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Residual stresses which arise from thermal expansion and contraction due to welding may
have contributed to the brittle fracture exhibited by welded steel beam-to-column
connections during the Northridge Earthquake. These residual stresses have a strong
influence on crack initiation and crack propagation in the vicinity of stress concentrations
(i.e., unfused backup bar in welded steel beam-to-column connections) and account for
changes in the driving force for fracture. They affect material toughness by changing the
constraint condition under which fracture occurs. Currently, all methods of dealing with
residual stresses are hampered by the lack of a consistent means of measuring the
magnitudes and distribution of these stresses. This paper describes a new acoustic
microscopy technique that allows the mapping of residual stresses in welded connections
with high spatial resolution. The technique is based on the sensitivity of polarized acoustic
modes to local elastic anisotropy induced by stress. The technique furthermore allows the
mapping of residual stresses in a “tomographic” way by changing the frequencies of the
acoustic waves. The results reveal that the magnitude of the residual stresses is influenced
by the local microstructure of the steel and the weld metal. Ductile microstructures within
the weld and the heat affected zone release residual stresses by yielding, whereas brittle
microstructures retain residual stresses. C© 1999 Kluwer Academic Publishers

1. Introduction
Residual, or internal, stresses which arise from ther-
mal expansion and contraction due to welding are
a major problem in materials technology particularly
in welded connections and may have contributed to
the brittle fracture exhibited by welded steel beam-to-
column connections during the Northridge Earthquake.

Accounting for the residual stresses is necessary for
accurate assessment of the load at which brittle frac-
ture occurs. Besides considering residual stresses as
secondary stresses their effect on constraint conditions
must also be considered. Constraint has been shown to
produce a large effect on the fracture toughness of mild
steels [1, 2]. Furthermore, the crack initiation and crack
propagation of weld defects is strongly influenced by
the residual stresses in the weld and the heat affected
zone. An unstable fracture can develop even from small
cracks that would normally be stable if residual stresses
were not present. Currently, however, the development
of methods to deal with residual stresses is hampered
by the lack of a consistent means of measuring the mag-
nitudes and distributions of residual stresses.

The methods available for the measurement of resid-
ual stresses may be categorized as destructive or non-

destructive. The destructive methods involve the re-
moval of part of the specimen, by cutting, drilling, as in
the sectioning, slotting, hole-drilling and Sachs boring
techniques [3–6]. The residual stresses are then calcu-
lated from the changes in strain that are observed as the
stressed components relax as material is removed. Non-
destructive methods involve X-ray diffraction, neutron
diffraction and acoustic microscopy. The X-ray diffrac-
tion method is now well established [7]. In this tech-
nique strain is determined directly from measurements
of atomic lattice spacing. The technique is essentially
limited, however, to surface measurements as X-rays
are strongly absorbed by most engineering materials.
The neutron diffraction method is a relatively new tech-
nique which, in principle, is similar to the X-ray method
[8, 9]. It differs in that neutrons usually penetrate sev-
eral centimeters into most engineering materials and
hence may be used for the non-destructive measure-
ment of internal as well as surface stresses. However,
the technique is only available at laboratories with high
flux nuclear reactors or accelerator-induced neutron
sources.

Attempts have been made to measure residual
stresses ultrasonically by exploiting the third order
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changes in elastic constants which accompany changes
in residual stresses. These approaches employ mea-
surements of the phase velocities of elastic waves
[10–12]. However, these velocities vary only weakly
with changes in elastic constants, so that, except for
idealized laboratory setups, this approach to measure
residual stresses has had only limited success. In this pa-
per other characteristics of ultrasonic waves, which are
more sensitive to changes in elastic constants than phase
velocity, and which can be detected using an acoustic
microscope have been employed to measure residual
stresses in welded steel beam-to-column connections.

The acoustic microscopy technique we employed in
measuring residual stresses in welded steel beam-to-
column joints is called the Scanning Acoustic Imag-
ing of Stress (SAIS) [13]. SAIS utilizes shear acoustic
waves and leaky waves to obtain stress distributions
in welded sections. Residual stresses in a material af-
fect wave polarization and phase in an isotropic elas-
tic medium. This gives rise to interference between
waves that, in the absence of stress, would remain in
phase. The resulting patterns of interference between
these waves reveal the underlying patterns of stress.
The acoustic microscopy technique enables us to map
the residual stresses with high spatial resolution. Fur-
thermore, it promises to provide the through thickness
information to help in the “tomographic” reconstruc-
tion of internal stress fields.

2. Description of the scanning acoustic
imaging of stress (SAIS) technique

Scanning Acoustic Imaging of Stress is based on the
sensitivity of polarized acoustic modes to local elastic
anisotropy induced by stress. In samples subjected to
load the amplitude of polarized waves varies with the
applied stress. The technique can be successfully ap-
plied in isotropic elastic homogeneous samples which
are large in comparison with the wave length.

