
J Nondestruct Eval (2013) 32:188–199
DOI 10.1007/s10921-013-0172-1

Sets of Piezoelectric Probeheads for Stress Evaluation
with Subsurface Waves

Jacek Szelążek

Received: 14 August 2012 / Accepted: 25 January 2013 / Published online: 9 March 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract This paper discusses the development of piezo-
electric ultrasonic probeheads for measurements of time of
flight of subsurface or surface wave ultrasonic pulses. Sets
of such probes found application in ultrasonic stress evalua-
tion. In precise measurements of time of flight using piezo-
electric transducers, the main source of time scatter proved
to be variation in the condition of liquid couplant layers. The
thickness of this couplant layer depends on surface rough-
ness of the sample being evaluated. Paper describes a new
configuration of probes, composed of two transmitting and
four receiving probes arranged along one line, designed to
reduce coupling influence on readings. Presented is com-
parison of readings obtained with known sets of probes
and with a new one. Also presented are results of residual
stress evaluation performed with various 6-transducer sets
of probes on railroad rails, monoblock railroad wheels and
pillars of hydraulic press. All measurements were performed
in industrial conditions, without any special surface prepa-
ration.

Keywords Ultrasonic testing · Piezoelectric probes ·
Evaluation of surface stress

1 Introduction

One of the relatively novel applications of ultrasonic tech-
nique is the determination of stresses in various structures
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or elements. Stress evaluation based on the acoustoelastic ef-
fect concerns ultrasonic wave velocity changes due to stress.
Theoretical relationships for velocity-stress were presented
in 1953 by Hughes and Kelly [1] and shortly later demon-
strated experimentally. The first demonstration of acous-
toelastic effects for stress measurements were presented by
Bergman and Shahbender 1958 [2], and a few years later the
first industrial experiment to evaluate hoop residual stress in
railroad monoblock wheels was described [3].

In numerous experiments it was shown that in the elas-
tic regime, a linear dependence of velocity as a function
of stress is observed. For example, [4] describes such mea-
surements in steel wires, [5] in cast steel, [6] in forged steel
and [7] presents results of measurements in wood. Also, the
dependence of stress induced velocity changes on material
structure was investigated [8].

For an ultrasonic wave propagating in a solid along the
stress direction, the wave velocity or time of flight (TOF) of
ultrasonic pulse changes due to stress are described as:

σiβijk = (Vi − V 0
i )

V 0
i

= (t0 − t)

t
(1)

where σi—stress, β—acoustoelastic constant, indexes i, j ,
k denotes directions of propagation, polarization and stress
respectively, V 0

i , Vi and t0, t—velocities and times of flight
in stress-free and stressed conditions, respectively.

Equation (1) allows one to calculate a stress value assum-
ing the acoustoelastic constant β is known and velocities or
TOF are measured in stress-free and stressed conditions. If
values of second and third order elastic constants for a mate-
rial under test are known, the value of the acoustoelastic con-
stant can be also calculated according to formulas presented
in [1]. Most often, however, acoustoelastic constants are de-
termined experimentally on samples during tensile testing.
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Unfortunately, in industrial metals such as steels or light
alloys, stress induced velocity changes are small. For exam-
ple, the most stress sensitive wave (exhibiting the highest
value of acoustoelastic constant), a longitudinal wave prop-
agating parallel to the stress direction in steel for a distance
of 100 mm, under an applied 10 MPa tensile stress, results
in an increase in TOF equal to only 1.35 ns (calculated for
longitudinal wave velocity in steel of 5.94 m/s and an acous-
toelastic constant β111 = −1.25 · 10−5 MPa−1). This means
that to determine the value of stress with sufficient preci-
sion it is necessary to measure TOF with nanosecond ac-
curacy. Modern electronics allow the measurement of TOF
with high, picosecond accuracy, in laboratory conditions and
on specially prepared samples. Greater difficulty is encoun-
tered in performing precise and repeatable measurements of
TOF in industrial conditions, on components and structures,
in a nondestructive way without any surface machining. The
aim of the paper is to present set of piezoelectric probes used
to measure the TOF of subsurface waves, on elements ex-
hibiting rough surfaces, in industrial conditions.

2 Methods of Ultrasonic Wave Velocity Measurements

2.1 Pulse-Echo Method

There are, in general, two types of ultrasonic wave veloc-
ity or TOF measurements. The first is a pulse-echo method,
useful in measurements on elements with two parallel sur-
faces, such as plates. TOF is measured between consecutive
echoes reflecting from sample surfaces and ultrasonic wave
velocity can be calculated assuming object or sample thick-
ness is known. For example, [9] describes a method to deter-
mine welding stresses with an opto-piezoelectric technique
that enables longitudinal wave TOF measurement with an
accuracy of 0.5 ns. However, to exploit this accuracy of TOF
measurements and calculate velocity, sample thickness must
be measured very precisely. To measure sample thickness
with 2 µm precision, the authors had to polish both sample
surfaces. This example shows that velocity determination
using the pulse-echo technique with longitudinal waves can
be carried out under laboratory conditions only, with pre-
cisely machined samples.

