For instance, when
the estimated diametric size of the joined region 21 is
expressed as L, the joining strength will be generally ex-
pressed by K1-L2. In this case, K1 is a predetermined
constant, which can be experimentally obtained.
[0071] Fig. 10 is a flow chart showing a procedure of
the estimation method of estimating the joining strength.
First, in a step a0, the joined object having been subjected
to the spot friction stir joining process is prepared and
the estimation apparatus 30 is also prepared. In addition,
a relational expression for obtaining the level threshold
value C1 is experimentally obtained from the reference
echo level, while the relational expression for estimating
the joining strength is experimentally obtained from the
diametric size L of the estimated joined region 21. Be-
sides, whether or not the joining strength should be es-
timated is determined. Once such preparations required
for the estimation work for the joined object has been
completed, the procedure goes to a step a1, in which the
estimation work is started.
[0072] In the step a1, a reflected wave measuring step
is performed, in which the reflected wave generated
when the ultrasonic wave is introduced into the joined
object 20 by the ultrasonic probe 31 is measured. Then,
the reflected wave is taken in the ultrasonic probe 31
while the ultrasonic probe 31 is scanned by the probe
moving means 32. In this way, once the reflected wave
has been measured for each scanning position with the
ultrasonic probe 31 being scanned, the procedure goes
to a step a2.
[0073] In the step a2, the observed reflected wave is
extracted for each predetermined microscopic scanning
position, from the reflected waves, by using the observed
reflected wave extraction unit 42. Subsequently, by using
the echo level measuring unit 36, the echo level of the
observed reflected wave extracted for each scanning po-
sition is measured. Optionally, the observed reflected
wave extraction unit 42 may determine the gate interval
W for capturing the observed reflected wave, based on
the plate thickness of the upper plate 22 introduced from
the input unit 41. In this manner, once the step of meas-
uring the echo level for each scanning position has been
completed, the procedure goes to a step a3.
[0074] In the step a3, the reference echo level H0 when
the scanning position is located over the non-joined re-
gion 28 is determined, among the echo levels for each
scanning position obtained in the step a2, by using the
joined region estimation unit 37. For example, the refer-
ence echo level H0 is obtained as an average of the echo
levels obtained during the scanning operation over the
non-joined region 28. Once the joined region estimation
unit 37 has determined the reference echo level H0, the
procedure goes to a step a4.
[0075] In the step a4, the joined region estimation unit

37 determines the level threshold value C1 based on the
function of the variables, i.e., the reference echo level
H0 and the plate thickness t1 of the upper plate 22. Once
the level threshold value C1 has been determined, the
two scanning position P1, P2 that correspond to the echo
level coincident with the level threshold value C1 are ex-
tracted, respectively. Thereafter, the length of the line
connecting the two scanning positions P1, P2 is estimat-
ed as the diametric size L of the joined region 21, and
then the procedure goes to a step a5.
[0076] In the step a5, if the estimation of the joining
strength is determined to be performed, the procedure
goes to a step a6, while if it is not determined to be per-
formed, the procedure goes to a step a7. For instance,
in the case of estimating the joining strength, a joining
strength estimation command is introduced, in advance,
due to the input unit 41. Then, when the processor circuit
43 judges that the strength estimation command has
been introduced, the procedure goes to the step a6, while
if not so, the procedure goes to the step a7.
[0077] In the step a6, the joining strength estimation
unit 38 estimates the joining strength, based on the dia-
metric size L of the estimated joined region 21 as well as
on the relational expression or data base for obtaining
the joining strength provided in advance. As shown in
Fig. 9, since the diametric size L of the estimated joined
region 21 and the joining strength have a one-to-one re-
lationship relative to each other, the joining strength can
be estimated, based on the relationship, without destroy-
ing the joined object 20. In such a manner, once the join-
ing strength has been estimated, the estimation result is
displayed on the display 40, and then the procedure goes
to a step a7. In the step a7, the estimation operation for
the joining strength is ended. In this embodiment, al-
though the estimation procedure includes the step of es-
timating the joining strength, the estimation work may be
ended when the step of estimating the diametric size L
of the joined region 21 is ended, without estimating the
joining strength. Alternatively, the estimation result ob-
tained by the joined region estimation unit 37 may be
displayed on the display 40.
[0078] As described above, the joined region 21 can
be estimated, based on the observed reflected wave of
the ultrasonic wave, by introducing the ultrasonic wave
into the joined object 20 from the backing face 25 op-
posed to the joining tool plunging face 24. Consequently,
the joined region 21 and the joining strength can be re-
liably estimated, without being affected by the uneven-
ness or concave/convex shape formed in the joining tool
plunging face 24, that is, even in the case in which the
thickness of the joined object 20 is changed by the joining
mark 29.
[0079] In this manner, by estimating the joined region
21 by using the ultrasonic wave, the quality of joining and
the joining strength can be estimated, without destroying
the joined object 20, as such significantly reducing the
cost required for the quality inspection as compared with
the case requiring the destructive inspection. Besides,

19 20 



EP 2 015 064 B1

12

5

10

15

20

25

30

35

40

45

50

55

even in the case of a large-size joined object for which
the destructive inspection is usually difficult, the joining
quality and the joining strength can be estimated.
[0080] For instance, in the case in which the time re-
quired for plunging the joining tool is relatively short, or
the like case, the size of the joined region 21 is not con-
sistent even under the same joining conditions, causing
variation in the joining strength. Even in such a case,
according to this embodiment, the joining strength can
be estimated by using the ultrasonic wave, without de-
stroying the joined object 20. Accordingly, the time and
labor required for preparing the joined object for use in
the destructive inspection and the time and labor for per-
forming the destructive inspection can be saved, thereby
enhancing the working efficiency. Additionally, even after
producing products each including the joined object 20,
the quality inspection for estimating the joining strength
of the joined object 20 can be performed, without destroy-
ing each product.
[0081] Furthermore, by scanning the ultrasonic probe
31, each position over the boundary of the joined region
21 and the non-joined region 28 can be estimated as well
as a general size of the joined region 21 can be estimated.
Thus, information necessary for works for obtaining the
joining strength as well as for inspecting the quality of
joining can be obtained.
[0082] Moreover, the level threshold value C1 as the
boundary condition can be determined based on the ob-
served reflected wave in the case in which the ultrasonic
wave incident position is located over the non-joined re-
gion 28. Consequently, the boundary condition can be
determined for each joined object 20. Thus, even in the
case in which the boundary condition varies with each
joined object 20, the joined region 21 can be precisely
estimated. In addition, since the joined region 21 is esti-
mated based on the echo level, i.e., the amplitude of the
observed reflected wave, there is no need for analyzing
frequencies of wave forms included in the reflected wave,
significantly facilitating the estimation for the joined re-
gion 21. Besides, since the reference echo level can be
obtained when the ultrasonic probe is scanned over the
non-joined region 28, the working accuracy and efficien-
cy can be enhanced.
[0083] While, in this embodiment, the joined region 21
is estimated based on the echo level of the observed
reflected wave, the estimation is not limited to this aspect.
For instance, the joined region 21 may also be estimated
from the scanning position when another feature than
the echo level of the observed reflected wave satisfies
the predetermined boundary condition. For example, as
in a third embodiment described below, the joined region
21 may be estimated based on a feature related to the
frequency of the observed reflected wave.
[0084] While, in the embodiment described above, the
estimation method and the estimation apparatus for es-
timating the joined region 21 and the joining strength of
the joined object have been shown and discussed, a test-
ing method employing such an estimation method is also

