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ABSTRACT

The invention solves the problem of measurement of
internal stresses in cylindrical objects, such as axles,
shafts and tubes made of material with varying non
uniform homogeneous mechanical properties. The
method consists in that a beam of ultrasonic waves is

thrown onto the surface of a cylindrical object being
tested, said beam being refracted at an angle of 90 de
grees. Next the times of passage for every type of waves
are measured. On the basis of the calculated differences

of the times of passage with a standard the absolute
values of components of stresses are calculated. The

method is applicable for non-destructive testing of
properties and structure of materials and products.
5 Claims, 7 Drawing Sheets
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METHOD OF MEASUREMENT OF RESOUAL
STRESSES IN THE MATERIAL OF THE OBJECT
UNDER TEST
5

"This is a continuation of co-pending application Ser.
No. 07/035,064 filed on Apr. 6, 1987, now abandoned'.
(See XVIII below)
BACKGROUND OF THE INVENTION

10

This invention relates to a method of measuring resid
ual stresses in the material of an object and, particularly,
in an object having a curved surface accessible from one

side only.

2
FIG. 1 is a schematic perspective view of a probe set
for the method on an object;
FIG. 2 is a schematic elevation of a portion of the
probe set shown in FIG. 1;
FIG. 3 is a schematic elevation of another portion of
the probe set shown in FIG. 1;
FIG. 4 is a schematic elevation of still another portion
of the probe set shown in FIG. 1;
FIG. 5 is a graphical solution of wave-parallel elas
toacoustic constants for a material;
FIG. 6 is a graphical solution of wave-perpendicular
elastoacoustic constants for the material of FIG. 5; and
FIG. 7 is a schematic of measuring devices connected
to the probe set of FIG. 1.

Those skilled in the art know a method of ultrasonic 15

measurement of stresses in the material of an object
under test from Polish patent publication No. 235,656.
According to that method, beams of two types of ultra
sonic waves are propagated in the material of the object 20
parallel to a surface of the object. The travel times of
pulses of these two types of ultrasonic subsurface waves
over a known path in the material of the object under

EXAMPLE OF METHOD

absolute values of stresses in the material of the object

In general, as shown in FIG. 1, travel times of surface
(R) and longitudinal (L) and transverse (T) subsurface
ultrasonic waves 10, 12, 14, respectively, propagated
along the generatrix G of a cylinder of material of an
object 0 to be tested over a path length determined by a
differential probe set at 16 are measured. Longitudinal
and circumferential stress components (6L and 89 in
Equation 1 hereafter) are calculated from these mea

travel times.

(3R, 3RL, £3L and BLL in Equations 1 and 2 hereaf

test and in a reference material are measured. Next, the

under test are calculated from the differences of the 25 surements and the values of elastoacoustic constants

This known method of ultrasonic measurement of

stresses and the equipment for implementation thereof

enable the values of longitudinal components of residual

stresses to be determined in the objects with plane sur
faces. The described method is not applicable to objects

30

stressed.

Beams of the ultrasonic waves 10, 12, 14 are pro

with curved surfaces.

duced by a corresponding set of ultrasonic-wave trans
mitting probe heads 18, 20, 22, respectively, in the probe

SUMMARY OF THE INVENTION

The aim of the invention is, therefore, development
of a method of non-destructive measurement of stresses

ter) determined experimentally for the material and the
respective wave travel times (tR, tL0 and tTo in Equa
tions 3 and 4 hereafter) in a separate, standard or refer
ence object made of the same grade of material, but not

35

set at 16 and contact coupled with the object 0 under
test and received by two complementary sets of receiv
ing probe heads 24, 26, 28 and 30, 32, 34, respectively,
connected to the measuring system of ultrasonic equip
ment (FIG. 7). The beams of ultrasonic waves 10, 12, 14
propagate parallel to the surface of the object 0 under
test as surface and longitudinal and transverse subsur
face waves, respectively.
The ultrasonic-wave transmitting probe heads 18, 20,
22 for the surface and longitudinal and transverse sub
surface waves, respectively, are shown in further detail
in FIGS. 2, 3, 4, respectively. In each, ultrasonic waves
48, 50, 52 are produced by a piezoelectric transducer 36,
38, 40 in a block 42, 44, 46, for example of plastic, at an
angle to transmit the ultrasonic waves 48, 50, 52 at a
critical angle 54, 56, 58 to a surface of the block on the
surface of the object 0. The piezoelectrically-trans