Without precise information concerning element thick-
ness, the only technique that can be applied in industrial con-
ditions for ultrasonic stress evaluation seems to be a tech-
nique based on the measurement of acoustic birefringence.
In such experiments, two TOF’s of shear SH waves polar-
ized parallel to the element surface are measured. The shear
SH waves are polarized in orthogonal directions coincid-
ing with principal stress directions. The relative TOF differ-
ence is proportional to the principal stress difference. From
a practical point of view, an advantage of this technique is

that detailed information about sample thickness is not nec-
essary. Another advantage is that results of measurements
are not temperature dependent, as it can be assumed that any
temperature induced velocity changes are the same for both
shear waves. These advantages of the acoustic birefringence
technique led to wide application of evaluation of residual
stress in railroad monoblock wheels. Two parallel rim faces
allow the measurement of acoustic birefringence using a
pulse-echo method and the calculation of hoop stress aver-
aged between rim faces. Work [10] and reports [11, 12] de-
scribe the stress evaluation based on acoustic birefringence
in monoblock wheels, using both electromagnetic-acoustic
(EMAT) and piezoelectric transducers. Today, this technique
of stress evaluation in forged monoblock wheels is a daily
routine in many workshops in Europe.

2.2 Method Using Subsurface or Surface Waves

The second method to measure TOF and evaluate velocity
is to use ultrasonic waves propagating parallel to the sam-
ple surface. For such measurements, access to only one flat
or cylindrical surface of the sample is necessary and mea-
surements can be performed on samples with complicated
shapes. Railroad rail is a good example of such an object.
Typically, the only place on the rail profile where two paral-
lel surfaces can be found and the pulse-echo method can be
applied is the center of the rail web. Subsurface waves can,
however, be propagated along the rail at numerous places,
such as the rail head running surface or sides, the rail web,
or the upper and lower sides of the foot/base. In contrast
to the pulse-echo technique, measurements with surface or
subsurface waves allow the determination of stresses aver-
aged in a thin material layer, thickness comparable to the
wavelength, between the probes generating and receiving ul-
trasonic pulses.

If stress changes only are to be determined, a simple set
of two probeheads can be used. Such a set, consisting of a
transmitter and receiver, fixed to the surface of the sample
under test, is shown in Fig. 1. To evaluate applied stress, the
TOF measured before load application is treated as a “zero
stress” TOF (t0 in formula (1)). It is assumed, as when us-
ing resistance strain gauges, that prior to the application of
external forces, the material is unstressed or the stress state
is known. An application of external loading results in ultra-
sonic wave TOF change due to two phenomena: the acous-
toelastic effect that influences ultrasonic pulse velocity and
a strain that changes the distance between probes fixed to
the element surface. Depending on the mode of ultrasonic
waves used in the measurement and material Young mod-
ulus, these two factors affect TOF to various degrees. For
Rayleigh waves propagating parallel to stress in steel, about
75 % of the total TOF change is the result of strain and
the rest the result of the acoustoelastic effect. For the most
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Fig. 1 Schema of stress
changes evaluation with two
probes fixed to the element
surface for surface or subsurface
waves

Fig. 2 Set of
transmitter-receiver probes fixed
to the spacing bar

“stress sensitive” longitudinal waves propagating in steel,
TOF changes are about 72 % due to the acoustoelastic ef-
fect and only 28 % the result of material deformation.

Monitoring stress changes with technique described
above proved to be reliable method of stress evaluation.
For example, stress changes in a girder of a steel bridge,
performed with electromagnetic-acoustic (EMAT) transduc-
ers transmitting and receiving surface waves are described
in [13]. Measurements of stress changes in a railroad bridge
using both surface and longitudinal waves with piezoelectric
transducers are presented in [14]. The application of Lamb
waves for stress monitoring in thin walled composite tanks
is described in [15]. In [16] a set of piezoelectric probes
fixed with steel bolts to a railroad rail to monitor thermal
stress changes in the rail is presented.

In measurements of stress change with sets of probes
fixed to the element surface, the only factors influencing
the measured TOF are stress, strain and temperature. The
temperature influence on pulse velocity may occur in the
sample under investigation and in probe wedges, which are
usually made of plastic. Due to thermal expansion, the dis-
tance between probes also changes, as well as dimensions
of the wedges. The combined influence of temperature on
measured TOF can be determined experimentally in a tem-
perature chamber on a sample made from the material in-
vestigated. Acoustic coupling between probes fixed to the

sample surface is constant, neglecting temperature induced
velocity changes in a relatively thin couplant liquid.

In the case of residual stress evaluation with surface or
subsurface waves, zero stress TOF (t0 in Eq. (1)) and TOF
in stressed condition (t in Eq. (1)) have to be measured on
different samples. Zero stress TOF is measured on a stress
relieved, annealed sample made of the same material as that
under investigation. The TOF in stressed condition is mea-
sured on the object under test, quite often in numerous posi-
tions on the sample surface. Probes for such measurements
have to be fastened to the spacing bar or plate that maintains
constant distance between them as shown in Fig. 2. The con-
stant distance between probes also results in the stress in-
duced TOF difference between measurement on the stress
free calibration sample and on the stressed element being
lower compared to live stress monitoring with probes fixed
to the surface—there is no influence of strain on TOF mea-
sured in the stressed state.

