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Chapter

Opto-Acoustic Technique for
Residual Stress Analysis

Sanichiro Yoshida and Tomohiro Sasaki

Abstract

Residual stress analysis based on co-application of acoustic and optical tech-
niques is discussed. Residual stress analysis is a long-standing and challenging
problem in many fields of engineering. The fundamental complexity of the problem
lies in the fact that a residual stress is locked into the material and therefore hidden
inside the specimen. Thus, direct measurement of residual stress in a completely
nondestructive fashion is especially difficult. One possible solution is to estimate
residual stress from the change in the elastic constant of the material. Residual stress
alters the interatomic distance significantly large that the elastic constant is consid-
erably different from the nominal value. From the change in the elastic constant and
knowledge of the interatomic potential, it is possible to estimate the residual stress.
This acoustic technique (acoustoelasticity) evaluates the elastic modulus of the
specimen via acoustic velocity measurement. It is capable of determining the elastic
modulus absolutely, but it is a single-point measurement. The optical technique
(electronic speckle pattern interferometry, ESPI) yields full-field, two-dimensional
strain maps, but it requires an external load to the specimen. Co-application of the
two techniques compensates each other’s shortfalls.

Keywords: acoustoelasticity, electronic speckle pattern interferometry, scanning
acoustic microscopy, finite element modeling of residual stress, nondestructive
residual stress analysis, heat-induced residual stress

1. Introduction

It is widely known that residual stresses are created by almost every material
process and harmful to a variety of structures and devices [1]. Yet, the problem is
far from being solved. Although a number of techniques have been developed to
evaluate residual stresses, destructively [2-6] or nondestructively [7-20], have been
developed to evaluate residual stresses, there is no single method applicable to
general cases for accurate evaluations. The fundamental complexity of the problem
lies in the fact that residual stresses are locked into the material and therefore
hidden from observance. Unless the locking mechanism is removed, the residual
stress is not visible from the outside. Under such a situation, it is especially difficult
to diagnose residual stresses nondestructively. Techniques classified as nondestruc-
tive methods normally use diffractometry [9, 10, 19] or acoustic probing [7, 8,
12-16]. The techniques classified as diffractometry detect the atomic rearrangement
due to residual stresses from a shift in the diffraction angle using X-ray, neutron,
synchrotron, or similar radiation. The techniques classified as acoustic probing
detect residual stresses from the change in the acoustic impedance due to
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stress-induced alternation of the elastic constant. Both are well-established methods
but have limitations. Diffractometry is applicable to detection of atomic
rearrangement within the penetration depth of the radiation used. Neutron and
synchrotron radiations can have reasonable penetration depths of tens of mm, but a
large facility is required, and access is most often an issue. X-ray diffraction instru-
ments are relatively more accessible, but the typical penetration depth is in the
range of tens of ym [19]. The acoustic waves can penetrate much further, but the
coupling of the acoustic signal from the emitter to the specimen is sensitive.
According to our experience, the conditions of the coupling medium (usually dis-
tilled water) such as the layer thickness and the total amount can affect the mea-
surement. Slight shifts in the contact locations seem to cause a considerable change
in the measurement as well. It is not clear if such changes are due to errors associ-
ated with the contact or actual spatial variation of the residual stress. In either case,
the measurement is essentially pointwise, and therefore these methods are time-
consuming if applied to a certain area of the object. These issues are especially
significant for analysis of welding-induced residual stress because by nature com-
pressive and tensile residual stresses can alternate with high spatial frequency.

Given the above situation, our approach is to employ multiple methods. We are
especially interested in combining an optical technique capable of full-field analysis
and an acoustic technique. It should be noted that the optical methods, including
the diffractometry discussed above, measure a change in displacement (strain),
whereas the acoustic methods detect a change in elastic constant. With an appro-
priate combination of optical and acoustic techniques, we can essentially obtain
both elastic constant and strain information. In principle, through the knowledge of
strain with the elastic constant, we can estimate the stress. This is contrastive to the
application of diffractometry by itself. In that case, even if the method provides us
with accurate strain data, the residual stress heavily depends on the elastic constant
to be used. The use of the nominal value (the residual stress free value) to estimate
the residual stress from the measured residual strain is somewhat contradictory.
The aim of this article is to discuss the application of an optical technique known as
the electronic speckle pattern interferometry and acoustic methods for assessment
of residual stress induced by welding. After briefly reviewing several techniques
widely used for residual stress analysis, the results of our research are presented and
discussed. The presented combined method is still in the process of development. It
is our intention to introduce the techniques to the readers hoping that the informa-
tion is useful to them. Future directions of the research are discussed as well.

2. Techniques to evaluate residual stresses
2.1 X-ray diffractometry (XRD)

In this section the principle of X-ray diffractometry (XRD) for residual stress
analysis is described briefly. A more detailed description about the technique can be
found elsewhere [21]. Figure 1a illustrates that Bragg’s law relates the angle of
diffraction 0 and the lattice distance as follows:

nA = 2dsin0 (1)

Here 7 is an integer and 4 is the wavelength of the X-ray. Eq. (1) represents the
condition of constructive interference that takes place when the path difference
between the reflections from the top lattice plane and the second lattice plane is an
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Figure 1.