included in the present invention. Namely, this testing
method is designed to inspect the joined object based
on the estimation result obtained by the estimation meth-
od. For example, in the case in which the size of the
estimated joined region 21 or joining strength is greater
than a predetermined acceptable value, the object can
be inspected or judged as one satisfying the required
joining quality. In this manner, by inspecting each joined
object by using the aforementioned estimation method,
the joined object can be inspected in a non-destructive
manner, thereby enhancing the working efficiency. For
example, the so-called one hundred percent inspection
can be performed for the joined objects, as such correctly
eliminating incompletely joined products.
[0085] Furthermore, a testing apparatus adapted to in-
spect the joined object described above is also included
in the present invention. In addition to the construction
of the estimation apparatus shown in Fig. 2, the testing
apparatus further includes a judging unit or judging
means adapted for judging whether each joined object
is acceptable or not. Namely, the judging unit is adapted
to judge whether or not the estimation result obtained
due to the estimation means satisfies a predetermined
required value. For example, if the size of the joined re-
gion 21 or joining strength is judged to be greater than
the required value, the quality of the inspected joined
object will be judged to satisfy a predetermined quality.
In this case, this judgment result is displayed on the dis-
play 40. The judging unit can be achieved by performing
operating programs stored in a preset memory circuit, by
using the processor circuit 43. The judging unit is config-
ured to compare an introduced acceptable value with an
estimated value when an acceptable diameter, accept-
able area or acceptable strength of the joined region 21
is introduced as the introduced value by the input unit.
[0086] Fig. 11 is a plan view showing an estimation
result for illustrating the estimation method for the joined
object. While the diametric size L has been estimated as
the size of the joined region 21 in the first embodiment
of this invention, the area is used for estimating the size
of the joined region 21 in the second embodiment of this
invention. Because the other construction is the same as
that of the first embodiment, the same construction will
not be detailed below, and like parts will be designated
by like reference numerals.
[0087] As shown in Fig. 3(2), when the ultrasonic probe
31 is scanned in both of the first scanning direction X and
the second scanning direction Y, the joined region esti-
mation unit 37 obtains a diametric size Lx of the joined
region 21 estimated in the case in which the ultrasonic
probe 31 is scanned in the first scanning direction X and
a diametric size Ly of the joined region 21 estimated in
the case in which the ultrasonic probe 31 is scanned in
the second scanning direction Y, respectively. Thereaf-
ter, the joined region estimation unit 37 estimates the
area of the joined region 21 as a value obtained by
Lx1Ly1π/4, in which Lx is the diametric size of the joined
region 21 in the first scanning direction X and Ly is the
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diametric size of the joined region 21 in the second scan-
ning direction Y.
[0088] Alternatively, as shown in Fig. 3(3), when the
ultrasonic probe 31 is scanned over the preset whole
two-dimensional surface area including the region
spreading over the joined region 21, the joined region
estimation unit 37 estimates the area of the joined region
21 as an area obtained by totaling respective regions
corresponding to scanning positions each exhibiting the
echo level lower than the level threshold value C1. In Fig.
11, regions depicted white correspond to the scanning
positions each exhibiting the echo level lower than the
level threshold value C1. Thus, the area of the joined
region 21 can be estimated as an area obtained by tota-
ling the respective regions depicted white.
[0089] Fig. 12 is a graph for showing distribution of the
joining strength of the joined object 20 measured by the
destructive inspection relative to the area of the estimat-
ed joined region 21. In Fig. 12, the joining strength esti-
mated based on an average of the estimated area of the
joined region is expressed by a solid line, while the joining
strength estimated based on each value obtained by
changing 6 20% the average value of the estimated area
of the joined region is shown by broken lines, respective-
ly. As shown in Fig. 12, it is found that there is a one-to-
one mutual relation between the estimated area of the
joined region 21 and the joining strength. Accordingly,
with preparation of a computing equation or data base
expressing the relationship between the area of the
joined region 21 estimated in advance and the joining
strength, the joining strength can be calculated, by using
such a computing equation or data base, based on the
estimated joined region 21. For instance, when the esti-
mated area of the joined region 21 is expressed as A,
the joining strength will be generally expressed by K21A.
In this case, K2 is a predetermined constant, which can
be experimentally obtained.
[0090] In such a manner, also in the case of obtaining
the area as the size of the joined region 21, the joining
strength can be obtained by using the procedure of the
estimation method similar to that shown in Fig. 10. In this
case, as compared with the case shown in Fig. 10, in the
step a4 of estimating the size of the joined region 21, the
area of the joined region 21 will be estimated. In addition,
in the step a5 of estimating the joining strength, the joining
strength estimation unit 38 will estimate the joining
strength, based on the estimated area A of the joined
region 21 as well as on the preset computing equation
or data base for obtaining the joining strength. Because
the other steps are similar to those in the procedure
shown in Fig. 10, they are not detailed now. In this em-
bodiment, by obtaining the joining strength based on the
area of the joined region 21, rather than on the diametric
size of the joined region 21, the joining strength can be
more precisely estimated, even in the case in which the
joined region 21 is formed into a generally elliptic shape.
[0091] Fig. 13 is a graph for showing a result of a fre-
quency analysis of a wave form included in the observed

reflected wave 45. In this case, the horizontal axis des-
ignates frequency distribution of the wave form included
in the observed reflected wave. The vertical axis express-
es the amplitude for each frequency of the wave form
included in the observed reflected wave. Also in Fig. 13,
the frequency distribution of the wave form included in
the observed reflected wave when the scanning position
is located over the non-joined region 28 is shown by a
broken line. In addition, the frequency distribution of the
wave form included in the observed reflected wave when
the scanning position is located over the joined region
21 is shown by a solid line.
[0092] When the scanning position is located over the
joined region 21, as compared with the case in which it
is located over the non-joined region 28, since the inter-
face 27 between the upper plate 22 and the lower plate
23 has disappeared, the ultrasonic wave is more likely
to be transmitted from the upper plate 22 to the lower
plate 23. Of the wave forms included in the reflected
wave, the wave forms in a higher frequency band exhibit
higher directivity as compared with the wave forms in a
lower frequency band. If the boundary face between the
joined region 21 and each of the remaining regions is
inclined relative to the backing face 25, the wave forms
in the higher frequency band will be taken in, in a lesser
amount, as the reflected wave. Besides, the wave forms
in the higher frequency band are more likely to be lowered
as compared with those in the lower frequency band.
[0093] Accordingly, with respect to a peak frequency
fp, a frequency of the wave form exhibiting the maximum
amplitude value in the frequency distribution band of the
wave form included in the observed reflected wave, a
peak frequency fp1 when the scanning position is located
over the joined region 21 is lower than a peak frequency
fp0 when the scanning position is located over the non-
joined region 28. With respect to a central frequency fc,
a frequency positioned at the center of the frequency
distribution band lower by a predetermined amount than
the maximum frequency value in the frequency distribu-
tion band of the wave form included in the observed re-
flected wave, a central frequency fc1 when the scanning
position is located over the joined region 21 is lower than
a central frequency fc0 when the scanning position is
located over the non-joined region 28. In this embodi-
ment, the amplitude value lower by the predetermined
amount than the maximum amplitude value is set lower
by a predetermined rate, for example 6dB, as compared
with the amplitude value of the wave form of the peak
frequency fp.
[0094] In addition, with respect to an observed frequen-
cy bandwidth B of a wave form higher than an amplitude
value lower by a predetermined amount than the maxi-
mum amplitude value in the frequency distribution band
of the wave form included in the observed reflected wave,
an observed frequency bandwidth B1 when the scanning
position is located over the joined region 21 is greater
than an observed frequency bandwidth B0 when the
scanning position is located over the non-joined region
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28. In this embodiment, the amplitude value lower by the
predetermined amount than the maximum amplitude val-
ue is set lower by a predetermined rate, for example 6dB,
as compared with the amplitude value of the wave form
of the peak frequency fp.
[0095] Fig. 14 is a block diagram showing the estima-
tion apparatus 130 of the third embodiment of the present
invention. The estimation apparatus 130 of the third em-
bodiment of this invention has a construction similar to
that of the estimation apparatus 30 of the first embodi-
ment. Thus, the same construction as in the first embod-
iment will not be detailed below, and like parts will be
designated by like reference numerals.
[0096] The estimation apparatus 130 of the third em-
bodiment includes a frequency feature measuring unit
101 provided in place of the echo level measuring unit
36 of the estimation apparatus 30 of the first embodiment.
In addition, the estimation apparatus 130 further includes
a frequency conversion unit 100. The frequency conver-
sion unit 100 is configured to analyze the frequency of
the wave form included in the observed reflected wave
extracted by the observed wave form extraction unit 42
and separate the wave form included in the observed
reflected wave into each frequency component. The fre-
quency conversion unit 100 provides the result of fre-
quency analysis to the frequency feature measuring unit
101. The frequency feature measuring unit 101 is con-
figured to measure an amount of a feature required for
estimating the joined region 21, for each scanning posi-
tion of the ultrasonic probe 31, from the result of frequen-
cy analysis, and then provide the result of measurement,
in succession, to the memory 39 in order to store it there-
in. The frequency conversion unit 100 and frequency fea-
ture measuring unit 101 can be achieved by performing
operating programs stored in a preset memory circuit by
employing a processor circuit 43. Consequently, the
joined region estimation unit 37 reads the information
stored in the memory 39 by the frequency feature meas-
uring unit 101 and estimates the scanning position cor-
responding to the frequency feature satisfying the pre-
determined boundary condition, as a position over the
joined region 21. The other construction is similar to that
of the estimation apparatus 30 of the first embodiment
shown in Fig. 2.
[0097] Fig. 15 is a diagram for illustrating changes of
the peak frequency relative to the changes of the scan-
ning position. Fig. 15(1) is a graph illustrating the changes
of the peak frequency relative to the changes of the scan-
ning position, and Fig. 15(2) is a section of the joined
object corresponding to the graph of Fig. 15(1), In Fig.
15(1), the scanning position is expressed on the horizon-
tal axis, while the peak frequency is designated on the
vertical axis. In the case in which the ultrasonic probe 31
is scanned in the scanning direction such that it can pass
through the center of the joining mark 29 as shown in
Fig. 3(1), the scanning position, in which the peak fre-
quency fp of each scanning position is lower than a preset
peak frequency threshold value C2, can be estimated as