Acoustic coupling conditions can vary for measurements
on various samples or in numerous positions along a single
sample, depending on the surface condition variation. These
coupling variations affect measured TOF, especially when
the element surface is rough. When piezoelectric transduc-
ers are used, coupling variation seems to be the main reason
for scatter in the TOF readings. To minimize coupling influ-
ence on the measured TOF of subsurface or surface waves,
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Fig. 3 Set of probes composed
of one transmitter and two
receivers (TRR set)

EMAT transducers, operating in contactless mode without
liquid couplant, were tested. Experiments showed, however,
that TOF measured with these transducers is sensitive to lift-
off which depends on sample surface roughness [17]. An-
other important weak aspect of EMAT transducers is that
their efficiency in generating and detecting longitudinal sub-
surface waves, whose acoustoelastic constant is the highest,
is very poor. Therefore, in measurements using primarily
longitudinal subsurface waves, using piezoelectric transduc-
ers is much more effective.

2.3 Piezoelectric Probe Sets

2.3.1 Transmitter–Receiver Set

Figure 2 shows a simple transmitter-receiver (TR) set of
probes coupled to a rough surface with liquid couplant.

Subsurface wave TOF measured with TR set is equal to

t = tWT + tCT + tM + tCR + tWR (2)

where tWT —time of flight in transmitter wedge, tCT —time
of flight in couplant under transmitting probe, tM—time of
flight in material as a subsurface wave, tCR—time of flight
in couplant under receiving probe, tWR—time of flight in
receiver wedge.

Measurements with simple TR sets of probes are de-
scribed in numerous papers. In [18] the authors studied the
influence of surface roughness on TOF of surface waves and
concluded that the sample surface should be ground smooth
before stress evaluation with such a set of probes. Similar
conclusions concerning surface roughness can be found in
[16, 19].

In [20], describing a TR set of probes for Rayleigh waves,
the authors noticed a significant temperature influence on
TOF readings. They also found that for a given distance be-
tween probes in the set, the scatter of TOF readings depends
on piezoelectric transducer size. For bigger transducers, the

wave, depending on coupling, can propagate out of parallel
to the axis of the probe set. A similar observation concern-
ing transducer size was presented in [21] describing mea-
surements with a TR set of EMAT transducers.

Despite the high sensitivity of TR sets of probes to cou-
pling conditions, such probe sets were used to evaluate
residual stresses in railroad wheels [22] and welds [23] in
laboratory conditions at constant temperature. To achieve
proper results, both wheels and weld had to be ground prior
to taking measurements. In [23], the authors used a plas-
tic bar to maintain the distance between transmitter and
receiver. The high thermal expansion of such material in-
creases the temperature influence on measurement results.

2.3.2 Transmitter–Receiver–Receiver Sets

Some advantages in precise TOF measurements are made by
using a set of probes comprised of one transmitter and two
receivers situated along the same line (TRR set). Such a set,
called “double reception” or a “differential” set of probes,
is shown in Fig. 3. In the case of piezoelectric transducers
on plastic wedges, the temperature effect is reduced and to
some degree, the influence of couplant variation on the read-
ings is reduced.

The TRR set allows one to measure TOF as a difference
between the TOF from the transmitter and the first receiver
and the transmitter and the second receiver. This differential
tD is equal:

tD = (tWT + tCT + tM1 + tCR1 + tWR1)

− (tWT + tCT + tM2 + tCR2 + tWR2) (3)

where tWT —time of flight in transmitter wedge, tCT —time
of flight in couplant under transmitting probe, tM1, tM2—
times of flight in the material as a subsurface wave between
transmitter and receiver 1 and receiver 2 respectively, tCR1,
tCR2—times of flight in couplant under receiver 1 and 2 re-
spectively, tWR1, tWR2—times of flight in the wedge of re-
ceiver 1 and 2 respectively.
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Fig. 4 Design of three probe
arrangement (TRR set) for
surface roughness influence
investigation on TOF of
longitudinal L and shear SV
waves

In theory, if the receiving wedges are identical, the differ-
ential TOF is equal to the time necessary for an ultrasonic
pulse to travel in the material for the distance L1 −L2. This
compensation occurs, however, only when coupling con-
ditions under both receivers are exactly the same (tCR2 =
tCR1). A second advantage of a TRR set as compared to a TR
set is that, assuming both receiving probe wedges have the
same geometry, the temperature influence on TOF in these
wedges is also compensated.