(a) Bragg diffraction. (b) Change in crystallographic plane orientation and spaces due to vesidual stress. (c)
Coordinate system afy affixed to specimen surface wheve the y-axis is normal to specimen surface and a and
are axes of principal stress. Coordinate system xyz is affixed to grain where the z-axis is normal to lattice plane.
The z-axis is rotated around the y-axis, which is in afi-plane. Sy denotes direction of in-plane strain €4, which
makes angle ¢ from the a-axis in af-plane.

integer multiple of 1. Under this condition, the detector (not shown in this figure)
records a maximum when it is oriented at the angle of diffraction.

The XRD for residual stress analysis exploits the fact that an in-plane stress alters
the distance between the neighboring lattice planes via Poisson’s effect and thereby
shifts the diffraction angle from the nominal (unstressed) value. Figure 1b illus-
trates the situation where an in-plane tensile stress increases the lattice distance in a
grain whose lattice plane is oriented at angle ¥ to a line normal to the surface. The
resultant change in the lattice distance Ady = dy — d from the initial distance d
causes the strain.

(or).e =0 @

Here (ey),, is the normal strain along the z-axis in the coordinate system affixed
to the grain, as Figure 1c illustrates. In this coordinate system, the lattice plane is
parallel to the xy-plane and perpendicular to the z-axis. The afly coordinate system
is affixed to the specimen where the y-axis is normal to the specimen surface and a-
and f-axes are the principal axes. The local stress has angle ¢ to the a-axis. Through
the proper coordinate transformation, we can express this strain using the in-plane
strain parallel to the specimen surface as.

(ew)s = (€aa cOS 2¢p + €45 5in 2¢) + 45 sin 245) sin ¥ 3
3
+&,, c0s ¥ + &, cos ¢ sin 2¥ + &5, sin ¢ sin 2.

The first part on the right-hand side of Eq. (3) enclosed by the parenthesis is the
in-plane strain in the direction of S; (¢, in Figure 1). Eq. (3) indicates that ¢ is

given as the slope of &,-sin 2y plot. Eq. (2) tells us the deformed lattice distance dy
is proportional to &;;. These altogether indicate that the in-plane strain ¢4 can be
given by the following differential:

ddy
d(sin’®)

a(g‘l’)zz 2 : s 2
Ep = ——2— = (€4q COS P + €45 SN 2¢h) + €55 SIN x

(4)
Since the in-plane strain ¢, is connected with the in-plane stress o4 with an
elastic constant, Eq. (4) indicates that 6, can be evaluated as the slope of dy vs.
sin ¥ plot. In the present context, 6, is the in-plane residual stress of interest.
Experimentally, we can evaluate 64 by changing angle ¥ and plotting the
corresponding dy as a function of sin?¥. The deformed lattice distance dy can be
determined from the corresponding shift in the diffraction angle as discussed
above. When the angle ¥ is varied for this plot, the slope (4) remains unchanged.
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Figure 2.
(a) Interatomic potential energy curve. (b) Slope of potential energy curve.

So, dy- sin ?¥ graph is a linear plot. Since the twice of the diffraction angle 26 is the

quantity directly measured in this type of experiment, often 20 — sin ¥ graph is
used to evaluate 6. The constant of proportionality K is called the stress constant:

o5 = KM (5)

Here 6, is the residual stress, M is the slope of the 20 — sin *¥ plot. K depends on
the wavelength (i.e., the X-ray source line) and the lattice plane used for diffrac-
tion. As an example, for aluminum alloy 5083 with the use of Cr-Ka line for
the X-ray source and the aluminum’s [4 2 2] lattice plane for diffraction,

K = —168.80 MPa/°.

2.2 Acoustoelasticity

Acoustoelasticity [14-17] evaluates residual stresses based on a change in the
acoustic velocity from the nominal value. Residual stresses cause the strain so large
that the elastic coefficient is altered from the nominal value. Figure 2 illustrates the
situation schematically. The strain energy curve is steeper on the short-range side of
the equilibrium position (where the strain is null) than the long-range side. Conse-
quently, the region of tensile residual stress makes the acoustic velocity lower than
the nominal value, and the region of compressive residual stress makes the acoustic
velocity higher. Acoustic velocity is proportional to the ratio of the elastic modulus
to the density. Thus, through measurement of acoustic velocity at each point of the
specimen and scanning through the entire specimen, it is possible to map out the
residual stress distribution. Typically, a contact acoustic transducer is used for
acoustic velocity measurement.

For quantitative analyses, the lowest order of the nonlinear terms in the elastic
modulus is used. As Figure 2 indicates, the strain energy curve is quadratic around
the equilibrium (the bottom of the well). Being the first-order spatial derivative of
the energy, the stress is proportional to the strain; hence, the elastic coefficient (the
stress divided by the strain) is a constant. When a residual stress shifts the strain
from the equilibrium, the strain energy curve is no more quadratic at that point.
Hence, the elastic coefficient E becomes a function of strain and can be expressed as
a polynomial expansion around the nominal value (E):

1

m(;(11)8(11—2) 4o (6)

1
E=Ey+ C(3)8+§C(4)€2 4o
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where C™ is the n"-order coefficient of the strain energy. (The exponent used
for C indicates the order of the strain energy. Since the elastic constant is the slope
of the strain energy, i.e., its differential, #» appears on the n — 1" term in this
expression. It appears on the n” term in the potential energy expression.) Under
this condition, the acoustic velocity can be expressed as follows:

Eq+ C®)
— % 7)

vﬂC

Here p is the density, and up to the third order of the higher-order terms in

Eq. (6) is considered. The coefficient C® is called the third-order elastic constant
(TOEC). When a residual stress causes the nonlinearity, the relative acoustic veloc-
ity can be expressed with the residual strain ¢,,, and the TOEC as follows:

0% — % . \/EO + C(3)€re: . \/1 i C(3)€V€S ~1+ EC(?))‘C;}"EX (8)
rel Z)%C EO EO - 2 EO

Here v% and v{" are the acoustic velocity in a residually stressed specimen and an
unstressed specimen of the same material, respectively. By measuring these veloci-
ties and knowing the value of the TOEC, we can evaluate the residual strain by

solving Eq. (8) for & as.