a position over the joined region 21, as shown in Fig.
15(1). The peak frequency threshold value C2 is used
as a reference of the boundary condition for judging
whether or not the scanning position is located over the
joining region 21, and is set lower than the peak frequen-
cy fp0 of the observed reflected wave in the case in which
the ultrasonic wave incident position is located over the
non-joined region 28.
[0098] In addition, the scanning position P1 in which
the peak frequency fp of each scanning position is
switched from a state higher than the peak frequency
threshold value C2 to a state lower than the same thresh-
old value C2 and the scanning position P2 in which the
peak frequency is switched from the state lower than the
peak frequency threshold value C2 to the state higher
than the same threshold value C2 can be estimated as
positions over the boundary between the joined region
21 and the non-joined region 28, respectively. Further-
more, the length of the line connecting the two scanning
positions P1, P2 over the respective boundary positions
can be estimated as the diametric size of the joined region
21.
[0099] In this embodiment, the peak frequency thresh-
old value C2, as the boundary condition, is determined
based on the peak frequency fp0 of the observed reflect-
ed wave in the case in which the ultrasonic wave incident
position is located over the non-joined region 28. More
specifically, the peak frequency threshold value C2 is set
at a frequency lower than an average D2 of the reference
peak frequency fp0, by a value greater than a standard
deviation σ of the reference peak frequency fp0, wherein
the standard deviation σ is calculated from the reference
peak frequency fp0 of the non-joined region 28.
[0100] The reference peak frequency fp0 corresponds
to a frequency of the wave form at which the amplitude
becomes the maximum, among the wave forms analyzed
for each frequency distribution of the observed reflected
wave. The average D2 and the standard deviation σ of
the reference peak frequency fp0 may be measured in
advance, or otherwise calculated based on information
provided from the frequency conversion unit 100 prior to
measurement of the frequency feature due to the fre-
quency feature measuring unit 43. In this case, the fre-
quency feature measuring unit 101 measures the peak
frequency fp of the observed reflected wave. The joined
region estimation unit 37 serves to estimate the scanning
position, in which the peak frequency fp of each scanning
position is lower than the predetermined peak frequency
threshold value C2, as a position over the joined region
21.
[0101] Similarly, also in the case of using the central
frequency fc in place of the peak frequency fp, the joined
region 21 can be estimated. More specifically, in the case
of scanning the ultrasonic probe 31 in the scanning di-
rection such that it can pass through the center of the
joining mark 29 as shown in Fig. 3(1), the scanning po-
sition, in which the central frequency fc of each scanning
position is lower than a predetermined central frequency
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threshold value, can be estimated as a position over the
joined region 21. The central frequency threshold value
is used as a reference of the boundary condition for judg-
ing whether or not the scanning position is located over
the joining region 21, and is set lower than the central
frequency fc0 of the observed reflected wave in the case
in which the ultrasonic wave incident position is located
over the non-joined region 28.
[0102] In addition, the scanning position P1 in which
the central frequency fc of each scanning position is
switched from a state higher than the central frequency
threshold value to a state lower than the same threshold
value and the scanning position P2 in which the central
frequency is switched from the state lower than the cen-
tral frequency threshold value to the state higher than
the same threshold value can be estimated as positions
over the boundary between the joined region 21 and the
non-joined region 28, respectively. Furthermore, the
length of the line connecting the two scanning positions
P1, P2 over the respective boundary positions can be
estimated as the diametric size of the joined region 21.
[0103] In this embodiment, the central frequency
threshold value as the boundary condition is determined
based on the observed reflected wave in the case in
which the ultrasonic wave incident position is located
over the non-joined region 28. More specifically, the cen-
tral frequency threshold value is set at a frequency lower
than an average of the reference central frequency fc0,
by a value greater than a standard deviation σ set for the
reference central frequency fc0.
[0104] The reference central frequency fc0 corre-
sponds to a frequency as the centre of the frequency
bandwidth between the highest frequency and the lowest
frequency of the wave forms having amplitudes greater
than a predetermined value, among the wave forms an-
alyzed for each frequency distribution of the observed
reflected wave. The average and the standard deviation
σ of the reference central frequency fc0 may be meas-
ured in advance, or otherwise calculated based on infor-
mation provided from the frequency conversion unit 100
prior to the measurement of the frequency feature by the
frequency feature measuring unit 43. In this case, the
frequency feature measuring unit 101 measures the cen-
tral frequency fc of the observed reflected wave. The
joined region estimation unit 37 serves to estimate the
scanning position, in which the central frequency fc of
each scanning position is lower than the predetermined
central frequency threshold value, as a position over the
joined region 21.
[0105] Fig. 16 is a diagram for illustrating changes of
the bandwidth relative to changes of the scanning posi-
tion. Fig. 16(1) is a graph illustrating the changes of the
bandwidth relative to the changes of the scanning posi-
tion, and Fig. 16(2) is a section of the joined object cor-
responding to the graph of Fig. 16(1). In Fig. 16(1), the
scanning position is expressed on the horizontal axis,
while the bandwidth is designated on the vertical axis. In
the case in which the ultrasonic probe 31 is scanned in