TRR sets for longitudinal subsurface waves found appli-
cation in residual stress evaluations in various samples. In
[24] measurements on conventionally welded steel plates
and on [25] laser welded plates are described. Paper [26]
discusses the influence of sample bending on TOF measured
with a TRR set of probes. Paper [8] presents the experiments
with a TRR set for longitudinal subsurface waves having
a time resolution of 0.2 ns. However, despite the compen-
sating feature of TRR sets, use of such a high time resolu-
tion required the sample to be precisely machined before the
measurements.

Samples in which residual stresses were evaluated us-
ing TR or TRR sets of piezoelectric probes, as described
in the literature, all needed specially prepared surfaces. The
aim of machining or grinding was to reduce the measured
TOF scatter due to coupling variations. It is obvious that
such preparations are impractical in industrial conditions.
For practical applications, the ultrasonic evaluation of resid-
ual stresses should be nondestructive, fast and cheap. This
means that measurements should be performed on the object
without time consuming and expensive surface preparation
like grinding or polishing. The following sections describe
a set of piezoelectric probes that reduces the unwanted in-
fluence of surface roughness on readings to an acceptable
level.

3 Influence of Coupling Conditions on Subsurface
Wave TOF

In the ultrasonic testing of materials using angle beam
probes a couplant, usually a liquid, grease or water-based
gel is used. Longitudinal wave velocity in such media is

about four times lower compared to its velocity in metal.
Therefore, even small couplant thickness variations, related
to surface roughness, result in relatively high TOF scatter.

Now, assume that the residual stress value has to be deter-
mined with an accuracy of ±15 MPa. This accuracy of stress
evaluation is equivalent, for longitudinal waves propagating
over a distance of 150 mm, to a TOF resolution of about
plus/minus 5 ns (calculated for β = −1.25 · 10−5 MPa−1

and velocity v = 5.94 mm/µs). In the case of liquid cou-
plant, with a longitudinal wave velocity of about 1.5 mm/µs,
5 ns corresponds to a couplant thickness equal to only
0.0075 mm. This means that to maintain 5 ns TOF repeata-
bility, surface roughness should be controlled on a micron
scale. Therefore, sets of probes described in the literature
can be only used on specially prepared samples.

Figure 4 presents a set of three special probes to in-
vestigate the influence of surface roughness. On each of
the plastic wedges, two piezoelectric transducers are posi-
tioned. One is used to produce a subsurface longitudinal
wave, the second for subsurface shear SV wave. The shape
of the wedge ensures that ultrasonic beams produced by both
transducers enter a steel sample at the same point, cross-
ing an identical liquid couplant layer. Wedges of receiving
probes were spaced by 115 mm and connected to a flexi-
ble brass plate to ensure constant distance between them.
The set was equipped with magnets attracting them to sam-
ple surface, to ensure repeatable coupling conditions. Using
such a set of probes for longitudinal and shear SV waves,
TOFs were measured for various positions on a rough steel
sample. The sample was cut from a new rail head and its
surface was only lightly cleaned with sandpaper to remove
debris and loose scale. It can be assumed that over a distance
of 40 mm along the rail, material texture and tensile residual
stress are constant, and observed changes in TOF are due
to surface roughness only. Figure 5 shows TOF measured
in 2 mm increments along the sample. The TOF changes
are related to TOF measured for both longitudinal and shear
waves for x = 0 mm. It can be seen that, despite different an-
gles of incidence of ultrasonic waves on the sample surface,
TOF changes resulting from varying couplant conditions are
similar for both longitudinal and shear waves. Results show
that after calibration on a flat, polished sample, shear wave
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Fig. 5 Distribution of longitudinal L and shear SV subsurface waves
TOF variations measured with three probe arrangement (TRR set) of
double-transducer probes and corrected LCorr longitudinal wave TOF

TOF can be used as a couplant variation indicator. A cor-
rected longitudinal wave coupling (tLCorr ) can be calculated
as:

tLCorr = tL + (tSV − tSVCal) (4)

where tL—time of longitudinal wave in the sample under
test, tSV , tSVCal —shear wave times in the sample under test
and in the smooth calibration sample.

The corrected longitudinal wave TOF is shown in Fig. 5
as a black squares.

The acoustoelastic constant for shear SV waves prop-
agating parallel to stress in railroad rail steel is β112 =
−0.08 · 10−5 MPa−1. This is about 15 times smaller than
the acoustoelastic constant β111 for longitudinal waves, so it
can be assumed that shear wave TOF is only weakly influ-
enced by stress. According to data presented in Fig. 5, appli-
cation of a shear SV wave as a coupling indicator can reduce
longitudinal wave TOF scatter from ±12.5 ns to ±5 ns.

The results shown in Fig. 5 indicate that special TRR set
of probes only partly eliminates couplant thickness varia-
tions on TOF readings and is not a reliable instrument for
TOF measurements on rough surfaces. Without any correc-
tion, longitudinal wave TOF scatter equal to ±12.5 ns cor-
respond to a calculated stress scatter equal to ±50 MPa. The
correction proposed above reduces this scatter to ±20 MPa.