2FE
s = 200 085~ 1) ©)

Once ¢, is found, the corresponding residual stress can be evaluated with the
use of the nonlinear elastic modulus expression (6).

2.3 Contact acoustic transducer and scanning acoustic microscope (SAM)

A contact acoustic transducer and scanning acoustic microscope are typical
devices used for the acoustoelasticity measurement.

Figure 3a illustrates a typical contact acoustic transducer arrangement. The
transducer placed on the specimen surface through a coupling medium (typically
distilled water) sends a pulsed longitudinal or shear acoustic wave. The signal goes

(a) Contact acoustic transducer (b) SAM
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Transducer signal (V)
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b Y |
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Surface acoustic wave_ o/ ___ __________
i e e e e

Figure 3.
(a) Typical contact acoustic transducer arrangement. (b) Working principle of SAM.
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through the specimen, is reflected at the bottom surface, and returns to the trans-
ducer. The received signal shows two peaks as the insert in Figure 3a illustrates. The
first peak represents the input signal, and the second represents the returning
signal. From the time of flight, the acoustic velocity inside the specimen can be
evaluated for each polarization (longitudinal or shear polarization) of the acoustic
signal. Since the acoustic velocity is proportional to the square root of the elastic
constant for the given polarization, the elastic constant can be estimated.

Figure 3b illustrates a typical SAM setup. Details of its operation principle can
be found in a number of references [22, 23]. In short, it works as follows. The
acoustic lens sends the incident acoustic wave to the specimen at an angle higher
than the critical angle. Consider the two acoustic paths labeled #1 and #2 in the
figure. The former represents the acoustic wave incident to the specimen surface
and specularly reflected off the surface. The latter represents the acoustic reradia-
tion at the liquid—solid interface due to the surface acoustic wave generated by the
incident wave. These two acoustic waves interfere with each other. The acoustic
lens is then moved toward the specimen. As this happens, the voltage signal from
the transducer (not shown in the figure) placed on top of the lens undergoes a series
of crests and troughs (as the path difference goes through constructive and
destructive interference). This oscillatory voltage pattern is called the V(z) curve
[22]. The insert in Figure 3b is a sample V(z) curve. Since the frequency is fixed at
the acoustic source, the acoustic path length (the path length in the unit of the
wavelength) over AB depends on the phase velocity of the surface wave. Thus, the
interval of these peaks (Az) is related to the velocity of the surface acoustic wave
relative to the acoustic velocity in the coupling water as follows.

V, = V“’V =
Vi-(1-L-f)

where V is the surface acoustic wave velocity, V,, is the acoustic velocity in
water, and f is the acoustic frequency. The elastic modulus of the near-surface
region of the specimen can be characterized from V:

(10)

2.4 Electronic speckle pattern interferometry (ESPI)

Figure 4a illustrates a typical electronic speckle pattern interferometry (ESPI)
setup. A laser beam is split into two beams that constitute interferometric paths.
The two beams are expanded and recombined on the surface of the specimen
attached to the tensile machine. As superposition of coherent light beams, speckles

(a) (b)
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Figure 4.
(a) Typical ESPI setup. (a-1) Optical configuration. (a-2) Sample dark fringes. (a-3) Another sample dark
fringes. (b) Principle of operation.
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are formed in the image plane of a digital camera that captures images of the
specimen. When the specimen is deformed by the tensile machine, the optical path
length of one interferometric path increases and the other decreases. This changes
the phase of each of all the speckles formed by the respective interfering beams. The
digital camera takes images as the tensile machine keeps applying the load. The
image captured at a certain time step is subtracted from the one captured at a
different time step. The subtracted image exhibits an interferometric fringe pattern
because the speckles undergo the phase change corresponding to the time differ-
ence between the two time steps. In those regions on the specimen where the
speckles undergo a phase change corresponding to an integer multiple of 27, the
intensity of the interferometric images taken at the first and second time steps is the
same. Consequently, dark fringes are formed, as illustrated by the inserts in

Figure 4a-2, a-3.

In this arrangement the tensile machine applies a tensile load to the specimen so
that the interference fringe patterns can be formed at least in three time steps. The
applied load is kept as small as possible so that it does not relax the residual stress on
the specimen. Since each of the fringe patterns contains the contours of displace-
ment that the specimen undergoes in the duration between the first and second
images are captured, the physical information contained by the fringe pattern
represents the velocity. So, by subtracting two fringe patterns obtained by subtrac-
tion consecutively, the resultant frame contains acceleration of the points on the
specimen surface. With the algorithm described below, it is possible to diagnose the
status of residual stress through analysis of these frames containing the acceleration
information.