in the material of an object having a curved, e.g. cylin
drical surface subjected to a two-dimensional, i.e. planar
state of stress, a curved surface of sufficiently large 40
radius of curvature being a flat surface, as used herein.
In the method according to the invention, beams of
three types of ultrasonic waves are propagated across a
measuring zone of a curved-surface (including flat), e.g.
cylindrical object to be tested. Specifically, the three 45
types of ultrasonic waves are surface (i.e. Rayleigh) and
longitudinal and transverse subsurface waves propa
gated in the same direction along one line (e.g. the gen
eratrix) across the measuring zone. Next, the travel
times of the longitudinal and transverse, subsurface and 50
surface waves over a definite distance, defined by a
differential probe set, for example, along the line are duced ultrasonic waves 48, 50, 52 are refracted thereat
determined. Finally, the absolute values of the compo -into the surface and longitudinal and transverse ultra
nents of stresses in the material under test in the direc
sonic waves 10, 12, 14, respectively, in the object 0
tion of the propagation of the three types of ultrasonic 55 according to their critical angles 54, 56, 58 and veloci
waves and in the direction perpendicular thereto are ties according to Snell's Law.
calculated from the differences of the travel times of the
The produced waves 10, 12, 14 are affected by vari
ultrasonic waves in the material of the object under test ous values of elastoacoustic constants, gril, gL, 6T
and in a reference material. Preferably, the travel times and 6RL, 6LL, 6TL for the surface and longitudinal and
in the material of the object and the reference material 60 transverse subsurface waves with parallel () and
transverse (L) stress, respectively, as shown in FIGS. 5
are determined with the same probe set.
The method according to the invention thus makes and 6. That is, their velocity of propagation depends to
possible measurements of the plane states of stress in flat a different extent upon the direction of stress (load) in
or cylindrical objects.
the kind of material of the object 0. The travel time for
65 each type of ultrasonic wave 10, 12, 14 thus is measured
DESCRIPTION OF THE DRAWING

An example of the method will now be described
with reference to a drawing, wherein:

in a differential system by the set of ultrasonic probe
heads at 16 including the set of transmitting heads 18,
20, 22 and two sets of receiving heads 24, 26, 28 and 30,

3
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32, 34 situated at different distances from the transmit

ting heads along a straight line to define a single zone of
the material of the object 0 under test.
As shown in FIG. 7, the receiving probe heads 24, 26,
28 and 30, 32, 34 are connected to a measuring system,
which includes a time meter, i.e. system for measure
ment of times of travel of ultrasonic pulses 60. The
system for multiplication of the travel times is provided,
as well as a standard- or clock-pulse generator 62 with
a counter 64 connected thereto via a gate system 66 10
controlled by a selector 67. Said counter counts the
number of standard pulses during the time equal to
multiple of times of travel of ultrasonic pulses between
the respective transmitting and receiving head.
The system 60 for measurement of travel times is also 15
provided with a system 68 for visualization of the ultra
sonic pulses, as well as with a marker circuit 70 via a
tuned generator 72 of rectangular pulses with the dura
tion so suited as to obtain a V-shaped pulse. The marker
circuit is connected to the system 68 for visualization of 20
the ultrasonic pulses in such a way as to obtain addition
of those pulses.

4.
material of the object under test then maybe expressed
by:

pulse and precise setting of the time marker on the spot

wave in the material of the object being tested, tT
rial of a standard without any internal stresses, tL
travel time of subsurface longitudinal waves in the ma
terial of a standard without any internal stresses, tR
travel time of surface wave in the material of standard

without any internal stresses.
From relationships (1) and (2), taking also into ac
count the values of to and tRo calculated from the rela

tionships (3) and (4), it is possible to calculate the values

of stresses 8L and 89 parallel and perpendicular to the

direction of ultrasonic wave propagation:

(5)

RRItR('L - til) - gll tL(tR - tR)
(3R ALL- 3RL- 3L) tRtL-

(6)

(Ben Bill - Bel 8) st

or = -

The method has been used for the measurement of

residual stresses in a heat treated cylindrical object.
With a known meter, the travel times of surface and

longitudinal and transverse subsurface ultrasonic waves
over a path of definite length defined by the probe set at
16 along the generatrix of the cylindric object 0 have
been measured. Moreover, measurements of the travel
times of the surface and longitudinal and transverse

subsurface waves over a path of the same length have

toacoustic constants have also been determined for the
45

RR, 3L-electroacoustic constants for the grade of 50

55

lar to the direction of stress.

individual modes of waves propagating in the direction
of a stress and in the direction perpendicular to the
direction of the stress, as have the constants of propor
tionality between the variations of travel times for the
surface and longitudinal and transverse subsurface
waves. All values of the travel times have been at a
temperature of 18 degrees Centigrade.
The following data have been obtained:
Results of measurements for a cylindrical object
being tested:
tL =33820 ns
tT= 61554 ns
tR=64823 ns
Results of measurements for the reference or stan
dard:

60
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tT=tTo.
The differences of the travel times of the surface and

longitudinal and transverse subsurface waves propagat
ing in a non-stressed reference material and in the same

ALLE(R - tR) - (3R tr(t'L - ti)

also been performed on a non-stressed, reference mate
rial, for example steel, of the same grade as that of the
cylindrical object under test. From other specimens
made of the same grade of steel, the values of the elas

where:

8L-component of stress in the direction of ultrasonic
waves propagation
89-component of stress in the direction of perpendicular
to the ultrasonic waves propagation.
Travel time of the subsurface transverse waves propa
gating in the direction of generatrix and, polarized, in
the surface direction perpendicular thereto does not
depend upon stresses, so that it may be assumed that