the scanning direction such that it can pass through the
center of the joining mark 29 as shown in Fig. 3(1), the
scanning position, in which the observed bandwidth B of
each scanning position is lower than a predetermined
bandwidth threshold value C3, can be estimated as a
position over the joined region 21, as shown in Fig. 16(1).
The bandwidth threshold value C3 is used as a reference
of the boundary condition for judging whether or not the
scanning position is located over the joining region 21,
and is set wider than the observed bandwidth B0 of the
observed reflected wave in the case in which the ultra-
sonic wave incident position is located over the non-
joined region 28.
[0106] The scanning position P1 in which the observed
bandwidth B of each scanning position is switched from
a state narrower than the bandwidth threshold value C3
to a state wider than the same threshold value C3 and
the scanning position P2 in which the observed band-
width B is switched from the state lower than the band-
width threshold value C3 to the state higher than the
same threshold value C3 can be estimated as positions
over the boundary between the joined region 21 and the
non-joined region 28, respectively. Furthermore, the
length of the line connecting the two scanning positions
P1, P2 over the respective boundary positions can be
estimated as the diametric size of the joined region 21.
[0107] In this embodiment, the bandwidth threshold
value C3 as the boundary condition is determined based
on the observed reflected wave in the case in which the
ultrasonic wave incident position is located over the non-
joined region 28. For instance, the bandwidth threshold
value C3 is set at a bandwidth greater than an average
D3 of the reference bandwidth B0, by a value greater
than a standard deviations of the bandwidth, wherein the
standard deviation σ is calculated from the bandwidth of
the non-joined region 28. Alternatively, for instance, the
bandwidth threshold value C3 is set at a bandwidth wider
than the reference bandwidth B0 by a preset amount. As
one example, it is set at a bandwidth wider than the ref-
erence bandwidth B0 by approximately 1.2MHz. In this
case, the reference bandwidth B0 corresponds to a fre-
quency bandwidth of the wave form greater than ampli-
tude lowered, by a preset amount, for example 6dB, from
amplitude of the wave form of the reference peak fre-
quency fp0.
[0108] The observed bandwidth B corresponds to a
frequency bandwidth of the wave form greater than am-
plitude lowered, by the preset amount, for example 6dB,
from amplitude of the wave form of the corresponding
peak frequency fp1. The reference bandwidth B0 may
be set in advance, or otherwise calculated based on in-
formation provided from the frequency conversion unit
100 prior to the measurement of the frequency feature
by the frequency feature measuring unit 43.
[0109] For example, the frequency feature measuring
unit 101 measures the observed bandwidth B of the ob-
served reflected wave. In this case, the joined region es-
timation unit 37 serves to estimate the scanning position,
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in which the observed bandwidth B of each scanning po-
sition is wider than the predetermined bandwidth thresh-
old value C3, as a position over the joined region 21.
[0110] As described above, in the third embodiment,
the joined region 21 is estimated based on the frequency
feature of the observed reflected wave, rather than on
the echo level H. As discussed above, the frequency fea-
ture may be either one of the peak frequency fp, central
frequency fc and observed bandwidth B. Furthermore,
the joined region 21 may be estimated based on the other
frequency features of the observed reflected wave. In the
third embodiment, although only the boundary condition
for estimating the joined region 21 is different from the
first embodiment, the method for estimating the joining
strength can be performed in the same manner as in the
first embodiment. Other than estimating the diametric
size of the joined region 21 as with the case of the second
embodiment, the joining strength may be estimated by
obtaining the area of the joined region 21. Also in the
third embodiment, the same effect as that of the first em-
bodiment can be obtained.
[0111] Due to the frequency analysis, even in the case
in which the echo level is considerably low or in the case
in which noise is conspicuous, the joined area 21 and
the joining strength can be precisely estimated. Besides,
due to a significantly greater change that can be meas-
ured between the joined region 21 and the non-joined
region 28, the joined area 21 and the joining strength can
be estimated with higher precision. The influence of the
noise may be further reduced by providing a filter for cut-
ting unwanted or undesired frequencies.
[0112] Due to the estimation of the joined region 21
based on the peak frequency fp or frequency bandwidth
B, the joined region 21 can be estimated, even in the
case in which the frequency distribution of each wave
form included in the observed reflected wave is shifted
to some extent from a normal distribution. Furthermore,
with the determination of the boundary condition for es-
timating the joined region 21 based on the standard de-
viation σ of the peak frequency fp and/or central frequen-
cy fc, there is no need for setting an additional parameter,
for example, the plate thickness of the upper plate 22 or
the like, for each joined object 20, as such facilitating the
determination of the boundary condition.
[0113] Fig. 17 is a graph for illustrating the estimation
method of a fourth embodiment of the present invention.
In Fig. 17, the scanning position is expressed on the hor-
izontal axis, while the echo level is designated on the
vertical axis. More specifically, in Fig. 17, a percentage
of the echo level for each scanning position relative to
the reference echo level H0 is expressed on the vertical
axis.
[0114] In the first and second embodiments of the
present invention, the size of the joined region 21 is first
obtained, and the joining strength is then obtained based
on the size. However, in the fourth embodiment of this
invention, without obtaining the size of the joined region
21, the joining strength is directly estimated based on the

echo level extracted from the observed reflected wave.
In the fourth embodiment, the computing procedure of
the joined region estimation unit 37 is different from that
of the first embodiment. However, since the other con-
struction is substantially the same as that of the first em-
bodiment, it will not be detailed below.
[0115] In another example, an area 113 is obtained by
integrating a distance or difference between an echo lev-
el 110 of each scanning position and a preset echo level
C4 along a range or interval 112 of the scanning position
except for a scanning position 111 in which the pin portion
was plunged. In this example the reference echo level
H0 is set as the preset echo level C4.
[0116] In this case, with decrease of the reflected wave
reflected from the interface 27 between the upper plate
22 and the lower plate 23, the echo level is also deceased.
Namely, increase of the area 113 means increase of dis-
appearance of the interface 27, i.e., increase of the join-
ing strength. Accordingly, the area 113 has a one-to-one
relationship with the joining strength. Thus, based on
such a relationship, the joining strength estimation unit
38 can estimate the joining strength. While, in this em-
bodiment, changes of the echo level is integrated, the
joining strength may be directly determined, based on an
integrated value of changes of other features of the ob-
served reflected wave, including the aforementioned
peak frequency fp, central frequency fc, preset bandwidth
B and the like. Also in such a case, the joining strength
can be directly determined, based on the integrated value
obtained by integrating each changing amount of the fea-
ture’s value along the interval 112 of the scanning posi-
tion except for the scanning position 111 in which the pin
portion was plunged.
[0117] Alternatively, the joined region estimation unit
38 may obtain the position of the joined region 21 based
on a changing amount of the observed reflected wave
relative to the change of the scanning position. For in-
stance, in the case in which the changing amount of the
feature’s value of the observed reflected wave relative
to the change of the scanning position is relatively steep,
the scanning position corresponding to such a steep
change may be estimated as a position located over the
boundary position between the stir-joined region 21c and
the pressure-joined region 21d. Alternatively, the scan-
ning position, in which an inclination of a change of the
feature’s value of the observed reflected wave, or a value
obtained by differentiating the change of the feature’s
value becomes greater than a predetermined value, may
be estimated as a position located over the boundary
position between the stir-joined region 21c and the pres-
sure-joined region 21d. In this way, by obtaining the
shapes of the stir-joined region 21c and pressure-joined
region 21d and adding the result to the estimation of the
joining strength, further accurate joining strength can be
obtained.
[0118] In such a manner, the joining strength of the
joined object may be estimated, based on an integrated
feature’s value of the observed reflected wave along a
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unit range including a region located over the joined re-
gion 21 as well as on a relation of conversion which is
set for converting the feature’s value into the strength of
the joined object, after taking in the reflected wave of the
ultrasonic wave over the unit range. If the incident region
of the ultrasonic wave is limited to a unit range, the inte-
grated feature’s value will be a value of a feature of the
observed reflected wave taken in from the unit range.
[0119] Fig. 18 is a perspective view showing one ex-
ample of the ultrasonic probe 31 used in the embodi-
ments and examples. In these a phased array ultrasonic
probe of a one-dimensional array oscillator type is used
as the ultrasonic probe 31. The phased array ultrasonic
probe 31 is an array-type probe in which microscopic
oscillators are arranged in large numbers, and is adapted
to shift timing of the ultrasonic wave generated from each
oscillator by changing timing of a pulse applied to each
oscillator, as such optionally changing a focusing position
of the ultrasonic wave. Thus, there is no need for scan-
ning the ultrasonic probe in the respective array direc-
tions, thereby enhancing the working efficiency.
[0120] Alternatively, a phased array ultrasonic probe
of a two-dimensional array oscillator type can also be
used. In addition, the ultrasonic probe 31 of a single-
probe type can also be employed. Alternatively, the ul-
trasonic probe of a two-probe type composed of a probe
adapted for generating the ultrasonic wave and a probe
adapted for taking in the ultrasonic wave may also be
used. Rather than using a point-focusing type probe, a
non-focusing type probe can also be used. Alternatively,
rather than introducing or radiating the ultrasonic wave
vertically to the backing face 25, the ultrasonic wave may
be introduced obliquely to the backing face 25.
[0121] Fig. 19 is a perspective view showing an ultra-
sonic probe 200 Fig. 20 is a diagram showing a relation-
ship between the scanning position and the echo level.
Fig. 20(2) is a graph showing changes of the echo level
relative to changes of the scanning position, and Fig.
20(1) is a section corresponding to the graph of Fig. 20(2).
In this example, the construction of the ultrasonic probe
200 is different from that of the embodiments In addition,
the joined region estimation unit 37 is eliminated, and the
joining strength estimation unit 38 is configured to directly
estimate the joining strength based on the echo level.
Because the remaining construction is the same as that
of the previous embodiment, it will not be detailed below.
[0122] The ultrasonic probe 200 is achieved by a linear
focusing type probe. In the ultrasonic probe 200, a linear
ultrasonic wave introducing region 201 having a length
longer than the diametric size of the joined region 21 is
formed and a transmitter oscillator 202 and a receiver
oscillator 203 are provided separately. The ultrasonic
probe 200 of this embodiment has an oscillator size of
10 3 2mm, and generates an ultrasonic wave having a
frequency of 10MHz. In this case, the echo level meas-
uring unit 36 measures an integrated echo level of the
observed reflected wave reflected in the vicinity of a po-
sition along the reference direction corresponding to the