Figure 4b illustrates the principle of operation. Consider that a certain part of
the specimen has a compressive residual stress. As the top right part of this figure
illustrates, the situation can be modeled by a mass connected to a compressed
spring. If an external agent applies a tensile load (the load opposite to the compres-
sion), the mass returns to the equilibrium (represented by a dashed line in the
figure) with acceleration in the same direction as the applied load. If the residual
stress is tensile, the same external load displaces the mass away from the equilib-
rium. Hence, in this case, the acceleration of the mass is opposite to the applied load.
This mechanism can be summarized as follows. “If the residual stress and applied
load are of the same type (tensile or compression), the acceleration is opposite to
the applied load. Otherwise, the acceleration is in the same direction as the applied
load.” The situation is the same when the applied load is compressive, as illustrated
in the lower part of Figure 4b.

By applying this algorithm to diagnose the type of residual stress at a given point
and combining it with the abovementioned formation of fringe pattern
representing acceleration, it is possible to map out the type of residual stress on all
points of the specimen.

It is also possible to estimate the elastic modulus at all points. As mentioned
above, the fringe pattern resulting from subtraction of the interferometric image
taken at one time step from another time step represents the displacement occur-
ring in the time difference between the two time steps. By evaluating the displace-
ment at all coordinate points (e.g., via interpolation between dark fringes) and
dividing them by the pixel interval, it is possible to map out strain as a full-field
two-dimensional data. By assuming that all the points on the specimen are under
equilibrium when the tensile machine applies the load, the stress can be evaluated
by dividing the applied load by the cross-sectional area of the specimen. This
procedure yields a map of relative elastic modulus over the specimen. If the third-
order elastic constant of the material is known, the elastic modulus can be calibrated
by performing an acoustic velocity measurement at several points of the specimen.
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This yields a map of absolute elastic modulus, and from this data the residual strain
can be evaluated with Eq. (6).
Once the residual strain is found, the residual stress can be estimated as follows:

Oyes — <EO + C(3)€V€S> Eyes (11)

2.5 Finite element modeling (FEM)

Accurate numerical modeling of residual stress is extremely difficult. However,
finite element modeling is useful because it can provide us with some insight and
qualitative analysis when combined with experiment. This section discusses frame-
works of such modeling in conjunction with the TOEC algorithm. For simplicity,
the discussion here is limited to an isotropic case [24].

With the third-order term included, the constitutive relation can be expressed as
follows:

o1 ([Cu Cnn Ci3 Cu Cis Cie
02 Cau Cn Cypn Cu Cis Cx
03 Can C; G35 G G35 Cse
o4 - Ca Cap Cu3 Cys Cus Cye
os Csi Csp GCs3 Css Css Cse
06 (\Ce1 Csa Cez Ces Ces Ces 1)
ACyy ACp ACi3 ACy ACis ACk\ ) [ e
ACy ACy» ACys ACy ACy ACx €
AC3; ACs ACs; AC3 ACss ACs €3
’ ACy1 ACy ACs;3 ACu ACss ACus €4
ACs; ACs; ACs3 ACss ACss ACse €5
ACs1 ACe2 ACg ACes ACes ACss €6

Here the first term inside the bracket on the right-hand side is the second-order
elastic coefficient, and the second term is the third-order elastic coefficient. In the
case of an isotropic material, the third-order elastic coefficient can be expressed as

follows [25]:

ACq Cm1 Ciz2 Ciz O 0 0 €1
ACy; Ciz Cip Ci3 O 0 0 £
AC3; B Ciz Cipz3 Cip O 0 0 £3 (13)
A C41 0 0 0 C144 0 0 €4
A C51 0 0 0 0 C155 0 &5
A C61 0 0 0 0 0 Cl 55 €6
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(14)

(15)

(16)

(17)

(18)

The isotropic TOE tensor is described by three linearly independent elements
[24]. Choosing C123, C144, and Cyuse to be the three independent elements, we

can use the following relations for complete expression of the third-order

coefficient:

Ci12 = Ci3 +2C144

Cis5 = C144 + 2C4s56

C111 = C123 + 6C144 + 8Cyse

(19)
(20)
(21)
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By substituting Eqs. (19)-(21) into Egs. (13)-(18), we can find the third-order
effect for each stress tensor component.

To compare with acoustoelastic measurement, it is necessary to express the
effect of the inclusion of the third-order elastic coefficient in the corresponding
acoustic velocity. Assuming that the density is unaffected by the inclusion of the
third-order effect, the relative acoustic velocity can be expressed as follows:

’]
v;f> \/— =

Herei,j =1...6, and vl(j and v ) denote the acoustic velocity of the
corresponding mode with and Wlthout the third-order effect.

3. Experimental observations and numerical analysis
3.1 Carbon steel and cemented carbide dissimilar welding

As an example of dissimilar welding, we discuss here a previous analysis [26] on
butt-brazing of a carbon steel (skh51) and cemented carbide (V30). Figure 5a
illustrates the arrangement of the brazing. An skh51 plate of 18.5 mm wide, 50 mm
long, and 3.37 mm thick was placed on a mount with the 18.5 mm side contacting a
V30 plate of the same dimension. For approximately 30 mm in length around the
contacting area, an induction coil was arranged to heat the specimen for brazing. On
brazing, Ag braze paste (Ag-Cu-Zn-Ni alloy, ISO Ag450) was put on the contact
surface, and a braze temperature of 800°C was applied for 10 s. After this 10 s
period, the brazed specimen was air-cooled. The noncontacting 18.5 mm sides of the
respective plates were clamped to the steel blocks as shown in Figure 5a. The two
steel blocks were connected via slide guides for free vertical slide. This means that
the only constrain on the plates during the brazing operation was gravity. Table 1
shows the material constants of skh51 and V30.

