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ABSTRACT

This final report describes the accomplishments obtained under a
research program supported by NASA Langley Research Center, to develop
an ultrasonic method for the nondestructive characterization of
mechanical properties of engineering materials. The method utilizes
measurements of the nonlinearity parameter which describes the
anharmonic behavior of the solid through measurements of amplitudes of
the fundamental and of the generated second harmnic ultrasonic waves.
The nonlinearity parameter is also directly related to the
acoustoelastic constant of the solid which can be determined by
measuring the linear dependence of ultrasonic velocity on stress. A
major advantage of measurements of the nonlinearity parameter over that
of the acoustoelastic constant is that it may be determined without the
application of stress on the material, which makes the method more
applicable for in-service nondestructive characterization.

The primary goal of the program was to establish relationships
between the nonlinearity parameter of second-harmonic generation and the
percentage of solid solution phase in engineering materials such as heat
treatable aluminum alloys. These alloys are available commercially and
their mechanical properties are well documented. The acoustoelastic
constants were also to be measured on these alloys for comparison and
confirmation.

The acoustic nopllnearity parameter has been determined in the heat

treatable aluminum alloys 6061-T6, 2024-Th and 7075-T551 using the
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ultrasonic harmonic generation technique. The measurements were made
using a 1C MHz longitudinal ultrasonic transducer for transmission and a
capacitive transducer for the detection of second harmonic. The results
indicate a linear relationship between the nonlinearity parameter and
the volume fraction of second phase precipitates in these alloys. This
finding is consistent with the ordered dependence of ronlinearity
parameter on the molecular structure of cubic crystals for a given
propagation mode. Independent measurements made on the acoustoelastic
constants of the same alloys are found to exhibit a similar dependence

on second phase.
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INTRODUCT I ON

Since most mechanical properties are characteristic of the bulk of
the solid, ultrasonic methods seem to offer the best promising
techniques for these measurements. in order to serve as many
applications as possible, the methods to be developed have to satisfy
certain criteria. 1) The method should be sensitive to variations in
mechanical properties and/or residual stresses, but Iinsensitive to
variations In microstructure and chemical compositions. 2) The method
should be able to distinguish between variations in mechanical
properties and variations in residual stresses. 3) The method should
not require reference specimens made of the same material to be
inspected. A major difficulty in methods currently used, has been their
inability to determine some reference level for variations in mechanical
properties or zero stress state in materials, especially in the presence
of texture or texture gradients that exist in most structural materials.
4) The method should be frequency independent or with established
frequency dependence in order to avoid frequency restrictions in
reference specimens.

The majority of current efforts In nondestructive materia's
characterization are directed towards measurements of ultrasonic

3 "’5. Both measur-ements, however, suffer

velocity'™ and/or attenuation
from severe difficulties which limit their appllcatlonss. Absolute
velocity measurements are very insensitive to variations in mechanical
properties and/or residual stresses. The maximum change in ultrasonic
velocity due to changes Iin these quantities Is within 13 for most
engineering materials. Changes in ultrasonic velocity can normally be

measured with high accuracy (within +0.001%), but absolute values of the




velocity is limited to an accuracy of +0.1%. This means that changes in
mechanical properties and/or residual stresses on the same specimen can
be detected rather readily, while absolute values of these quantities
measured on different specimens can be detected with larger errors. In
addition, values of wultrasonic velocity in engineering structural
materials at zero stress state or reference state of mechanical
properties are difficult to determine. This constitutes a major
difficulty in the use of ultrasonic velocity in the determination of
these properties.

On the other hand, ultrasonic attenuation measurements vary
considerably when mechanical properties of the solid ar¢ varied, but
remain unchanged when residual stresses are changed. Tihis seems to
indicate that ultrasonic attenuation can be an attractive carjidate for
measurements of mechanical properties. The measurements, however,
suffer from two major difficulties. First, attenuation measurements
depend strongly on the type of bond used between the transducer and
specimen. Sigrificant errors in attenuation coefficients are obtained
when different runs are made, even on the same specimen when using the
same bonding material. Secondly, attenuation coefficients in
engineering materials depend strongly on frequency, and no relationship
have yet been established to take into account the frequency dependence.
In addition, considerable error in attenuation measurements may result
from scattering and divergence of ultrasonic waves,

In summary, it Iis apparent that the use of absolute values of
ultrasonic velocity and/or attenuation in determining mechanical
properties or residual stresses suffer from severe limitations and

difficulties. Only in the case of ideal solids such as single crystals,
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may velocity and attenuation be related to mechanical propertles7.