interface 27 between the upper plate 22 and the lower
plate 23.
[0123] By using such an ultrasonic probe 200, as
shown in Fig. 19, the integrated echo level, when the
ultrasonic wave introducing region 201 is located such
that it can pass through over the center of the joining
mark 29, is obtained. In other words, as shown in Fig.
20, by scanning the ultrasonic probe 200, the ultrasonic
scanning position in which the integrated echo level be-
comes the minimum is searched.
[0124] Fig. 21 is a graph showing a relationship be-
tween tensile shear strength and a lowering amount of a
relative echo level. In Fig. 21, a rate of an integrated
minimum echo level, at which the echo level is the min-
imum, relative to an integrated reference echo level in
the case in which the ultrasonic wave is introduced into
the non-joined region 28, is shown as the lowering
amount of the relative echo level. In Fig. 21, a lowering
amount of the relative echo level is expressed on the
horizontal axis, while the tensile shear strength of the
joined object obtained by a destructive inspection is des-
ignated on the vertical axis. As shown in Fig. 21, the
lowering amount of the relative echo level has a substan-
tially one-to-one relationship with the joining strength. Ac-
cordingly, if the integrated minimum echo level is ob-
tained in advance, the joining strength can be directly
estimated by substituting the obtained integrated mini-
mum echo level into a relational equation for calculating
the joining strength. This relational equation can be ob-
tained in advance by an experiment or the like.
[0125] In this manner, the joining strength estimation
unit 38 can directly estimate the joining strength based
on the integrated minimum echo level. While, in this ex-
ample, the ultrasonic probe is achieved by using the lin-
ear focusing probe, a similar effect can also be obtained
by employing a non-focusing type ultrasonic probe. In
such a case, it is preferred that an area of the ultrasonic
wave introducing region of the non-focusing type ultra-
sonic probe is sufficiently larger than the area of the
joined region 21.
[0126] In this example, the joining strength of the joined
object can be estimated, based on an integrated feature’s
value of the observed reflected wave along a unit range
including a region located over the joined region 21 of
the joined object 20 as well as on a relation of conversion
which is set for converting the feature’s values into the
strength of the joined object, after introducing the ultra-
sonic wave into the joined object from the backing face
25 of the joined object 20 while taking in the reflected
wave of the ultrasonic wave introduced into the joined
object over the unit range. Consequently, there is no need
for estimating the size of the joined region 21, thereby
facilitating the estimation of the joining strength of the
joined object 20.
[0127] In the case of using the linear focusing type
probe, the ultrasonic probe may be scanned in one di-
rection. Alternatively, in the case of using the non-focus-
ing type probe, the ultrasonic probe may not be scanned.
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Consequently, the estimation apparatus can be simpli-
fied, thus facilitating the estimation of the joining strength.
In addition, the integrated feature’s value of the observed
reflected wave in the unit range may be obtained by scan-
ning the focusing type probe over the unit range as de-
scribed above. In this case, the integrated feature’s value
means a value obtained by adding together the feature’s
values of the observed reflected wave for each scanning
position in the unit range or an average value of the fea-
ture’s values of the observed reflected wave for each
scanning position in the unit range. While, in this exam-
ple, the joining strength is obtained based on the inte-
grated changing amount of the echo level along the unit
range, the scanning strength may be directly determined
based on changes of other features of the observed re-
flected wave, including the aforementioned peak fre-
quency fp, central frequency fc, preset bandwidth B and
the like.
[0128] As stated above, the aforementioned estima-
tion method of the joined region 21 and/or joining strength
was described only by way of example, but may be mod-
ified without departing from the scope of this invention.
For example, in each embodiment, the joined region 21
may be estimated by employing other features of the ob-
served reflected wave than those described above. Al-
ternatively, the joined region 21 may be estimated by
combining together the aforementioned features of the
observed reflected wave. For instance, to enhance a fac-
tor of safety, the minimum value of the joining strength
estimated by two or more of the estimation methods de-
scribed above may be employed as the estimated joining
strength. While the ultrasonic probe is scanned in the
embodiment described above, the operation is not limited
to this aspect. For instance, in the case of estimating
whether or not the ultrasonic wave incident position is
over the joined region 21, the ultrasonic probe may also
be spotted.
[0129] While, in the embodiment above, the boundary
condition of the observed reflected wave for estimating
the joined region 21 is determined based on the observed
reflected wave in the case in which the ultrasonic wave
incident position is located over the non-joined region 28,
the determination of the boundary condition is not limited
to this aspect. For example, the boundary condition may
be set at a constant value. While, in the embodiment
above, the joined region 21 and/or joining strength is es-
timated in accordance with a computing equation, the
joined region 21 and/or joining strength may be estimated
by using a data base in place of the computing equation.
[0130] As one modification, in the step of measuring
the reflected wave in each of the above embodiments,
as shown in Figs. 22(1) to 22(4), the ultrasonic wave may
be introduced into the joined object at a plurality of dif-
ferent angles of refraction from the ultrasonic probe 300.
This method is effective in particular in the case in which
a hooking phenomenon occurs in the joined portion upon
the friction stir joining process. The hooking phenomenon
means that the joining members 22, 23 are softened upon

the friction stir joining process, and the interface between
the joining member 22 and the joining member 23 is
drawn toward the tool plunging face 24, as such forming
a curved portion (or hooking portion) 50 as shown in Fig.
22(1).
[0131] Such a hooking portion 50 does not substan-
tially contribute to the joining strength between the joining
member 22 and the joining member 23. A degree of gen-
eration of such a hooking phenomenon depends on the
conditions of the friction stir joining process, including
materials of the joining members and the like.
[0132] Due to the introduction of the ultrasonic wave
from the ultrasonic probe 300 into the joined object 20
with the plurality of different angles of refraction em-
ployed in the step of measuring the reflected wave, a
reflected echo from the hooking portion 50 can be caught
by an angle beam method, even in the case in which the
hooking portion 50 exists in the joined object 20. Namely,
if the angle of refraction is only 0° (i.e., in the case of
vertical injection), the reflected echo from the curved
hooking portion 50 can not be caught. Therefore, the
hooking portion 50 that does not substantially contribute
to the joining strength can not be distinguished from an-
other portion that contributes to the joining strength, thus
evaluating the joining strength of the joined object 20
unduly higher than an actual value.
[0133] However, in the aforementioned example of this
invention, by employing the angle beam method of the
angle of refraction of, for example, 20° or 30°, the reflect-
ed wave from the hooking portion 50 can be caught. Thus,
the joining strength can be precisely estimated even in
the case in which the hooking portion 50 exists in the
joined object 20.
[0134] Fig. 23 is a diagram for illustrating a measuring
method employing the ultrasonic probe 400 composed
of a vertical oscillator, the method being an example not
forming an embodiment of the present invention. Fig. 24
is a graph showing a relationship between a joined region
diameter and the echo level in the measuring method
according to this example.
[0135] In this example, an ultrasonic beam having a
cross section greater than the joined region diameter is
introduced into the joining member 22 by using the ultra-
sonic probe 400 composed of the vertical oscillator while
the reflected wave of the ultrasonic wave introduced into
the joining member 22 is taken in the ultrasonic probe
400 (Reflected wave measuring step). The ultrasonic
beam radiated from the ultrasonic probe 400 is intro-
duced into the joining member 22 through an ultrasonic
propagator 401 located between the ultrasonic probe 400
and the joining member 22.
[0136] In this example, the joining strength of the joined
object 20 is estimated based on the reflected echo level
obtained by the reflected wave measuring step (Strength
estimation step). Namely, by measuring in advance the
relationship between the joined region diameter of the
joined object and the echo level as shown in Fig. 24, the
joined region diameter can be estimated by measuring
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the echo level even in the case of the joined object 20
having an unknown joined region diameter.
[0137] In this way, according to the above example,
the joining strength can be directly estimated without es-
timating the area of the joined region, and the joining
strength of the joined object 20 can be estimated with a
simple and low-cost method.
[0138] In addition, a case of displaying the estimation
result obtained by estimating the joined region 21, by
using the display 40, without estimating the joining
strength, is also included in the above embodiment. Fur-
thermore, an inspector may judge the joining quality in-
cluding the joining strength or the like, by displaying an
image showing the shape of the joined region 21 on a
two-dimensional plane. While, in the above embodiment,
the estimation apparatus 30, 130 performs the estimation
of the joining region 21, the estimation method is not lim-
ited to this aspect. For instance, an estimation method
in which a person conducts the aforementioned steps is
also within the scope of this invention. While the joined
region 21 is estimated in the above embodiment, the stir-
joined region 21c and the pressure-joined region 21d
may be estimated, instead, individually, in the same pro-
cedure. While, in the above embodiment, the upper plate
22 and the lower plate 23 are respectively formed from
an aluminum alloy, the joined object 20 may be formed
from any other suitable materials, provided that these
materials can be joined by the friction stir joining method.
In addition, as the ultrasonic probe, a general purpose
device may be used.
[0139] As stated above, while preferred examples of
this invention have been shown and described specifi-
cally to some extent, it is obvious that various modifica-
tions can be made thereto. Accordingly, it should be un-
derstood that the present invention can be implemented
in various aspects different from those specifically shown
and described herein without departing from the scope
of the invention as defined in the claims.