A contact acoustic transducer and a scanning acoustic microscope (SAM) were
used for the analysis. The acoustic signal from the contact acoustic transducer
travels through the entire thickness of the specimen. Thus, the measured acoustic
velocity indicates the elastic property averaged over the specimen thickness. On the

(a)

(b)

Slide guide

Steel (SKH) plate ) )
Induction coil

Ag alloy paste

-45-40-35-30-25-20-15-10 -5 5 10 15 20 25 30 35 40 45
(mm)

Figure 5.
(a) Setup for skh-cc welding (brazging). (b) Butt-brazed specimen and coovdinate points for acoustic measurements.
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Material Steel (skh51) Cemented carbide (V30)
Elastic modulus (GPa) 219 580
Thermal expansion (107 K1) 11.9 5.3
Thermal conductivity (W m ~* K™1) 23.0 67.0
Table 1.

Material constants of the brazed plates.

skh (x<0), cc (x>0), acoustic velocity relative to nominal value
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Figure 6.

Acoustic velocities relative to nominal value. (a) Line a, (b) line b, and (c) line c.

other hand, the acoustic signal emitted from the transducer head of the SAM is
focused in a subsurface area of the specimen. Therefore, it detects the elastic
property of the subsurface region. Hence, through a comparison of data from the
contact acoustic transducer and the SAM, we can obtain information regarding the
depth of the residual stress.

Figure 5b shows the butt-brazed specimen and the coordinate points where the
acoustic measurements were conducted. The shear wave and longitudinal wave veloci-
ties were measured with contact acoustic transducers (Olympus V156-RM and M110-
RM, respectively), driven commonly by a square wave pulser/receiver (Model 5077PR).
The surface acoustic wave velocity was measured with a SAM (Olympus UH3) with 200
and 400 MHz transducer heads in the burst mode for V(z) curve analysis [22, 23].

3.2 Transverse residual stress profile

Figure 6 plots the acoustic velocities relative to the nominal values (measured
before the brazing). Here the three graphs are for reference line a, line b, and line ¢
(Iabeled in Figure 5b) from top to bottom. The following observations can be made.

3.2.1 Observation 1

The longitudinal wave (z-wave) velocity shows the following features. On the
V30 side, it is lower than the nominal value for the entire horizontal span

11
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(0 <x <50 mm). On the skh51 side, the velocity is clearly higher than the nominal
value in the near-joint region (—20 <x < 0 mm) and slightly lower than the nominal
value toward the cold end (x < — 20 mm). These features can be translated into the
following characteristics in the residual stress in the z-direction. The V30 side
experiences tensile stress uniformly over the entire horizontal span. The skh51 side
experiences compressive residual stress near the joint and very slight tensile stress
for the rest of the horizontal span. Along reference line a, the situation toward the
cold end on the skh51 side is slightly different. The material experiences clearer
tensile residual stress.

3.2.2 Observation 2

The shear wave velocities (commonly for the x- and y-waves) show the follow-
ing features. On the V30 side, the velocity is slightly higher than the nominal value
for the entire horizontal span. On the skh51 side, the velocities are clearly higher
than the nominal values in the near-joint region (—20 <x <0 mm) and approxi-
mately the same as the nominal value for the rest of the region. These features
indicate the following characteristics in the in-plane residual stresses. The V30 side
experiences slight compressive residual stress uniformly over the horizontal span.
On the skh51 side, the near-joint region experiences compressive residual stress. In
the region toward the cold end, the material experiences tensile residual stress at a
low level around reference lines b and c. Around reference line a, the residual stress
in the x-direction is considerably compressive.

The above observations indicate the following overall residual stresses. On the
V30 side, the residual stress is tensile along the thickness and slightly compressive
along the surface plane. In both cases, the residual stress is uniformly distributed
over the entire horizontal span. On the skh51 side, the residual stress is concentrated
in the near-joint region where the residual stress is compressive in all directions.
Toward the cold end, the residual stress is slightly tensile in all directions around
reference lines b and c. Near reference line a, the residual stress is more tensile in
the z-direction and compressive in the x-direction.

Possible explanations of these features found in the residual stresses are as follows:

1. The more uniform feature observed on the V30 side is due to the higher
thermal conductivity (Table 1). The heat input from the joint flows relatively
easily to the cold end on the V30 side. Consequently, the thermal effect is
uniform on this size. Contrastively, due to the poor thermal conductivity, the
heat input is confined in the near-joint region —20 <x < 0 mm (called the heat-
affected zone, HAZ) on the skh51 side.

2.The compressive residual stress in the HAZ of skh51 (—20 <x < 0 mm) results
from the following effects. In the heating phase, the HAZ experiences body-
centered cubic (bcc) to face-centered cubic (fcc) phase transformation. This
process is accompanied by an increase in the density. Consequently, the
thermal expansion of the HAZ is smaller as compared with the non-heat-
affected zone (the non-HAZ) in the —50 <x < — 20 mm region. In the cooling
phase, the HAZ of skh51 experiences fcc to bec phase transformation.
Consequently, it undergoes relatively smaller shrinkage.