Further, these measurements will be successful in the laboratory
environment and not in a field environment. Attention is therefore
directed towards measurements other than those of ultrasonic velocity
and attenuation coefficient to be wused for the nondestructive
charactarization of mechanical properties and residual stresses. Two
parameters, namely the stress dependence of ultrasonic velocity and the
nonlinearity parameter of second harmonic generation, are believed to
offer the best promise for these measurements. The following gives a

brief review of these two parameters.

STRESS DEPENDENCE OF ULTRASONIC VELOCITY

Calculations have shown that changes in ultrasonic velocities are
linear functions of applied stress where the slope of this linear
relationship provides a measure for third-order elastic constantss.
Unknown stresses can be determined when both the velocity in the absence
of stress as well as values of third-order elastic constants are known
independently. The measured velocity in engineering materials, however,
strongly depends on microstructural features which makes it necessary to
develop a calibration between velocity and stress for each material In
order for the method to be used in the determination of unknown
stresses. In addition, development of preferred orientations (texture)
during deformation or fatigue, severely modify the third-order elastic-
constants to be used for the callbrationg. Efforts are underway at
present to find solutions for these problems in order to use velocity

measurements to determine residual stresses‘o’II.
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On the other hand, recent investigations on plain carbon steels
have shown that acoustoelastic constants depend on the carbon content in

'2"3. The results show a linear relationship between the

these steels
acousto-elastic constant and the nominal precentage of ferrite phase Iin
these steels. The results also indicate that the addition of heavy
alloying elements to the steel does not change the value of the
acoustoelastic constant as long as the amount of ferrite phase remains
the same. This behavior indicates a strong relationship between the
variations of ultrasonic velocity with stress and the amount of solid-
solution phase in the alloy. If this behavior prevails in other types
of steels, it would then be possible to use the acoustoelastic constant
to measure the percentage of ferrite phase in steels, which control some
of the mechanical properties such as strength, hardness and ductility.

This behavior has also been observed in five aluminum alloys
containing a wide variety of strengthening alloying elements'h. The
acoustoelastic constants are measured on specimens made of the four
aluminum alloys 1100-0, 5052, 6061-T6, 3003-T251 and 2024-T351, and the
data shows a linear dependence between acoustoelastic constant and the
percentage of solid-solution phase in the alloy. This dependence is
similar to that observed in steel and confirms the conclusion drawn
using the steel data.

It has to be realized, of course, that the acoustoelastic constant
may depend on other variables such as microstructure and work hardening,
and the results obtained are limited to specimens of the alloys
investigated. Nevertheless, the results indicate a strong dependence of

acoustoelastic constant on the amount of ferrite phase in the case of

steels and the amount of the solid solution phase Iin the case af
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aluminum. The study is certainly a step forward towards the possibility
of using this quantity in materials characterization. In both alloying
series, the presence of the solid-solution phase strongly Iinfluences

mechanical properties.

NONL INEARITY PARAMETER

An alternative method to the uniaxial stress measurements to
determine the anharmonic behavior of a solid is the measurement of
harmonic distortion of an initially sinusoidal ultrasonic wave’s’w’”.
A major advantage of this method Is that the nonlinearity parameter g
which describes the anharmonic behavior of the solid may be determined
without the application of stress which makes the method extremely
practical as a nondestructive evaluation technique. The method also can
be readily adopted for measurements at temperatures other than that of
room temoerature. in this method, one excites a finite amplitude of
longitudinal ultrasonic wave which propagates through the specimen. By
measuring the fundamental amplitude and the generated second harmonic
amplitude, one can determine nonlinearity pasrameter which constains a
linear combination of the second- and the third-order elastic constants.
This can experimentally be obtained from the measurements of the
absolute values of the amplitudes of the fundamental and the generated
second harmonic of an initially sinusoidal longitudinal wave.

