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a b s t r a c t 

Measured ultrasonic velocities decrease in pure copper samples subjected to intergranular creep while 

their anisotropy increases as creep progresses. Intergranular creep occurs at relatively high temperature 

and low stress, accompanied by damage caused by the nucleation and growth of voids on the grain 

boundaries. Subsequent coalescence of these voids leads to microcracking, and eventually macroscopic 

cracks occur. In this paper, we represent grain boundaries as imperfectly bonded interfaces, across which 

traction is continuous, but displacement may be discontinuous. We express the elastic anisotropy caused 

by the nucleation and growth of voids on the grain boundaries in terms of a second-rank and a fourth- 

rank tensor, which quantify the effect on elastic wave velocities of the orientation distribution as well as 

the normal and shear compliances of the grain boundaries. As a result, one may invert ultrasonic wave 

velocity measurements to obtain the components of these tensors. Application of this method to ultra- 

sonic velocity measurements made on pure copper samples subjected to intergranular creep shows that 

a simple model using only the second-rank tensor reasonably agrees with the data, thus confirming the 

correctness of the underlying model. One can use deviations between the measurements and predictions 

of this simplified model to determine the ratio of normal to shear compliance of the grain boundaries, 

which are found to be more compliant in shear than in tension or compression. 

© 2016 Elsevier Ltd. All rights reserved. 

1. Introduction 

Creep may lead to fracture of structural materials used in high 

temperature applications. Nondestructive evaluation methods for 

assessing the remaining life of such materials are, therefore, of 

great interest. As creep proceeds, a number of microstructural pro- 

cesses may affect the velocities such as (i) changes in dislocations, 

(ii) the generation of creep voids (or cavities), (iii) precipitation 

of second phase particles such as carbides and intermetallic com- 

pounds, and (iv) modification of texture due to recrystallization 

and plastic deformation. A number of authors have used ultrason- 

ics to estimate damage due to creep ( Willems et al., 1987; Willems, 

1987; Ledbetter et al., 1987; Birring et al., 1989; Hirao et al., 1990; 

Morishita and Hirao, 1997 ). These studies show that damage due 

to creep is characterized by a decrease in the wave velocity and an 

increase in the attenuation of ultrasonic waves. 

In the case of intergranular creep, damage evolves from 

the nucleation and growth of voids on the grain boundaries 
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( Hirao et al., 1990; Morishita and Hirao, 1997 ). These voids cause 

degradation of the material by lowering strength and increas- 

ing brittleness. Subsequent coalescence causes microcracking, and 

eventually macroscopic cracks occur. During this process, the den- 

sity and effective elastic stiffness coefficients change, leading to 

a decrease in ultrasonic velocity. This decrease in velocity is ob- 

served to depend on the direction of propagation and polariza- 

tion of the wave, resulting in anisotropy ( Hirao et al., 1990 ). 

Morishita and Hirao (1997) proposed a damage model in which 

creep-induced voids are considered spherical and confined within 

oblate ellipsoidal volume elements. The distribution in orientation 

of these ellipsoids was represented by an orientation distribution 

function that was expanded in generalized Legendre polynomials, 

following Roe (1965) . The coefficients in this expansion that yield 

agreement between the measured and calculated velocities are 

consistent with an axisymmetrical distribution of the minor axes 

of the ellipsoids around the stress direction, indicating progressive 

alignment of the ellipsoids’ minor axes with the stress direction 

as creep progresses. However, photomicrographs shown by Hirao 

et al., (1990) from creep-damaged copper specimens at 600 °C 

and 7.4 MPa stress indicate the presence of damage at the grain 
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boundaries, rather than in ellipsoidal volume elements as assumed 

by Morishita and Hirao (1997) . 

To treat the effects of damage at the grain boundaries on the 

elastic wave velocities, we present below a model in which the 

grain boundaries are represented as imperfectly bonded interfaces, 

across which traction is continuous, but displacement may be dis- 

continuous. We then show that the elastic anisotropy caused by 

the nucleation and growth of voids at the grain boundaries can 

be represented in terms of a second-rank and a fourth-rank ten- 

sor that quantify the dependence of the elastic stiffness coefficients 

on the normal and shear compliances of the grain boundaries and 

their orientation distribution. The model allows ultrasonic wave 

velocity measurements to be inverted for the components of these 

tensors. Results from applying this model to the ultrasonic velocity 

measurements of Hirao et al. (1990) made on pure copper samples 

undergoing intergranular creep are presented next, followed by the 

conclusions of this work. 