Claims

1. A method of estimating a joined region (21) a joined
object (20) in which two joining members (22, 23)
are joined together while being overlapped one on
another by using a spot friction stir joining method,
comprising:

a reflected wave measuring step of introducing
an ultrasonic wave into the joined object (25)
from a backing face (25) of the joined object (20)
opposed to a plunging face (24) thereof in which
a joining tool was plunged upon a friction stir
process, and taking in a reflected wave of the
ultrasonic wave introduced into and reflected
from the joined object (20); and
an estimation step of estimating an ultrasonic
wave incident position as a position over the

joined region (21), provided that among reflect-
ed waves taken in by the reflected wave meas-
uring step, an observed reflected wave reflected
in a vicinity of a position corresponding to an
interface between the two joining members (22,
23) satisfies a predetermined boundary condi-
tion,
wherein the boundary condition is set based on
the reflected wave reflected at the interface of
the two joining members (22, 23) when the ul-
trasonic wave incident position is located over
a non-joined region,
wherein the backing face (25) is maintained as
a flat face, and
wherein in the reflected wave measuring step,
the ultrasonic wave incident position is scanned
so as to pass through over the joined region (21)
with an incident direction of the ultrasonic wave
being kept vertical to the backing face (25), while
the reflected wave of the ultrasonic wave intro-
duced into the joined object (20) is taken in for
each displacement of scanning position.

2. The method of estimating the joined region of the
joined object according to claim 1, wherein in the
estimation step, the ultrasonic wave incident posi-
tion, in which an amplitude of the observed reflected
wave is lower than a predetermined amplitude
threshold value, is estimated as the position over the
joined region.

3. The method of estimating the joined region of the
joined object according to claim 1, wherein in the
estimation step, the ultrasonic wave incident posi-
tion, in which a central frequency that is a center of
a frequency distribution band of a wave form higher
than an amplitude value lower by a predetermined
amount than a maximum amplitude value in the fre-
quency distribution band of the wave form included
in the observed reflected wave is lower than a pre-
determined frequency threshold value, is estimated
as the position over the joined region.

4. The method of estimating the joined region of the
joined object according to claim 1, wherein in the
estimation step, the ultrasonic wave incident posi-
tion, in which a peak frequency that is a frequency
of a wave form exhibiting a maximum amplitude val-
ue in a frequency distribution band of the wave form
included in the observed reflected wave is lower than
a predetermined frequency threshold value, is esti-
mated as the position over the joined region.

5. The method of estimating the joined region of the
joined object according to claim 1, wherein in the
estimation step, the ultrasonic wave incident posi-
tion, in which a frequency distribution bandwidth of
a wave form greater than an amplitude value lower
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by a predetermined amount than a maximum ampli-
tude value in a frequency distribution band of the
wave form included in the observed reflected wave
is greater than a predetermined frequency band-
width threshold value, is estimated as the position
over the joined region.

6. The method according to any one of claims 1 to 5,
wherein in the reflected wave measuring step, the
ultrasonic wave is introduced into the joined object
at a plurality of different angles of refraction.

7. A method of testing a joined object in which two join-
ing members are joined together while being over-
lapped one on another by using a friction stir joining
method, the testing method comprising the step of
inspecting the joined object based on an estimation
result obtained by the estimation method according
to any one of claims 1 to 6.

8. An apparatus for estimating a joined region (21) of
a joined object (20) in which two joining members
(22, 23) are joined together while being overlapped
one on another by using a spot friction stir joining
method, comprising:

an ultrasonic probe (31) configured to introduce
an ultrasonic wave into the joined object (20)
and also take in a reflected wave reflected from
the joined object (20), probe moving means (32)
configured to scan the ultrasonic probe over a
backing face (25) of the joined object (20) op-
posed to a plunging face (24) thereof in which a
joining tool was plunged, such that the ultrasonic
probe (31) passes through over the joined region
(21) of the joined object (20);
scanning position detection means (33) config-
ured to detect a scanning position of the probe
(31);
extraction means connected with the ultrasonic
probe (31) and configured to extract an ob-
served reflected wave reflected in a vicinity of a
position corresponding to an interface between
the two joining members (22, 23);
among reflected waves taken in by the ultrasonic
probe (31);
storage means (39) configured to correlate the
scanning position detected by the scanning po-
sition detection means (33) with the observed
reflected wave extracted by the extraction
means corresponding to the scanning position
and store them therein;
estimation means configured to read informa-
tion stored in the storage means (39) and esti-
mate the scanning position corresponding to the
observed reflected wave satisfying a predeter-
mined boundary condition, as a position over
the joined region (21); and

output means configured to output an estimation
result obtained by the estimation means,
wherein the boundary condition is set based on
the reflected wave reflected at the interface of
the two joining members (22, 23) when the ul-
trasonic wave incident position is located over
a non-joined region,
 wherein the backing face (25) is maintained as
a flat face, and
wherein the probe moving means (32) scans the
ultrasonic probe (31) while keeping an incident
direction of the ultrasonic wave vertical to the
backing face (25).