3.The above phenomena affect the HAZ of the skh51side differently along the
x-axis than the y- and z-axes. Along the x-axis, the following events take place.
In the heating phase, the HAZ is compressed by the non-HAZ of the skh51 side
and the V30 side. The non-HAZ undergoes larger thermal expansion because
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Figure 7.

Deformation induced by thermal load due to brazing and other constraints. Inward arrows represent
compressive residual stress and outward arrows tensile vesidual stress. Sizes of arrows represent the magnitude of
vesidual stress.

the phase transformation does not take place. The V30 side experiences
uniform thermal expansion with the cool end constrained by the table of the
welding setup. The gravity acts in favor of this compression experienced by
the HAZ. The greater elastic modulus of V30 also helps this compressing
mechanism. In the cooling phase, the HAZ of skh51 shrinks less than the other
regions (the non-HAZ of skh51 and the V30 side). This makes the HAZ of
skh51 tend to be stretched by the other regions. However, this time the
stretching force is against the gravity. Consequently, the compressive stress
formed in the heating phase remains in the HAZ on the skh51 side.

4.The events along the y- and z-axes are slightly different. At the boundary (the
joint), the higher thermal conductivity makes the expansion (in the heating
phase) and shrinkage (in the cooling phase) faster on the V30 side than the
skh51 side. Consequently, when the skh51 side is still shrinking, the V30 side
has already completed the shrinkage, preventing the skh51 side from further
shrinkage. Consequently, the skh51 side is compressed along the y- and z-axes
at the boundary.

5.The residual stress on the V30 side results from the above events. As the reaction
to the compressive stress on the skh51 in the cooling phase, the V30 side
experiences tensile stress in the y and z-directions at the boundary. Between
these two directions, the material is less constrained in the z-direction due to the
shorter span of the joint. Along the x-axis, the V30 side is constrained by the
skh51 at the joint and by the table at the cool end. Consequently, it is likely that
the tensile deformation occurs preferably in the z-direction. By Poisson’s effect,
the material on the V30 side undergoes compressive deformation in the x and y-
directions. This explains the observation of relative acoustic velocity greater
than unity in these directions on the V30 side.

6.The different behavior observed on the skh51 side along reference line a from
reference lines b and c is due to the involvement of rotational displacement at
the boundary. When the V30 side exerts compressive force in the x-direction
on the skh51 side at the joint, the force induces counterclockwise rotation
around the z-axis (in Figure 5b). This causes the compressive stress on the
reference line a side of the specimen.

Figure 7 illustrates this observation schematically with some exaggeration.

4. Depth of residual stress

Another important factor in residual stress analysis in general is the information
regarding the depth of residual stresses. The capability to detect the depth of
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residual stresses is important not only to identify the depth of a given residual stress
accurately but also to prevent the possibility to overlook residual stresses. The X-ray
diffractometry (XRD) is one of the most developed methods of residual stress
analysis. However, the XRD is applicable to the identification of residual stresses
within the penetration depth of the X-ray, which is typically a few hundreds of ym
from the surface.

One way to evaluate the depth of residual stresses is to apply a contact acoustic
transducer and SAM to the same specimen. In the experiment discussed here [27],
the following configurations are used for the acoustic devices: (i) the SAM
(Olympus UH3) with a 400 MHz transducer head and a spherical lens (310 ym
focal length); (ii) the SAM with a 200 MHz transducer head and the same spherical
lens as (ii); (iii) the SAM with a 200 MHz transducer head and a cylindrical lens of
the same focal length (310 ym) as the spherical lens; (iv) the contact acoustic
transducer with a longitudinal wave sensor head (M110-RM); and (iv) the contact
acoustic transducer with a shear wave sensor head (V156-RM). These configura-
tions work differently as follows. The SAM generates a Rayleigh wave [28] on the
surface of the specimen [23]. The Rayleigh wave is mostly out of plane (normal to
the specimen surface) but contains in-plane components (the component whose
acoustic oscillation is parallel to the surface). When the incident acoustic wave is
focused with a spherical lens, a surface acoustic wave is generated in random
directions parallel to the specimen surface. Consequently, the in-plane components
are averaged out, and the resultant (superposed) acoustic oscillation is out of plane.
So, signals with configurations (i), (ii), and (iv) are sensitive to the elastic modulus
in the z-direction. When the same incident wave from the SAM is line-focused with
a cylindrical lens, on the other hand, the in-plane components whose acoustic
oscillation is perpendicular to the axis of the cylindrical lens are not averaged out.
Thus, the resultant acoustic wave is sensitive to the elastic modulus in the direction
perpendicular to the lens’s axis. So, signals with configurations (ii) and (v) are
sensitive to the elastic modulus in the x or y direction (depending on the orientation
of the cylindrical lens and the shear wave sensor head).