2. Data 

The ultrasonic measurements used in this paper are from 

Morishita and Hirao (1997) . These authors used pure copper spec- 

imens to avoid precipitation, and applied a stabilization annealing 

prior to creep tests in order to suppress the change of metallurgical 

structure. The specimens used were machined from a rolled plate, 

and are anisotropic in their initial state due to the presence of tex- 

ture, i.e. preferred orientation of crystallites induced by rolling. In 

the tests, a tensile stress was applied parallel to the rolling direc- 

tion. High temperature and low stress test conditions were cho- 

sen on the basis of the fracture mechanism map of Ashby et al. 

(1979) so that intergranular creep fracture occurs. The Cu spec- 

imens fractured with no visible evidence of plastic deformation, 

and contained very low dislocation density because of the anneal- 

ing at 800 °C, higher than the creep temperature, for 3 hours before 

machining and then further annealing at 550 °C for 20 hours before 

the creep tests. As a result, dislocations and plastic deformation are 

not expected to contribute to the measured velocities. In general, 

dislocations have a greater influence on attenuation than on wave 

velocities. For example, similar pure Cu specimens have been sub- 

jected to cyclic loading at room temperature causing fatigue dam- 

age in them ( Hirao et al., 20 0 0 ). In these tests, the measured evo- 

lution of shear-wave velocity was limited to within 8% of the orig- 

inal velocity despite the quite high dislocation density. However, 

the attenuation coefficient showed as much as a five times larger 

value than that measured before being fatigued. 

Morishita and Hirao (1997) found that creep voids cause trans- 

verse isotropy with the axis of rotational symmetry parallel to the 

stress axis. To determine the void volume fraction, Morishita and 

Hirao (1997) used the Archimedes method with 20 mm cubic spec- 

imens following Ratclife (1965) . The measurement error was esti- 

mated to be less than 10 −4 . 

Photomicrographs from creep-damaged copper specimens at 

500 °C and 6 MPa stress are shown in Fig. 1 . The volume fraction 

of voids (black areas) caused by creep is 0.00106 for the specimen 

on the left and 0.020 for the specimen on the right. The damaged 

grain boundaries are seen to have a preferred orientation with nor- 

mals in the direction of the applied stress. 

3. Model description 

In this section, we investigate the effects of damage at the grain 

boundaries on ultrasonic velocities by modeling the grain bound- 

aries as imperfectly bonded interfaces, across which traction t is 

continuous, but displacement u may be discontinuous ( Schoenberg 

1980 ). It is convenient to denote the discontinuity in displacement 

across the grain boundary by [ u ]. Assuming that [ u ] is linear in the 

Fig. 1. Photomicrographs from creep-damaged copper specimens at 500 °C and 

6 MPa stress. The double-headed arrow shows the direction of the applied stress, 

chosen as the x 3 direction in this paper. t is the time in hours that the specimen 

was exposed to stress, while t r is the lifetime of the specimen at this level of stress. 

The black areas show the creep-induced voids. 

traction, the i th component may be written as 

[ u i ] = B i j t j , (1) 

where t j is the j th component of the traction vector, and B ij is 

the grain boundary compliance matrix. If there is rotational sym- 

metry around the normal to the grain boundary, it follows from 

Schoenberg (1980) and Kachanov (1992) that B ij may be repre- 

sented in terms of a normal compliance B N and shear compliance 

B T as follows: 

B i j = B N n i n j + B T 

(
δi j − n i n j 

)
, (2) 

where n i is the i th component of the normal n to the grain bound- 

ary. Choosing a reference set of axes X 1 , X 2 , X 3 with X 3 normal 

to the grain boundary, Eq. (2) may be written ( Schoenberg, 1980; 

Kachanov, 1992 ) as: 

[ u 3 ] = B N t 3 , [ u α] = B T t α, for α = 1 or 2 . (3) 

B N gives the displacement discontinuity normal to the grain 

boundary for unit normal traction, while B T gives the displacement 

discontinuity parallel to the grain boundary for unit shear traction. 

The normal and shear grain boundary compliances B N and B T will 

be used below to determine the change in ultrasonic wave veloci- 

ties due to damage at the grain boundaries. 

To treat the effect of the orientation distribution of grain 

boundaries, we use the Cartesian reference set of axes x 1 , x 2 , x 3 , 

with axis x 3 in the direction of the applied stress, axis x 1 in the 

through thickness direction of the sample, and axis x 2 along the 

transverse direction. We denote the components of the elastic stiff- 

ness tensor of the samples by C ijkl ( i , j , k , l = 1, 2, 3) with units of 

[Pa], while we will denote the components of the elastic compli- 

ance tensor of the samples by S ijkl with units of [Pa −1 ]. 

In the presence of an orientation distribution of grain bound- 

aries, the elastic compliance tensor may be written in the form 

( Sayers and Kachanov, 1991, 1995 ): 

S ijkl = S 0 ijkl + �S ijkl , (4) 

where S 0 
ijkl 

is the elastic compliance tensor in the absence of 

creep-induced damage. S 0 
ijkl 

is anisotropic for the samples of 
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