Patentansprüche

1. Verfahren zur Beurteilung einer verbundenen Zone
(21) eines verbundenen Gegenstandes (20), bei
dem zwei Verbindungselemente (22, 23) miteinan-
der verbunden wurden, während sie einander über-
lappen, und zwar unter Verwendung eines Punkt-
Reibrühr-Verbindungsverfahrens, aufweisend:

einen Reflexionswellen-Messschritt, bei dem ei-
ne Ultraschallwelle in den verbundenen Gegen-
stand (25) von einer Rückfläche (25) des ver-
bundenen Gegenstandes (20) eingebracht wird,
die dessen Eintauchfläche (24) entgegenge-
setzt ist, in welche ein Verbindungswerkzeug
bei einem Reibrührprozess eingetaucht wurde,
und Erfassen einer reflektierten Welle der Ultra-
schallwelle, die in den verbundenen Gegen-
stand (20) eingebracht wurde und von diesem
reflektiert wurde; und
einen Beurteilungsschritt bei dem eine Ultra-
schallwellen-Einfallsposition als eine Position
über der verbundenen Zone (21) beurteilt wird,
vorausgesetzt dass, von durch den Reflexions-
wellen-Messschritt erfassten Reflexionswellen,
eine beobachtete Reflexionswelle, die in der Nä-
he einer Position entsprechend einer Grenzflä-
che zwischen den zwei Verbindungselementen
(22, 23) reflektiert wurde, einer vorbestimmten
Randbedingung genügt,
wobei die Randbedingung basierend auf der
Reflexionswelle festgelegt ist, die an der Grenz-
fläche der zwei Verbindungselemente (22, 23)
reflektiert wird, wenn die Ultraschallwellen-Ein-
fallsposition sich über einer nicht-verbundenen
Zone befindet,
wobei die Rückenfläche (25) als ebene Fläche
beibehalten wird, und wobei bei dem Reflexi-
onswellen-Messschritt die Ultraschallwellen-
Einfallsposition so abgetastet wird, dass ein
Vorbeibewegen über die verbundene Zone (21)
erfolgt, wobei dabei eine Einfallsrichtung der Ul-
traschallwelle vertikal zur Rückenfläche (25) ge-
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halten wird,
und wobei dabei die reflektierte Welle der in den
verbundenen Gegenstand (20) eingebrachten
Ultraschallwelle bei jedem Verschieben der Ab-
tastposition erfasst wird.

2. Verfahren zur Beurteilung der verbundenen Zone
des verbundenen Gegenstands nach Anspruch 1,
wobei bei dem Beurteilungsschritt die Ultraschall-
wellen-Einfallsposition, bei der eine Amplitude der
beobachteten reflektierten Welle niedriger als ein
vorbestimmter Amplitudenschwellenwert ist, als Po-
sition über der verbundenen Zone beurteilt wird.

3. Verfahren zur Beurteilung der verbundenen Zone
des verbundenen Gegenstands nach Anspruch 1,
wobei bei dem Beurteilungsschritt die Ultraschall-
wellen-Einfallsposition, bei der eine mittlere Fre-
quenz, d. h. ein Mittelpunkt eines Frequenzvertei-
lungsbands einer Wellenform oberhalb eines Amp-
litudenwertes, der um eine vorbestimmte Größe
niedriger als ein maximaler Amplitudenwert im Fre-
quenzverteilungsband der Wellenform ist, die in der
beobachteten reflektierten Welle enthalten ist, nied-
riger als ein vorbestimmter Frequenzschwellenwert
ist, als Position über der verbundenen Zone beurteilt
wird.

4. Verfahren zur Beurteilung der verbundenen Zone
des verbundenen Gegenstands nach Anspruch 1,
wobei bei dem Beurteilungsschritt die Ultraschall-
wellen-Einfallsposition, bei der eine Spitzenfre-
quenz, bei der es sich um eine Frequenz einer Wel-
lenform handelt, die einen maximalen Amplituden-
wert in einem Frequenzverteilungsband der Wellen-
form aufweist, welche in der beobachteten reflektier-
ten Welle enthalten ist, niedriger als ein vorbestimm-
ter Frequenzschwellenwert ist, als Position über der
verbundenen Zone beurteilt wird.

5. Verfahren zur Beurteilung der verbundenen Zone
des verbundenen Gegenstands nach Anspruch 1,
wobei bei dem Beurteilungsschritt die Ultraschall-
wellen-Einfallsposition, bei der eine Frequenzvertei-
lungsbandbreite einer Wellenform größer als ein
Amplitudenwert, der um eine vorbestimmte Größe
niedriger als ein maximaler Amplitudenwert im Fre-
quenzverteilungsband der Wellenform ist, die in der
beobachteten reflektierten Welle enthalten ist, grö-
ßer als ein vorbestimmter Frequenzbandbreiten-
Schwellenwert ist, als Position über der verbunde-
nen Zone beurteilt wird.

6. Verfahren nach einem der Ansprüche 1 bis 5, wobei
bei dem Reflexionswellen-Messschritt die Ultra-
schallwelle in den verbundenen Gegenstand bei ei-
ner Mehrzahl von unterschiedlichen Brechungswin-
keln eingebracht wird.

7. Verfahren zur Prüfung eines verbundenen Gegen-
standes, bei dem zwei Verbindungselemente mitein-
ander verbunden wurden, während sie einander
überlappen, und zwar unter Verwendung eines Rei-
brühr-Verbindungsverfahrens, wobei das Prüfver-
fahren den Schritt eines Prüfens des verbundenen
Gegenstandes beinhaltet, und zwar basierend auf
einem Beurteilungsergebnis, das durch das Beurtei-
lungsverfahren nach einem der Ansprüche 1 bis 6
erzielt wird.

8. Vorrichtung zur Beurteilung einer verbundenen Zo-
ne (21) eines verbundenen Gegenstandes (20), bei
dem zwei Verbindungselemente (22, 23) miteinan-
der verbunden wurden, während sie einander über-
lappen, und zwar unter Verwendung eines Punkt-
Reibrühr-Verbindungsverfahrens, aufweisend:

eine Ultraschallsonde (31), die konfiguriert ist,
eine Ultraschallwelle in den verbundenen Ge-
genstand (20) einzubringen und auch die von
dem verbundenen Gegenstand (20) reflektierte
Reflexionswelle zu erfassen,
eine Sondenbewegungseinrichtung (32), die
konfiguriert ist, eine Abtastbewegung der Ultra-
schallsonde über eine Rückfläche (25) des ver-
bundenen Gegenstandes (20) durchzuführen,
die dessen Eintauchfläche (24) entgegenge-
setzt ist, in welche ein Verbindungswerkzeug
eingetaucht wurde, derart, dass die Ultraschall-
sonde (31) über die verbundene Zone (21) des
verbundenen Gegenstandes (20) hinwegbe-
wegt wird;
eine Abtastpositions-Erfassungseinrichtung
(33), die konfiguriert ist, eine Abtastposition der
Sonde (31) zu erfassen;
eine Extraktionseinrichtung, die mit der Ultra-
schallsonde (31) verbunden ist und konfiguriert
ist, eine beobachtete Reflexionswelle zu extra-
hieren, die in der Nähe einer Position reflektiert
wurde, welche einer Grenzfläche zwischen den
zwei verbundenen Elementen (22, 23) ent-
spricht, und zwar aus durch die Ultraschallson-
de (31) erfassten Reflexionswellen;
eine Speichereinrichtung (39), die konfiguriert
ist, die durch die Abtastpositions-Erfassungs-
einrichtung (33) erfasste Abtastposition mit der
durch die Extraktionseinrichtung extrahierten
beobachteten Reflexionswelle entsprechend
der Abtastposition zu korrelieren und diese zu
speichern;
eine Beurteilungseinrichtung, die konfiguriert
ist, in der Speichereinrichtung (39) gespeicherte
Information auszulesen und die Abtastposition
entsprechend der beobachteten Reflexionswel-
le, die einer vorbestimmten Randbedingung ge-
nügt, als eine Position über der verbundenen
Zone (21) zu beurteilen; und
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eine Ausgabeeinrichtung, die konfiguriert ist, ein
durch die Beurteilungseinrichtung erhaltenes
Beurteilungsergebnis auszugeben,
wobei die Randbedingung basierend auf der
Reflexionswelle festgelegt ist, die an der Grenz-
fläche der zwei Verbindungselemente (22, 23)
reflektiert wird, wenn die Ultraschallwellen-Ein-
fallsposition sich über einer nicht-verbundenen
Zone befindet,
wobei die Rückenfläche (25) als ebene Fläche
beibehalten wird, und
wobei die Sondenbewegungseinrichtung (32)
eine Abtastbewegung der Ultraschallsonde (31)
durchführt, wobei dabei eine Einfallsrichtung der
Ultraschallwelle vertikal zur Rückenfläche (25)
gehalten wird.