Figure 8 compares the measurement conducted with configurations (i) SAM
400 MHz spherical lens, (ii) SAM 200 MHz spherical lens, and (iv) contact acoustic
transducer with the longitudinal wave mode. The 400 MHz SAM and 200 MHz
SAM used the same acoustic spherical lens (310 ym focal length). Hence, the angle
of incidence of the acoustic wave to the specimen surface was the same. The
penetration depth of the acoustic wave is of the order of the acoustic wave length,
i.e., approximately 15 ym for skh51 and 17 ym for V30. The longitudinal bulk
acoustic wave from the contact transducer passes through the specimen and reflects
off the rear surface. Therefore, the acoustic velocity data represents the elastic
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Figure 8.
Comparison of acoustic velocity data obtained with (a) SAM with 400 MHz head, (b) SAM with 200 MHz
head, and (c) contact acoustic transducer.
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modulus averaged over the entire thickness. The acoustic velocity data with

400 MHz SAM shows much greater deviation in the acoustic velocity from the
nominal value than the 200 MHz SAM or the contact transducer. On the other
hand, the data with (ii) the 200 MHz SAM and (iv) the contact transducer with the
longitudinal mode are similar to each other. Figure 9 shows the similarity between
(ii) and (iv) more clearly by expressing the signal and the relative velocity to the
nominal value. These indicate that the residual stress in this specimen is localized
within approximately 20 ym from the surface.

While the longitudinal wave data taken with the contact acoustic transducer is
similar to the SAM data with 200 MHz, the shear wave data obtained with (v) the
contact acoustic transducer shows considerable difference from the data taken with
(iii) the 200 MHz SAM with the cylindrical lens of the same focal length (310 ym
focal length) as the spherical lens. Figure 10 compares the data between the contact
acoustic transducer and SAM for the oscillation direction of x and y, respectively.
In both directions, the signal from the SAM shows considerable difference from the
bulk shear wave from the contact acoustic transducer on the V30 side, while no
difference is seen on the skh51 side. This indicates that on the V30 side, the material
undergoes significant in-plane tensile deformation at the region twice as deep as
the out-of-plane expansion (the wavelength at 200 MHz is twice of that at
400 MHz).

Comparison was also made between the optical interferometric data and acous-
tic data. Figure 11 compares the acceleration map obtained by the ESPI and relative
acoustic velocity (shear wave with oscillation along x). Qualitative agreement is
seen indicating the consistency between the stress evaluation based on the acceler-
ation algorithm and the acoustoelasticity.
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Comparison of SAM with 200 MHz head data and contact acoustic transducer.
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Comparison of shear wave velocity obtained with contact acoustic transducer and SAM with 200 MHz shear
mode transducer head.
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Figure 11.
Comparison of ESPI acceleration (x) and acoustic velocity (x). (a) ESPI, and (b) Acoustic transducer x.

4.1 Bead-on-plate welding on Al 5083

A similar analysis was made for an aluminum alloy specimen [29]. The specimen
used in this experiment was a bead-on-plate aluminum alloy 5083 [30] processed by
gas tungsten arc (TIG) welding. Figure 12 shows a photo of the specimen and the
steel block used to place the specimen for welding. Table 2 lists the welding
condition. The specimen plate was placed on a steel block that held one end of the
specimen without imposing any other constraint. The TIG welding torch applied

(a) _ (b)

Figure 12.
(a) Al 5083 bead-on-plate specimen. Acoustic measurements were made along line a-c. (b) Specimen placed
on steel block for welding.
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Welding speed Welding current Welding voltage Shielding gas Cooling
5.0 mm/s 100 A 200V Ar (10 I/min) Ambient air
Table 2.

Bead-on-plate welding condition.

the heat on the top surface of the specimen from the bottom end (the side close to
reference line a in Figure 12) toward the top end (the side close to line c). During
the heating process and the postheating phase, the specimen was air-cooled.

5. Acoustic, optical, and XRD measurements

For the Al 5083 specimen, the same type of acoustic and optical measurement as
the skh51-V30 dissimilar weld specimen was made. The same contact acoustic
transducer was used at the same coordinate points for the acoustic wave velocity
measurement, and the same ESPI setup was used for the acceleration measurement.
In addition, XRD analysis based on the 20- sin *¥ plot and FEM analysis were
conducted. The FEM model simulated the TIG welding by a Gaussian profiled heat
input (1.2 cm full width at half maximum) moving at the speed of the welding torch
with an electric power of 20 kW and a coupling coefficient to the specimen of 0.9%.
The cooling phase (500 s) was simulated with natural convection at all the surfaces.
The deformation was made permanent when the strain exceeded a preset yield
strain. More about this modeling can be found in [29]. Figure 13 compares the
results from the above four types of analyses. The data is presented in the form of
two-dimensional mapping where the vertical axis represents a physical quantity
associated with the residual stress in the x-direction. The ESPI analysis presents the
acceleration in the x-direction, the XRD and FEM analyses present x-component of
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Comparison of ESPI, XRD, FEM, and acoustic results.
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the residual stress, and the acoustic result presents the relative acoustic velocity
(normalized to the nominal velocity) of the x-shear wave.

Although details are different, the results from all the four analyses show quali-
tative agreement in the following sense. (1) All data show the general tendency that
the central (near weld) region tends to have tensile residual stresses and the
boundary between the central and outside regions has more compressive residual
stresses. (2) Along the weld line, all data indicate that the end point of welding has
higher tensile stress than the start point of welding. These observations are consis-
tent with the following widely accepted explanation. When the welding torch heats
the work, the region near the weld (the central region) is thermally expanded
pushing the sides of the weld line toward the ends of the specimen (sideways). The
outside regions are cooler than the central region. Consequently, the outside regions
experience less thermal expansion and constrain the thermal expansion of the
central region. This causes a compressive residual stress at the boundary between
the central and outside regions.