The acoustic images show the significant patterns
caused by the differences of the amplitude values in
the stressed and stress free area. The presence of in-
ternal stresses in the interior of isotropic, solid mate-
rials might be understood, in analogy to optics, as a
temporary or artificial birefringence. This effect nor-
mally persists while the loads are maintained but van-
ishes when the stress is removed. This phenomenon
is known as temporary or artificial double refraction
and was first observed in optically transparent materi-
als. The corresponding effect in acoustics is known as
acoustic birefringence or trirefringence and is observed
in anisotropic single crystals as well as in isotropic ma-
terials subjected to stress. In acoustic birefringence the
acoustic shear wave splits into two components which
travel through the stressed material with different veloc-
ities and polarizations along the principal stress axes.
Since, the first observations of acoustic birefringence
by Benson and Raelson in 1956 [14], the effects of
stress on velocity have been extensively studied as a
means of measuring the residual stress. The polariza-
tion realignment along the principal stress axes and the

resulting interference of the ultrasonic waves has only
recently been applied to quantitative stress evaluation.
A general theory has been developed which suggests
that the resultant wave amplitudes at water-solid or air-
solid interfaces can be used for quantitative measure-
ments of stress distribution and magnitude [15]. The
theoretically predicted amplitudes can be compared to
the intensities of the acoustic images of stress in test
materials.

In acoustic microscopy, every shear mode created by
mode conversion of a longitudinal refracted wave at the
water-solid interface is polarized. Following the anal-
ogy to optics, one can expect that in the stressed areas
the polarized shear mode will experience birefringence.
The shear wave will split into two orthogonal polarized
components propagating with different speeds inside
the stressed volume of the normally isotropic material.
The waves received from the stressed area will show
a decrease or increase of intensity compared to the in-
tensity of the arrivals from the isotropic stress free vol-
ume depending on the direction of the acting principal
stresses. This occurs because the solid/water interface
acts like an optical analyzer which allows only certain
polarizations to return back to the receiver through the
layer of water.

When the propagation direction coincides with one of
the principal axes of stress the magnitude of the acous-
tical birefringence is proportional to the difference be-
tween secondary principal stresses. In the case of quasi-
longitudinal waves the differences between the velocity
in the unstressed and the stressed material is propor-
tional to the sum of the secondary principal stresses.

Mode conversion takes place at the solid/liquid inter-
face when two orthogonal polarized components of the
shear waves convert to longitudinally polarized com-
pressional waves, or when two orthogonal polarized
shear and longitudinal components are converted into a
longitudinal wave in water. The stress pattern depends
upon the choice of the mode taken for the imaging and
on the interference between the different arrivals with
similar travel times. If one can image the plane samples
using the polarized shear wave propagating perpendic-
ular to the direction of the acting principal stresses,
the intensity of the image resolves the distribution of
the maximum shear stresses in the sample (the differ-
ence of the principal stresses). Imaging with longitudi-
nal arrivals results in a stress pattern which resembles
the distribution of the sums of the principal stresses.
Imaging with the surface wave propagation along the
surface of the sample will present the sum of the prin-
cipal stresses perpendicular and parallel to the surface
but perpendicular to the direction of propagation of the
surface acoustic wave. The technique requires identifi-
cation of the polarized pulses and their times of arrival
in order to adjust the acoustic microscope time gate
width and height. The technique properly used shows
an instantaneous stress distribution pattern of the mate-
rial tested. The limitations of the acoustic microscope
technique are the requirement of flat, parallel surfaces
of the sample, immersion in water or some other low
viscosity liquid and a reasonably smooth surface of the
sample (this becomes critical at very high frequencies).
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Figure 1 The SAIS technique (a) utilizing the generation of quasi-shear waves, (b–e) utilizing the generation of leaky waves.

3. Measurements of residual stresses in
welded steel beam-to-column connections

Stress-induced anisotropy affects wave polarization
and phase in an isotropic elastic medium. This gives
rise to interference between waves that, in the absence
of stress, would remain in phase. The resulting pat-
terns of interference between these waves reveal the
underlying patterns of stress. The acoustic microscopy
technique enables us to map the residual stresses with
high spatial resolution.

For the residual stress measurements of welded con-
nections, we used two types of stress mapping tech-
niques. The residual stresses were measured by the
SAIS technique utilizing (1) shear acoustic waves
(Fig. 1a) and (2) leaky waves (Fig. 1b–e).