Experiments performed with the set of probes presented
above also showed that in many elements such as beams,
rails, plates or rods, the measured shear SV wave TOF
presents higher scatter compared to the longitudinal wave
TOF. This is due to unavoidable transformations of shear
waves on the sample into longitudinal waves, which travel
about two times faster. Small amplitude signals after nu-
merous transformations that reach the shear wave receiv-
ing transducer simultaneously with the main shear SV pulse
propagating parallel to the surface result in interference,
confounding precise shear wave TOF readings.

Fig. 6 Results of longitudinal subsurface wave TOF measurements
with the set of three probes (TRR set) for longitudinal waves propa-
gating in one direction (right) and in opposite direction (left) along the
rough sample

4 Multi-transducer Set of Probes

4.1 Probe Configurations

During measurements performed with a TRR set of probes,
it was observed that readings taken with longitudinal waves
propagating in one direction and in opposite direction (after
rotation of the set by 180◦) in the same positions of receivers
on the rough sample, indicate a mirror-like distribution. This
effect can be explained as the influence of various couplant
layers under receiving probes 1 and 2 (see Fig. 3). If there
is a pit or a cavity on the sample surface located under re-
ceiver 1, time tCR1 (Eq. (3)) is longer. In result time tD is
also longer. After rotation of the set, the pit is located under
receiver 2 and time tCR2 is longer, what results in shorter
time tD .

Results of measurements performed with set of probes
coupled twice, for waves propagating in both directions,
taken along the new rail head running surface are shown
in Fig. 6. Scatter in TOF for the wave propagating in one
direction is 55 ns and in the opposite direction is about
61 ns. The mean TOF value calculated for each position
on the sample, shown with a open circles on the diagram,
presents scatter of ±5 ns only. This means that TOF av-
eraging reduces scatter induced by roughness by a factor
of 5. Consideration of the “mirror” effect led to the design
of a 6-transducer set of probes (2T4R), shown in Fig. 7.
Two transmitters, one generating the wave traveling “right”,
the second “left”, are positioned along one line. Between
them are situated two receiving probes. On the symmetrical
wedges of each receiving probe are located two piezoelectric
transducers. One of them detects pulses approaching from
“right” and the second from the “left”. Ultrasonic waves ap-
proaching from “right” and “left” enter the receiving wedge,
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Fig. 7 Six-transducer set of
probes (2T4R set) for
subsurface wave TOF
measurements

crossing the same couplant volume. Details of the shape of
the wedges are presented in [27].

To calculate coupling compensated time tComp, four TOF
measurements have to be performed:

1. t1 between transmitter 1 and receiving transducer 2,

2. t2 between transmitter 1 and receiving transducer 4,

3. t3 between transmitter 2 and receiving transducer 3,

4. t4 between transmitter 2 and receiving transducer 1.

These TOF are equal:

1. t1 = tWT 1 + tCWT 1 + tL1 + tCWR12 + tWR2

2. t2 = tWT 1 + tCWT 1 + tL1 + tL2 + tCWR34 + tWR4

3. t3 = tWT 2 + tCWT 2 + tL3 + tCWR34 + tWR3

4. t4 = tWT 2 + tCWT 2 + tL3 + tL2 + tCWR12 + tWR1

where tWT 1, tWT 2—times in transmitter 1 and 2 wedges,
respectively, tCWT 1, tCWT 2—times in couplant under trans-
mitters 1 and 2, respectively, tL1, tL2, tL3—times in material
under test, tCWR12, tCWR34—times in couplant under receiv-
ing wedges with receivers 1–2 and 3–4, respectively, tWR1,
tWR2, tWR3, tWR4—times in receiving wedges to receiving
transducers 1, 2, 3 and 4, respectively.

Differential time is calculated as:

tD = (
t2 − t1 + t4 − t3)/2 = tL2 (5)

Assuming that the wedges of the receiving probes are sym-
metrical (tWR2 = tWR1 and tWR3 = tWR4), the differential
time tD is compensated for couplant thickness variations un-
der receiving probes.

It was also observed that for small transmitting transduc-
ers situated away from the receivers (distances L1 and L2
on Fig. 7), coupling conditions under transmitting wedges
do not influence the measured TOF.

Figure 8 shows a comparison of subsurface longitudinal
wave TOF measured in numerous locations along the rail
head using various sets of probes. The distance between re-
ceivers for all sets was the same, 198 mm, and the measure-
ments were taken every 10 mm. According to expectations,
the highest TOF scatter observed was for the TR set. Use of
a TRR set results in about 50 % lower TOF scatter. Scatter

Fig. 8 TOF of subsurface longitudinal wave measured with various
sets of probes (TR, TRR and 2T4R) along rail head

for a 2T4R set was significantly lower and equal to only few
nanoseconds.

Ratios of maximum and minimum TOF values measured
with three set of probes on the rail, as compared to mean
TOF value were:

+0.7 %, −0.5 % for TR set,

+0.24 %, −0.66 % for TRR set,

+0.02 %, −0.02 % for 2T4R set.