In the cooling phase, the higher heat dissipation on the bottom surface locks the
abovementioned stress pattern on the top surface. As the temperature of the central
region goes down, the material in this region tries to shrink. However, the region
behind this central region (the region closer to the bottom surface) is relatively
cooler from the beginning and, therefore, does not shrink as much as the top
surface. This prevents the central region near the top surface from shrinking back to
the initial length. In other words, it locks tensile residual stress near the top surface.

5.1 Effect of heat dissipation

According to the above arguments, the tensile residual stress of the central
region is determined by the differential rate of heat dissipation between the top and
bottom surface. It is possible that increases in heat dissipation from the bottom
surface (the non-welded side) can reduce this tensile stress (because it takes the
heat near the top surface more aggressively). A numerical study was made to test
this scenario, and the result is presented in Figure 14. Figure 14a is the case when
the same convection rate is used for the top and bottom surfaces. Figure 14b is the
case when the convection on the bottom surface is increased by a factor of two. It is
seen that when the heat dissipation from the bottom surface is higher, the tendency
is that the central region along the weld line is reduced. This observation confirms
that in the abovementioned scenario, the heat dissipation from the bottom surface

(a) o, one convection, compressive damage (b) o, two convection, compressive damage
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Figure 14.
Effect of heat dissipation vates. (a) The same convection is used for top and bottom surfaces; (b) convection is
doubled for bottom surface.
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causes the tensile residual stress on the top surface in the following sense. If the heat
dissipation from the bottom surface is higher, the temperature gradient along the
thickness of the specimen is lower in the cooling phase. This reduces the above-
argued locking mechanism.

The case when the bottom surface has higher heat dissipation rate appears to be
closer to the experimental result with ESPI shown in Figure 13. This is not surpris-
ing because the specimen was placed on a steel block (Figure 12) that behaved as a
heat sink through the bottom surface. Contrastively, the top surface was exposed to
air. It is reasonable to assume that the steel block was a greater heat sink than the
ambient air.

5.2 Effect of permanent strain setting

The present FEM simulates the residual stress by making the strain exceed the
yield strain permanent. As discussed above, during the heating and cooling phases,
both tensile and compressive residual stresses are created. This indicates that both
tensile and compressive permanent strain can create residual stress, and it is a good
question which type has greater contribution to the creation of residual stress. A
numerical study was conducted to investigate this effect.

Figure 15 shows the x-component of residual stress on the top surface. Here the
x-axis is the axis parallel to the top surface and perpendicular to the weld line.
Figure 15a—c shows the results from the three different conditions regarding the
permanent deformation setting. (a) is the case when only the compressive yield
strain is used for the permanent deformation setting, (b) is the case when both of
the compressive and tensile yield strains are used, and (c) is the case when the
tensile yield strain only is used. The heat dissipation setting for these cases is that
the bottom surface has twice as high convection than the top surface. Figure 15a, b
shows practically no difference. On the other hand, (c) is different from (a) and
(b). These altogether indicate that the effect of compressive permanent deforma-
tion plays a more important role than the effect of tensile permanent deformation in
the formation of residual stresses.

5.3 Effect of TOEC

Acoustoelastic method relies on the nonlinear elasticity (the third-order elastic
constant). It is interesting to compare the acoustic velocity measured for all three

] tensil
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Figure 15.
Effect of permanent deformation setting. (a) Compressive yield strain only, (b) compressive and tensile yield
strain, and (c) tensile yield strain only is considered.
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Effect of TOEC based on the comparison of experimental relative acoustic velocity data. (E1)-(E3):
Experimental velative velocity in x, y, and z-dirvections. (N1)—(N3): Numerical data corresponding to
(E1)-(E3).

directions with numerical analysis conducted with the finite element model
discussed above.

The top rows of Figure 16 are the relative acoustic velocity (acoustic velocities
normalized to the nominal value) measured with the contact acoustic transducer.
The bottom graphs are numerical data corresponding to the three relative acoustic
velocities, evaluated with the use of Eq. (22). For all three directions, the experi-
mental and numerical results show qualitative agreement in the overall shape of the
graphs. More importantly, Figure 16 shows that the experimental and numerical
changes in the acoustic velocity are in the same range, i.e., compressive/tensile
residual stresses increase/decrease the acoustic velocity approximately by 1-2%.

It should be noted that the root-mean-square error in the experimental acoustic
velocity measured on a specimen with no residual stress is less than 0.05%.

The above agreement opens up a new way to use the conventional acoustoelastic
technique. The general procedure is as follows. It is assumed that the second-order
and third-order elastic coefficients (c;;, ¢, etc.) are known:

Step 1: Measure the change in the acoustic velocity for all degrees of freedom,
i.e., the longitudinal wave along the x (y,2) axis and the shear wave along the xy
(yz,2x) surface.

Step 2: Use Eq. (22) backward to compute AC;;.

Step 3: Use Eq. (13), etc. to find the strain vector.

Step 4: Use Eq. (11) to find the residual stress.

This procedure has not been tested yet but is a subject of our future study.

6. Summary

Applications of multiple methods to residual stress analyses are discussed.
The idea behind the use of multiple methods is to compensate drawbacks of each
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method. Previous experimental and numerical studies on welding-induced residual
stresses are presented and discussed. These previous results show consistency
among the different methods used. Further research is definitely necessary to con-
firm more quantitative agreement in the results obtained by the different methods.
Some procedural proposals are presented as subjects of future research. It is our

hope that the content of this article is helpful to engineers and researchers of the
related fields.
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