For a cubic crystal structure, the nonlinearity parameter g is the
negative of the ratio of the nonlinear term to the linear term in the

nonlinear wave equation for finite amplitude longitudinal waves

propagation along & principal direction of the medium. For pure mode
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longitudinal sound waves propegating along @ principal axis, the wave

equation can be writter in the form,

2 2 2
- . (1)
& —Lzat“ K, -Lia." +:(3K, + K3) ‘E . -Lla.“ 1

where Kz and K3 are the linear combinations of the second- and the

third-order elastic constants.
Considering an initially sinusoidal distritution at a = 0, the

solution of eq. (1) is of the form,

U= Alsln(ka - wt) + (AszaIS) g cos2(ka - wt) + ... (2)

where & is the propagation distance, k = 24/ is the propagation
constant, and Al is the amplitude of the fundamental wave. The

amplitude of the generated second harmonic is then given by,

A, = (A2%ar8)g (3)

where

- - (4)
g = -(3K, + o<3)/|<2
and also can be written in terms of the measured quantities as
B = B(A,/AZ)(1/k%) (5)

L
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The nonlinearity parsmeter g can then be experimentally determined by
measuring the absolute vslues of the amplitudes of the fundamental and
the generated second harmonic wave signals A' and Az, respectively. The

development of a capacitive detector and its c:olH:»ratloﬂ‘8

permit the
absolute determination of the amplitude of finite sinusoidal ultrasonic

waves.

PROGRAM OBJECTIVES

Studies performed on steel and aluminum alloys have shown that
variations of ultrasonic velocity with stress are linear and the slopes
of these linear relationships are sensitive to variations in mechanical
properties and internal stresses. The stress dependence studies showed
that the acoustoelastic constants in steel and aluminum alloys vary
linearly with the percentages of solid solution phases in these alloys.
This behavior should then lead to the development of practical methods
to characterize mechanical properties of engineering materials
nondestructively. in steels, mechanical properties can be expressed
with reasonable accuracy by a simple relationship between the specific
property and the amounts of ferrite and perlite phases present in the
steel alloyls.

It is therefore the primary goal of the research program to study
the utilization of the nonlinearity parameter of harmonic generation and
the stress dependence of ultrzsonic velocity to characterize mechanical
properties of engineering materials. The study would also result in the
fundamental understanding of the calculations of harmonic properties in
alloys containing several phases. No information is currently available

for third-order elastic constants in alloyszo.
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The study was to establish relationships between the nonlinearity
parameter of second-harmonic generation and the percentage of solid
solution phase in a two-phase alloy system such as those of aluminum.
Similar ralationships were also to be established between acoustoelastic
constants and percentage of second phase precipitates in the same alloy
system. These alloys are available commercially and their mechanical
properties are well documented. The acoustoelastic constants was to be
measured on these alloys for comparison and confirmation. Further, the
study was also asimed at measurements of the variations of the
nonlinearity parameter and the acoustoelastic constant as a function of
work hardening. These measurements determine the possibility of
separating the effects of phase and work hardening variations on the

anharmonic properties of alloys.

EXPER IMENTAL
The alloys used In this Investigation are 6061-T6, 2024-T4 and
7075-T551. The nominal compositions of these alloys are shown in table
1. The specimens used in the harmonic generation measurements are
menufactured In the form of cylinders, of 1-1.5 inch diamster anc¢ 1.5
inch in length. The opposite faces of the specimen are polished to be

flat and parallel to less than .0001 inch.
in the harmonic generation measurements, a nominally 10 MHz
electrical tone-burst Iis used to drive 2 1/2 inch diameter Lithium
Niobate transducer of 10 MHz fundame;tal frequency to launch an acoustic
tone-burst into the aluminumium specimen. The acoustic harmonic wave is
then detected at the opposite end of the specimen using s capacitive

transducer. The nonlinearity parameter is then determined by measuring




the absolute amplitude of the fundements! acoustic wave and that of the
second harmonic. Detailed information regarding the experimental
techniqus and the measurement procedure can be found elsewhere.2'