(1) The SAIS in the shear acoustic mode carries in-
formation on the value and distribution of shear stresses
within the weld, heat affected zone and parent metal av-
eraged over the sample thickness. It makes use of the

shear acoustic wave travelling back and forth across
the steel specimen in an out-of-focus mode. In the ab-
sence of stress, the resultant shear waves would be po-
larized normal to their directions of propagation, in the
vertical plane containing these direction shear-vertical
(SV) waves. Stress, however, splits an SV wave into
two “quasi-shear” waves, with their own wave speeds,
and polarizations normal to each other and almost nor-
mal to their directions of propagation [15]. Each pro-
duces two reflected quasi-shear waves. The technique
is illustrated in Fig. 1a. The longitudinal angular arrival
through water (marked L) generates in the stressed solid
two quasi-shear waves travelling with different speeds.
The longitudinal reflected and refracted waves are not
shown. The two shear modes S1 and S2, after reflec-
tion in the sample, create four reflected shear waves
which interfere at the sample surface. The result of this
interference will convert into a longitudinal wave in
liquid and will be seen on the screen of the scope or
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computer as an acoustic pulse. An acoustic microscope
gate placed at this pulse will receive the combined am-
plitude of the four shear waves, which depends upon
the orientation and distribution of the shear stresses av-
eraged over the sample thickness.

Allowance for two quasi-shear waves has been made
in some applications [15, 16], but the effects of multi-
plication of shear arrivals with each reflection have not
been considered. The vertical component of motion in
any one of the waves couples with the fluid on return
to the front face, to produce its own longitudinal wave,
transmitted back to the transducer. These longitudinal
waves return with phase differences that depend on the
stress in the region sampled by the shear waves. The
interference pattern that results provides a map of that
stress.

(2) The SAIS in the leaky mode carries information
on the values and distribution of residual stresses per-
pendicular and parallel to the sample surface (but per-
pendicular to the direction of propagation of the surface
acoustic wave). The microscope if used out of focus,
generates “leaky waves” propagating along the solid-
fluid interface, and receives the radiation produced by
them. Fig. 1b–e illustrates the leaky wave created by
defocused spherical transducer. Different wavelengths
produce different amounts of penetration and permit
control over the depth of material that is sampled.
Hence, the technique can be used as a type of tomog-
raphy. Different wavelengths sample different depths;
very short waves will show no effect becauseσ3=0 at
the surface. The wave travels at the interface between
water and sample (b). For isotropic elastic material, the
image created by the surface leaky wave will be ho-
mogeneous. The characteristic asymptotic leakage an-
gle [17] is the direction of the main energy flow. The
polarization plane of the wave is perpendicular to the
Poynting vector (the vector of main energy flow) and
is shown (c) as an ellipse of the particle displacement.
Hypothetically it can be predicted that the stressesσ1
andσ2 acting along the surface will cause direction-
sensitive reorientation of the original polarization (d)
so long asσ1 6= σ2, and corresponding interference of
signals received at the spherical lens. The postulated
reorientation of the polarization plane whenσ3 has a
gradient large enough for its influence to dominate, is
shown in Fig. 1e. The darkest areas of the image will
represent in this case the areas of highest stress.

We mapped residual stresses by the SAIS technique
in a specimen cut from a welded connection that failed
in a brittle manner and investigated if residual stresses
are retained in the weld metal. The top surface of the
sample was ground flat. The size of the specimen was
7 cm by 7 cm with a thickness of 3 cm. To map resid-
ual stresses in welded joint we used a low frequency
SAM with a 1–150 MHz range. The low frequency
(longer wavelength) employed for residual stress mea-
surements ensures that the specimen appears as a ho-
mogeneous sample without “seeing” the microstruc-
tural features present within the specimen. The average
wave length used for the residual stress measurements
was approximately 1/5 to 1/10 of the sample thickness.
The wavelength must be long enough in order not to see

the microstructural features yet short enough to propa-
gate inside the sample. We used the 2–15 MHz range.
The welded steel specimens were placed in a water
tank, and the acoustic scanning system was adjusted to
move parallel to the surface of the sample. The shear
mode and the leaky mode was excited and detected by
a spherical acoustic microscope lens defocused below
the surface of the sample.