Revendications

1. Procédé d’estimation d’une zone jointe (21) d’un ob-
jet joint (20) dans lequel deux éléments de jonction
(22, 23) sont joints ensemble tout en se chevauchant
à l’aide d’un procédé de jonction par friction-malaxa-
ge en un seul point, comprenant :

une étape de mesure d’onde réfléchie pour in-
troduire une onde ultrasonore dans l’objet joint
(25) depuis une face de support (25) de l’objet
joint (20) opposée à une face de plongée (24)
de celui-ci dans laquelle un outil de jonction a
été plongé pendant un processus de friction-ma-
laxage, et prendre une onde réfléchie de l’onde
ultrasonore introduite dans et réfléchie par l’ob-
jet joint (20) ; et
une étape d’estimation pour estimer un empla-
cement incident d’onde ultrasonore comme un
emplacement sur la zone jointe (21), à condition
que, parmi les ondes réfléchies prises à l’étape
de mesure d’onde réfléchie, une onde réfléchie
observée qui est réfléchie à proximité d’un em-
placement correspondant à une interface entre
les deux éléments de jonction (22, 23) satisfasse
une condition limite prédéterminée,
dans lequel la condition limite est définie sur la
base de l’onde réfléchie qui est réfléchie au ni-
veau de l’interface des deux éléments de jonc-
tion (22, 23) lorsque l’emplacement incident
d’onde ultrasonore se trouve par-dessus une
zone non jointe,
dans lequel la face de support (25) est mainte-
nue comme une face plane, et
dans lequel, à l’étape de mesure d’onde réflé-
chie, l’emplacement incident d’onde ultrasonore
est balayé de façon à traverser la zone jointe
(21) avec une direction incidente de l’onde ul-
trasonore qui est maintenue verticale par rap-
port à la face de support (25), tandis que l’onde

réfléchie de l’onde ultrasonore introduite dans
l’objet joint (20) est prise pour chaque déplace-
ment de la position de balayage.

2. Procédé d’estimation de la zone jointe de l’objet joint
selon la revendication 1, dans lequel, à l’étape d’es-
timation, l’emplacement incident d’onde ultrasonore,
auquel une amplitude de l’onde réfléchie observée
est inférieure à une valeur de seuil d’amplitude pré-
déterminée, est estimé comme l’emplacement par-
dessus la zone jointe.

3. Procédé d’estimation de la zone jointe de l’objet joint
selon la revendication 1, dans lequel, à l’étape d’es-
timation, l’emplacement incident d’onde ultrasonore,
auquel une fréquence centrale qui est un centre
d’une bande de répartition de fréquences d’une for-
me d’onde supérieure à une valeur d’amplitude in-
férieure, selon une quantité prédéterminée, à une
valeur d’amplitude maximale sur la bande de répar-
tition de fréquences de la forme d’onde comprise
dans l’onde réfléchie observée est inférieure à une
valeur de seuil de fréquence prédéterminée, est es-
timé comme l’emplacement par-dessus la zone join-
te.

4. Procédé d’estimation de la zone jointe de l’objet joint
selon la revendication 1, dans lequel, à l’étape d’es-
timation, l’emplacement incident d’onde ultrasonore,
auquel une fréquence maximale qui est une fréquen-
ce d’une forme d’onde présentant une valeur d’am-
plitude maximale sur une bande de répartition de
fréquences de la forme d’onde comprise dans l’onde
réfléchie observée est inférieure à une valeur de
seuil de fréquence prédéterminée, est estimé com-
me l’emplacement par-dessus la zone jointe.

5. Procédé d’estimation de la zone jointe de l’objet joint
selon la revendication 1, dans lequel, à l’étape d’es-
timation, l’emplacement incident d’onde ultrasonore,
auquel une bande passante de répartition de fré-
quences d’une forme d’onde supérieure à une valeur
d’amplitude inférieure, selon une quantité prédéter-
minée, à une valeur d’amplitude maximale sur une
bande de répartition de fréquences de la forme d’on-
de comprise dans l’onde réfléchie observée est su-
périeure à une valeur de seuil de bande passante
de fréquences prédéterminée, est estimé comme
l’emplacement par-dessus la zone jointe.

6. Procédé selon l’une quelconque des revendications
1 à 5, dans lequel, à l’étape de mesure d’onde réflé-
chie, l’onde ultrasonore est introduite dans l’objet
joint à une pluralité d’angles de réfraction différents.

7. Procédé de test d’un objet joint dans lequel deux
éléments de jonction sont joints ensemble tout en
se chevauchant à l’aide d’un procédé de jonction par
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friction-malaxage, le procédé de test comprenant
l’étape d’inspection de l’objet joint sur la base d’un
résultat d’estimation obtenu par le procédé d’estima-
tion selon l’une quelconque des revendications 1 à 6.

8. Appareil d’estimation d’une zone jointe (21) d’un ob-
jet joint (20) dans lequel deux éléments de jonction
(22, 23) sont joints ensemble tout en se chevauchant
à l’aide d’un procédé de jonction par friction-malaxa-
ge en un seul point, comprenant :

une sonde ultrasonore (31) configurée pour in-
troduire une onde ultrasonore dans l’objet joint
(20) et également pour prendre une onde réflé-
chie qui est réfléchie par l’objet joint (20),
un moyen de déplacement de sonde (32) con-
figuré pour balayer la sonde ultrasonore sur une
face de support (25) de l’objet joint (20) opposée
à une face de plongée (24) de celui-ci dans la-
quelle un outil de jonction a été plongé, de sorte
que la sonde ultrasonore (31) traverse la zone
jointe (21) de l’objet joint (20) ;
un moyen de détection de position de balayage
(33) configuré pour détecter une position de ba-
layage de la sonde (31) ;
un moyen d’extraction relié à la sonde ultraso-
nore (31) et configuré pour extraire une onde
réfléchie observée qui est réfléchie à proximité
d’un emplacement correspondant à une interfa-
ce entre les deux éléments de jonction (22, 23)
parmi les ondes réfléchies prises par la sonde
ultrasonore (31) ;
un moyen de stockage (39) configuré pour cor-
réler la position de balayage détectée par le
moyen de détection de position de balayage (33)
avec l’onde réfléchie observée extraite par le
moyen d’extraction et correspondant à la posi-
tion de balayage, et pour les stocker ;
un moyen d’estimation configuré pour lire les
informations stockées dans le moyen de stoc-
kage (39) et pour estimer la position de balayage
correspondant à l’onde réfléchie observée sa-
tisfaisant une condition limite prédéterminée,
comme une position par-dessus la zone jointe
(21) ; et
un moyen de sortie configuré pour délivrer un
résultat d’estimation obtenu par le moyen d’es-
timation,
dans lequel la condition limite est définie sur la
base de l’onde réfléchie qui est réfléchie au ni-
veau de l’interface entre les deux éléments de
jonction (22, 23) lorsque l’emplacement incident
d’onde ultrasonore se trouve par-dessus une
zone non-jointe,
dans lequel la face de support (25) est mainte-
nue comme une face plane, et
dans lequel le moyen de déplacement de sonde
(32) balaye la sonde ultrasonore (31) tout en

maintenant une direction incidente de l’onde ul-
trasonore verticale par rapport à la face de sup-
port (25).

43 44 



EP 2 015 064 B1

24



EP 2 015 064 B1

25



EP 2 015 064 B1

26



EP 2 015 064 B1

27



EP 2 015 064 B1

28



EP 2 015 064 B1

29



EP 2 015 064 B1

30



EP 2 015 064 B1

31



EP 2 015 064 B1

32



EP 2 015 064 B1

33



EP 2 015 064 B1

34



EP 2 015 064 B1

35



EP 2 015 064 B1

36



EP 2 015 064 B1

37



EP 2 015 064 B1

38



EP 2 015 064 B1

39



EP 2 015 064 B1

40



EP 2 015 064 B1

41



EP 2 015 064 B1

42



EP 2 015 064 B1

43



EP 2 015 064 B1

44



EP 2 015 064 B1

45

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• JP 3233352 A [0006]
• JP 2000146928 A [0006]

• JP 2004317475 A [0006]
• US 2004045358 A [0009]

Non-patent literature cited in the description

• BIRD C.R. Ultrasonic phased array inspection tech-
nology for the evaluation of friction stir welds. IN-
SIGHT - NON-DESTRUCTIVE TESTING AND CON-
DITION MONITORING, 01 January 2004, vol. 46,
31-36 [0010]


	bibliography
	description
	claims
	drawings
	cited references