The 2T4R set described above was developed for residual
stress evaluation in railroad rails. Experience during numer-
ous experiments on various rails showed that, in practice,
reliable measurements in industrial conditions, at numerous
locations along the rail, are possible only with 6-transducers
sets. Obtaining the same amount of data with a TRR set
would require time consuming multiple measurements and
TOF averaging or impractical surface preparation in order to
minimize roughness influence on readings.

It must be mentioned however that 2T4R set of probes,
equipped with small transducers, eliminates unwanted cou-
pling influence on readings only for limited roughness
height. Measurements on very rough, corroded steel sam-
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Fig. 9 Angular distribution of
acoustic pressure in critically
refracted longitudinal wave
beam, for various transducer
sizes

ples (maximum roughness height 0.3–0.5 mm) showed un-
accepted TOF scatter equal to about ±50 ns.

4.2 2T4R Set Design

To generate a critically refracted longitudinal (subsurface)
wave with maximum acoustic pressure close to the sample
surface, large dimension transducers should be used. Exper-
iments confirm that a higher refraction angle is observed for
larger transducer size/wavelength ratio. Figure 9 shows the
angular distribution of acoustic pressure for transducers with
height of 15 and 7 mm (by 7 mm wide), as experimentally
determined in a steel sample. A longitudinal wave was de-
tected and its amplitude evaluated using a small receiving
transducer coupled to the cylindrical surface of the sample.

It can be seen that maximum pressure radius for the
smaller transducer is observed at a lower angle of refraction
than for larger one, in agreement with theoretical expecta-
tions. However, a larger transducer necessitates a larger plas-
tic wedge. The increased height of a larger wedge means a
longer TOF of the pulse in a wedge material, with higher in-
fluence of any temperature gradients in the wedge or temper-
ature difference between wedges on measured TOF. There-
fore, in probes designed for residual stress evaluation in rails
and monoblock wheels, to minimize an unwanted tempera-
ture influence on TOF, small (7 × 7 mm) transducers, posi-
tioned on small wedges were used. Experiments showed that
4 MHz transducers, driven by standard ultrasonic pulser, en-
sure acceptable pulse amplitudes for measurements in steel
on distances between transmitter and receiver up to 200 mm.

An additional factor influencing TOF measured for sub-
surface waves is elasticity of a spacing bar connecting the
probes. It was noticed that on rough surfaces, a lower TOF
scatter was measured with probes connected with a spacing
bar made of flexible metal plate. To ensure constant cou-
pling force, each of the probes in the set was equipped with
a strong permanent magnet. To reduce the wear of relatively
soft plastic wedges in contact with rough steel surfaces, each
plastic wedge was also located in a hard steel housing.

4.3 Temperature Correction

Temperature significantly influences the results of sub-
surface wave TOF measurements. Velocities of ultrasonic
waves in the material under test and in plastic wedges de-
pend on temperature. For steel, the temperature induced ve-
locity of a longitudinal wave change is about −0.55 m/s
per degree Celsius. A much higher velocity-temperature de-
pendence and thermal expansion is observed for plastics
(PMM, Rexolite) used for wedges. For a wedge made of
PMM, the influence of temperature on the velocity of lon-
gitudinal waves is about −2.5 m/s per degree Celsius. For
example, a 10 ◦C temperature increase results in a 50 ns in-
crease of longitudinal wave TOF in 7 mm tall PMM wedge,
due to velocity change and thermal expansion. Even small
temperature differences between receiver wedges can lead
to significant changes of measured TOF.

Another factor that influences TOF measured with sets of
probes for subsurface waves is the thermal expansion of the
spacing bar or plate. Elongation of this bar increases the dis-
tance between probes. In the final 2T4R set design to mini-
mize thermal elongation of the plate, probes were connected
with a flexible plate made of INVAR. The thermal expan-
sion coefficient for INVAR, equal to 1.5 · 10−6 [◦C−1] is
twelve times lower comparing to coefficient of brass, equal
to 18.7 · 10−6 [◦C−1]. The temperature also influences the
capacitance of piezoelectric transducers and therefore the
resulting frequency of ultrasonic pulses. It influences also
the angle of refraction at the wedge/couplant/steel interface.
But in the temperature range in which subsurface waves can
be generated and detected with piezoelectric probes these
influences, as compared to other mentioned factors, can be
neglected.

The only practical and effective way to determine the
temperature influence on TOF measured using a specific
set of probes is experimental evaluation of TOF-temperature
dependence. This can be performed in a temperature cham-
ber with a set of probes coupled to the smooth sample made
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Fig. 10 Temperature induced TOF changes measured with a six trans-
ducer set (2T4R) of probes equipped with brass spacing plate

of the material to be tested using the liquid couplant. Fig-
ure 10 shows an example of such a measurement performed
with a 2T4R set coupled to a steel sample. The distance be-
tween receivers was 196 mm and probes were connected to
a flexible plate made of brass. It can be seen that 10 ◦C tem-
perature increase results in about 35 ns TOF increase. Tem-
perature correction for this set is equal to −3.5 ns/◦C. The
observed TOF shift is mostly due to thermal expansion of
brass plate. Application of INVAR reduces the temperature
induced TOF shift by a factor of 5.