In order o measure the AEC, the cylinderical samples used Iin the
nonlinearity paraweter measurements are cut into a .7 x .7 x 1.5 cubic
irch blocks. In these measurements, the stress is applied perpendicular
to the sound propagation direction. Changes in the ultrasonic velocity
are measured using the pulse-echo-overlap system which is described in
detail in reference 22 along with the loading system used.

The experimental arrangement for the harmonic generation
measurements and the AEC measurements are shown in figures ! and 2,
respectively. Using these systems, the systematic uncertainty Iin
determining g and AEC are found to be 143, and 2%, respectively. The
volume fraction of the second phase is determined by measuring the size
of the second phase precipitates relative to the solid sclution phase on
the etched and polished surfaces of specimens used in the investigation.
The Rockwell-F hardness of the specimens' surfaces are measured using a

conventional hardness tester.

RESULTS AND DISCUSS!IONS
The values of the ultrasonic longitudinal velocity V, the
nonlinesrity parameter g and the acoustoelastic constant (AEC) for the
spcimens used in this Investigation are listed in table 2. Also
included in this table, are the values of hardness and volume fraction
of second phase In the same specimens used in the ultrasonic
measurements. From this table, one can see that the changes in the

absolute value of the longitudinal velocity is smell, (~ 13), while
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those of B and AEC are 40.2%3 and 37%, respectively. The plots of the
nonlinearity parameter B and AEC versus volume fraction of the second
phase precipitates are displayed in figure 3. From this figure, we note
that the presence of second phase precipitates has a large effect on
both the values of the nonlinearity parameter g and the AEC. Moreover,
one can see that both B and AEC decreases linearly with the decrease of
the volume fraction of second-phase precipitates in the aluminum alioys
investigated. It is also interesting to note that the changes of both g
and AEC w!th volume fraction of second phase are almost equal,
indicating similar sensitivity of the two parameters on phase
composition. This resul is expected since B and AEC are functions of
the third order elastic constants of the solid which have been observed
to be sensitive to the microstructural properties of the material.

The nonlinearity parameter B is plotted as a function of AEC in
figure 4. From this figure, it is seen that 8 is a linear function of
AEC, indicating the possibility of wusing this parameter in
characterizing material properties. The plots of B and AEC as a
function of hardness are displayd in figure 5. From this figure one can
see that both 8 and AEC increases as the hardiiess is Increased. Figure
5 also indicates a possible relationship between these two parameters
which can be determined nondestructively and mechanical properties of

these alloys.z3

CONCLUSION
In this investigation we show that both the nonlinearity parameter

B and the AEC decreases linearly with the decrease of the volume

fraction of second phase precipitates in the aluminum alloys
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investigated. Also we find that both the nonl inearity parameter g and
AEC increases as the hardness (is increased. In addition, the
nonlinearity parameters and the acoustoelastic constants are linearly
related indicating the possibility of using the nonlinearity parameter

in the nondestructive characterization of material properties.
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Table 1

Chemical composition (% by Weight) in

Cu Cr

6061 - 0.2
2024 4.5 -

7075 1.5 0.3

Mg Mn

1-0 -

1.5 0.6

2.5 -

aluminum alloys

Si in

i
T
P
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5
4
,
!
LA
i
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Table 2

Values of quantities measured in aluminum alloys

| B AEC v % Re 'I
| :i
| 6061-T6 5.1 4.02 6.27 .3 60.8 i
i 2024-T4 7.7 5.87 6.20 2.3 70.8
2 ;
i 7075-T551 8.6 6.38 6.21 2.9 77.3 %

'-1, . . i
- B = nonlinearity parameter !
o AEC = acoustoelasti~ ~onstant (10 MPa)

% =% of the volume .raction of second phases

v = velocity (103 m/s)

Rf = Rockwell f hardness
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