(4)

travel time of subsurface transverse wave in the mate

25

(1) 35
(2)

material under test for surface and longitudinal waves
respectively, propagating in a direction parallel to the
direction of stress.
BRL, gLL-elastoacoustic constants for the grade of ma
terial under test for surface and longitudinal waves
respectively, propagating in a direction perpendicu

tR-tR=KR(tT-tr)

L=

vidual differences of the acoustic properties of the mate
rial of the object being tested to be taken into account.
In consequence, the method according to the inven
tion makes possible measurements of absolute values of 30
stresses. For surface and subsurface longitudinal waves
propagating in the direction of the generatrix, we have
the following relationships:

tR-travel time of surface waves propagating in the ob
ject under test;
tR-travel time of surface waves which would propa
gate in the material under test if it has no internal
stresses, in the same measuring zone;
tL-travel time of subsurface longitudinal wave in the
material of the object under test;
tL9-travel time of subsurface longitudinal wave in the
material under test if it has no stresses, in the same
measuring zone;

(3)

where tr is the travel time of subsurface transverse

An accurate measurement of the travel time of the
waves with simultaneous visualization of the received
from which the time is to be measured enables the indi

tL-tL=KL(tT-tT)

to-33685 ns
tR = 61581 ns
tRa=65276 NS
Elastoacoustic constants of the material:

BL| = -1.24x10-5 MPa-1
6L =0.10x10-5 MPa-1
gr=0.87x10-5 MPa-1
BR = -1.27X 10-5 MPa-l

Constants of Proportionality:
KL=0.55
KR = 1.06

5
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6

said waves are produced successively in material of
standard and in material of object under test;
detecting of said waves by means of six receiving
probeheads arranged on one line with said trans
under test are as follows:
mitting probeheads, said receiving probeheads are
situated on the beginning and on the end of measur
t°-33685-0.55/61554-61581/=33700 ns
ing zone of said standard and said material under
tRs 65276-1.06/61554-61581/= 65305 ns
test,
determining of the differential times of travel of
pulses of said three types of waves between said
After having substituted these values into formulae 5 10
receiving probeheads, said times of travel are de
and 6, we obtain: 6L=253 MPa, 89= -412 MPa.
termined
on said material of standard and on mate
Instead of the relationships (1) and (2) which were
rial said object under test;
used in the example described above, one may also use
the relationships for longitudinal and tranverse waves 15 calculating of stress components from differences
between said times of travel of pulses of said waves
propagating in the direction of the generatrix of a cylin
measured on said standard material and said object
Values of the travel times of longitudinal and surface
waves calculated from the relationship 3 and 4, corre
sponding to the non-stressed material of the object

der (2) and the relationship (7) for the surface waves

under test.

propagating over the circumference of a cylinder:

3. The method of claim 2, wherein said standard and

said object under test are made from the same grade of

(7)

material and said standard has no internal stresses.

4. The method of claim 2, wherein said times of travel

where: tra-travel time of surface wave over a distance

determined by probe set construction along the circum

ference of the cylinder under testing;
tRe-a travel time of surface wave over the same distance

along the circumference of the cylinder without

25

stresses.

We claim:

1. A method of measuring residual stresses in the

material of an object, comprising:

30

propagating surface and longitudinal and transverse
subsurface ultrasonic waves in the material of an

object in the same direction along one line parallel
to a surface of the object;
detecting the travel times of the waves over a path 35
length along the line of the object and a path of the
same length in a standard of the same grade of
material as the object;

determining experimentally the elastoacoustic con
stants and constants of proportionality for the ma

40

terial of the object; and

calculating residual stress components parallel and
perpendicular to the direction of propagation of
the waves from the travel times and constants.

2. A method of determining stresses components in an
object comprising:
generating successively pulses of subsurface longitu

45

dinal, subsurface transverse and surface waves, said

waves propagating along one line in the same di
rection parallel to the surface of material, said

50

waves are produced by three ultrasonic transmit
ting probeheads coupled to the material, said trans
mitting probeheads are arranged along one line,

of said pulses are measured by a system for measure
ment of the times of travel of the ultrasonic pulses pro
vided with a standard-pulse generator with a counter
connected thereto via gate system controlled by a selec
tor, said counter counting the number of standard pulses
during the times of travel of several of said ultrasonic
pulses between said respective transmitting and receiv
ing probeheads, said system for measurement of the
times of travel being connected with a system of visual
ization of said ultrasonic pulses, as well as with a marker
circuit via a tuned generator of pulses with a duration so
short as to be V-shaped, said marker circuit being con
nected to the system for visualization of said ultrasonic
pulses.
5. A differential probe set, comprising:
a set of three transmitting probeheads for respec
tively simultaneously propagating surface and lon
gitudinal and transverse subsurface ultrasonic
waves in materials of an object and a reference, the
waves being propagated in he materials in the same
direction along respective lines on the materials;
and
two sets of three receiving probeheads each, the three
receiving probeheads of each set being for respec
tively receiving the surface and longitudinal and
transverse subsurface ultrasonic waves propagated
by the three transmitting probeheads, the two sets
of the three receiving probeheads being spaced
from each other and the set of three transmitting
probeheads along the lines on the object and refer
ence when the set of transmitting probeheads prop
agate the waves in thex materials thereof.
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