Sets of probes designed for field measurements were
equipped with temperature sensors located close to the ele-
ment surface. The TOF correction for temperature corrected
was calculated as:

tT C = tT + CT (Tref − T ) (6)

where CT —temperature correction determined experimen-
tally, Tref , T —reference and measured temperatures, re-
spectively, tT —time of flight measured in temperature T .

Quite often in measurements in industrial conditions, the
temperatures of the probe set and object to be measured dif-
fer. To minimize the time necessary for the wedges and spac-
ing bar to reach the same temperature as a sample under
test, is it advisable to minimize heat capacity of the set and
maximize heat flow from the sample to the spacing plate.
Also, probes and the connecting spacing bar should be ther-
mally isolated from any other elements of the set, such as
electronic circuits and housing. Liquid couplant and boxes
surrounding and protecting the plastic wedges against wear
help to transport heat from the object to the wedges and
spacing plate. Nevertheless, the time necessary to equalize
temperature in the case of a cold set of probes coupled to
the warm test objects can be significant. Figure 11 presents
the TOF measured with a 2T4R set of probes at room tem-
perature coupled to a head running surface of a cold (−5 ◦C)
0.5 m long section of UIC60 rail. The temperature indicated
by a sensor mounted in the probe set close to the rail surface

Fig. 11 Changes of TOF measured with six transducer set of probes
(2T4R set) coupled to the head running surface of cold UIC60 rail sec-
tion. Initial set and sample temperatures: 23 ◦C and −5 ◦C respectively

is shown on the diagram. Readings taken every minute show
that measured TOF stabilizes after a significant time. For
this set of probes, the time necessary to equalize tempera-
tures was about 8 minutes. During this time period, the mea-
sured TOF drops down by 15 ns for a given set of probes,
which corresponds to a stress change equal to 27 MPa. It is
likely that when using sets of probes equipped with larger
transducers positioned on taller plastic wedges, without any
metal frames surrounding them and supporting heat flow, the
time necessary for TOF reading stabilization would be much
longer.

5 Examples of Application of Multi-transducer Set of
Probes

The 2T4R sets of probes described above were used mostly
for residual stress evaluation in the railroad industry. Dif-
ferent distances between receiving probes and different fre-
quencies of ultrasonic wave were chosen depending on the
application. For the evaluation of the longitudinal compo-
nent of residual stress in railroad rails after straightening, the
distance between receivers and test frequency were 193 mm
and 4 MHz, respectively.

Another application was the evaluation of longitudinal
stress (called also thermal stress) in continuously welded
rail. For this application, due to lower absolute stress val-
ues, the distance between receiving probes was longer, about
300 mm. To obtain an acceptable pulse amplitude, it was
necessary to use larger transducers and to reduce the test
frequency to 2 MHz. Measurements were to be performed
at various temperatures, so the wedge angle was selected to
provide an acceptable pulse amplitude for higher rail tem-
peratures. The length of the set designed to evaluate hoop
component of residual stress in the rim of monoblock wheel
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Fig. 12 Longitudinal component of residual stress in the rail after
straightening. Stress distribution in the head and foot, along the leading
end of the rail

was limited by the width of the flat rim face. Therefore, the
distance between receivers was about 160 mm.

Figure 12 shows results of residual stress evaluation
along the leading end of a rail after roller straightening. Be-
fore measurement, the device was calibrated (measurement
of t0 according to formula (1) for head and foot/base) on the
rail section subjected to stress relieving annealing. Readings
shown in Fig. 12 were taken on the rail head running sur-
face and on the rail foot/base underside. Each stress value
was calculated as averaged for three set positions spaced by
1–2 mm. Smooth distribution of stress value along the rail
can be observed for both rail head and foot. The beginning
of the rail exhibits stresses that resulted from rail heat treat-
ment. Stresses along a distance of 80 cm from the rail are
the result of plastic deformation during straightening.

Figure 13 shows the distribution of longitudinal stress
(called also thermal stress) along a continuously welded rail
(CWR) [28]. Readings were taken with a 2T4R set probes
coupled to the side of the rail head. This part of the rail pro-
file is not deformed by wheels of passing trains. It is also flat
what allows to use set of probes equipped with big trans-
ducers, able to transmit and detect subsurface wave on the
longer distance. It was assumed that at this spot on the rail
profile, residual stresses introduced during rail manufacture
are fairly constant and the only factors influencing TOF are
temperature and longitudinal force in the CWR. The device
was calibrated in each location before the rails were welded
into CWR and were free of any external loads. Than read-
ings were taken in the same locations after rails welding into
CWR and track geometry adjustments, in the same temper-
ature as calibration. Results of this measurements show lon-
gitudinal stresses introduced into the rail during track laying
and geometry adjustment only. Second measurements were
performed after 10 months of track operation again for the
same rail temperature. These readings show changes in lon-
gitudinal force in the rail resulting from the traffic loads.
After 10 month of service, the rail surface was corroded but

Fig. 13 Longitudinal stress (called also thermal stress) values in the
continuously welded rail as welded (new track) and after 10 months of
service

Fig. 14 Tensile hoop stress development in the monoblock wheel sub-
jected to braking in the stand. Measurements with six transducer set
(2T4R set) for subsurface longitudinal wave in three locations on front
rim face

could still be evaluated with the 2T4R set of probes, and the
stress distribution along the rail is similar to initial stresses.
Note the relatively low stress values as compared to resid-
ual stresses evaluated in the rails after straightening from
Fig. 12.