Through thickness information associated with a
“tomographic” reconstruction of the internal residual
stress fields was obtained by using leaky waves of dif-
ferent frequencies. Different frequencies produce dif-
ferent amount of penetration and hence permit con-
trol over the depth of material that is being sampled.
To complete accurate “tomographic” reconstruction of
residual stress fields, the distribution of stress at the
surface is needed. Surface leaky waves that propagate
at the interface between the material and water contain
information on the inplane surface stresses. The surface
leaky wave converts into a compressional wave in wa-
ter at the water-solid interface. The difference in the re-
ceived wave amplitude depends locally on stresses. The
specimen was probed by leaky waves using a frequency
of 15 MHz. 15 MHz results in short waves which only
reveal stresses within the surface layer and no stresses
in the thickness direction, because at the surfaceσ3=0.
The outline of the weld is revealed as shown in Fig. 2a.
There is a difference in intensities between the weld
and the parent metal, indicating variations in resid-
ual stresses. The brighter weld region compared to the
darker parent metal region indicates residual stresses
within the surface layer of the weld. In-plane stresses
are caused by constraint shrinkage of the weld in the
transverse and thickness directions. Using a frequency
to 2 MHz (7.5 times longer surface wave) results in
a penetration depth of 2.5 mm over which the resid-
ual stresses are measured. If stresses perpendicular to
the surface are dominant compared to in-plane stresses,
darker regions will show up in the stress pattern. The
stresses perpendicular to the surface are only domi-
nant in the vicinity of the weld root (i.e., darker re-
gion) (Fig. 2b). In all other regions of the weld, the
in-plane stresses were dominant over the depth of the
material sampled. Stresses throughout the bulk of
the weld is confirmed in Fig. 3, which were obtained by
transmission and reflection through the thickness of the
specimen of the longitudinal wave generated in out-of-
focus mode. At 15 MHz, the acoustic wave penetrates
the whole thickness of the specimens under investiga-
tion. Various magnitudes of residual stresses were ob-
tained within the weld region. Dark areas correspond
to the highest residual stresses, light areas indicate
lower residual stresses. The weld metal in the beam-
to-column connections is deposited in multiple paths,
therefore, the microstructure (and hence the properties)
of the early runs are completely altered by the heat
from subsequent weld passes [18]. The multiple pass
welding process leads to a variation in microstructures
and properties ranging from brittle to ductile within
the weld. The variations in residual stresses within the
weld reveal a correlation between the microstructures
present in the weld region and the residual stresses.
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(a)

(b)

Figure 2 Stress pattern due to residual stresses in welded connection specimen utilizing leaky waves: (a) Stress pattern generated due to residual
stresses that are present parallel to the surface of the specimen. The stress patterns were taken at a frequency of 15 MHz. (b) Stress patterns generated
due to residual stresses that are present beneath the surface of the specimen. The stress patterns were taken at a frequency of 2.2 MHz, probing a depth
of 3 mm.
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Figure 3 Stress pattern due to residual stresses in welded connection specimen. Stress pattern generated due to interference and amplitude differences
of quasi-shear waves in stressed and stress free areas.

The residual stresses were lowest within the weld and
the heat affected zone (HAZ) at locations where a re-
fined, ductile microstructure formed due to the sub-
sequent weld pass. The highest residual stresses were
found at locations associated with brittle microstruc-
tures, such as in the vicinity of the weld root, last weld
pass and regions within the weld. Furthermore, between
and within each weld pass variations in darkness was
observed, indicating different magnitudes of residual
stresses. Depending on the peak temperature of the pre-
vious and successive weld passes, the brittleness of the
microstructure between and within weld passes can be
modified considerably. These variations in brittleness
of the microstructure was confirmed by Vickers mi-
crohardness indentations [18]. Due to the high resolu-
tion of the SAIS technique, these subtle differences in
brittleness of the microstructures and hence their as-
sociated residual stresses could be detected. A brittle
microstructure can retain stresses, whereas a ductile
microstructure relaxes the residual stresses by yield-
ing. Regions outside the weld shown as bright areas in
Fig. 3 are associated with the ductile microstructures
of the HAZ. The sudden drop in residual stresses oc-
curred over a very short distance from the fusion line
towards the column parent metal. This sudden drop in
residual stresses from the weld to the column face was
confirmed by neutron diffraction [19].

To reduce the residual stresses in the weld the
microstructure development needs to be influenced

through modifications in the welding procedure. Since
residual stresses induce large toughness changes ahead
of a stress concentration (unfused back up bar located
at the weld root is a stress concentration in welded
steel beam-to-column connections), a refined ductile
microstructure is essential at these locations.

4. Conclusions
We were able to measure with high spatial resolution
the residual stresses in welded connections using Scan-
ning Acoustic Imaging of Stress (SAIS). The acoustic
images show significant patterns caused by the differ-
ences of the amplitude values in the stressed and stress
free areas and revealed the following:

• The SAIS technique utilizing the leaky waves re-
veal in-plane and longitudinal stresses in the weld.
• The SAIS technique using shear acoustic waves

reveals low residual stresses within the weld at lo-
cations where a refined, ductile microstructure is
present. High residual stresses were found at loca-
tions associated with brittle microstructures. Since
residual stresses induce large toughness changes
in the vicinity of stress concentrations a refined
ductile microstructure is essential at the weld root
adjacent to the unfused backup bar. We recommend
changes to the welding procedures to ensure that.
• The SAIS technique is a powerful technique and

can be utilized as a routine check-up to obtain

4178



P1: SSJ 5474-98 June 17, 1999 13:44

information on the effect of various welding proce-
dures applied to steel beam-to-column connections
on residual stresses development in welds and heat
affected zones.
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