Figure 14 shows the results of measurements performed
on railroad monoblock wheel subjected to braking in a test
stand. TOF was measured on front rim face using a longi-
tudinal subsurface wave propagating in the hoop direction
(along the chord), at three locations on the wheel circumfer-
ence. The device was calibrated on a portion of wheel rim
that had been stress relieved. Hoop stress on the front rim
face in the as manufactured state (before braking) was about
−100 MPa (compression). The wheel was subjected to to-
tal 51 braking cycles at 60 minutes each. The first 40 kW
power braking cycle changed the hoop stress from compres-
sive to tensile. Further brake applications with high power
increased the tensile stress to about 300 MPa. Last brakings,
with power between 10 and 40 kW, resulted in smaller ten-
sile stress increases.
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Fig. 15 Tensile stresses in 10 pillars of hydraulic press evaluated with
six transducer set of probes (2T4R set) for longitudinal subsurface
waves

The set of probes designed for thermal stress monitor-
ing in rail in track was used to evaluate stress values in
pillars of a nominal 20,000 ton hydraulic press in a fiber-
board factory. Ten pillars, 350 mm in diameter and 6 m long,
were subjected to tensile stresses during each pressing cycle.
Stress value in an individual pillar depends on the distribu-
tion of fiber layers between upper and lower press frames.
Stress depends also on pillars length differences and defor-
mation of upper and lower frames during pressing. Fibers
entering the press contain significant amount of liquid which
pour press elements during initial period of press operation.
The application of resistance strain gauges to monitor stress
changes in pillars in such a conditions was very difficult and
required complicated protection of the delicate gauges from
heat and aggressive liquids that occasionally leaked on to the
press pillars. Therefore, the only technique likely able to de-
liver reliable information regarding stress values in the pil-
lars under these conditions was an ultrasonic method. Mea-
surements were performed with longitudinal wave propagat-
ing along the pillar axis. Each pillar was measured at three
positions spaced 120◦ apart on its circumference. The aim
of reading at various positions along the circumference was
to verify if the pillars were also subjected to bending.

The first readings were taken at zero force. Longitudinal
stress in this state was assumed to be zero, and mass forces
and assembly stresses were neglected. The second readings
were taken in the same positions during press operation, af-
ter a few minutes of pressing when the majority of liquid
from the fiber charge had moved. Mean values of longitudi-
nal stress in 10 pillars are presented in Fig. 15. Significant
stress differences between individual pillars can be noticed.
Maximum stress value was 80 MPa, while minimum was
29 MPa. Uneven cyclic loading of press pillars was the likely
reason for fatigue cracks occurring in the pillars.

The acoustoelastic constant for steel in the pillars was un-
known. For approximate stress calculations, it was assumed

to be β111 = −1.25 · 10−5 MPa−1. The mean value of stress
in the pillars is equal to 51.3 MPa what results in averaged
tensile force during measurement of about 500 ton per pillar.

6 Conclusions

The literature describes various designs of TR and TRR sets
of piezoelectric probes for stress evaluation with subsurface
or surface waves, which can be used on prepared samples
under laboratory conditions. Described above 2T4R sets of
probes was developed to reduce the unwanted influence of
coupling variations and temperature on TOF readings and to
enable ultrasonic stress evaluation in industrial conditions.
Special design probes of this general description were devel-
oped for specific applications. These applications included
the evaluation of the longitudinal component of residual
stress in the railroad rail after straightening, monitoring of
longitudinal force (called also “thermal stress”) changes in
continuously welded rail and the evaluation of hoop residual
stress on the faces of monoblock railroad wheel rims.

All measurements presented in Sect. 5 were performed
under industrial conditions, on very large and heavy ob-
jects, in numerous locations of the probes on the objects.
Measurements had to be done after cleaning and only hand
sanding of the surface. For example, in the measurement of
stresses in hydraulic press pillars, one 2T4R set of probes
replaced 60 resistance strain gauges, assuming these could
have been glued to the pillars. As compared to simple TR
or TRR sets, six-transducer sets of probes increase the num-
ber of individual TOF measurements. Due to differences in
ultrasonic pulse paths, consecutive pulses had various de-
lays and amplitudes. All probe sets described in Sect. 5 were
equipped with temperature sensors and temperature read-
ings were necessary to calculate temperature corrected TOF.
Therefore, to facilitate the measurements, 2T4R sets should
be connected to a specially designed device that supports
them. All measurements presented in this paper were per-
formed with various DEBRO devices.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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