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In situ laser-based resonant ultrasound spectroscopy is used to characterize the development of a

recrystallized microstructure in a high purity copper sample. The modal shapes, used for mode

identification, of several resonant modes are determined before and after annealing by raster

scanning the laser interferometric probe. This information is used to isolate the motion of individual

modes during high temperature annealing. The evolution of a particular mode during annealing is

examined in detail. During recrystallization, the center frequency of this mode shifts by

approximately 20% of the original value. Using electron backscatter data it is shown that the

majority of this shift is due to changes in the polycrystal average elastic stiffness tensor, driven by

changes in texture, and that changes in dislocation density and pinning length are secondary

influences. © 2010 American Institute of Physics. �doi:10.1063/1.3327428�

I. INTRODUCTION

Resonant ultrasound spectroscopy �RUS� is an effective

tool to measure mechanical properties of materials.
1–4

The

resonant response, as determined by the elastic constants and

ultrasonic dissipation, has been shown to be a strong func-

tion of the microstructural state of the material. Much of the

previous work in this area has focused on relating changes in

the resonant response to changes in dislocation density and

pinning length. This approach
5,6

involves dividing the modu-

lus into a purely elastic modulus and a dislocation modulus.

Because an ultrasonic wave transfers energy to a dislocation

by causing it to oscillate, the dislocation modulus is neces-

sarily complex with the real part associated with changes in

acoustic velocity and the imaginary part associated with

changes in ultrasonic attenuation. The work of Thompson

and Holmes
7

provides one of the first examples of using

RUS to monitor in situ changes in mechanical properties.

Their results, involving high purity copper samples exposed

to neutron radiation, showed a marked increase in Young’s

modulus and a decrease in attenuation with increasing radia-

tion dose. Using the oscillating-dislocation-line model of

Granato and Lucke
8,9

to interpret their results, they showed

that the change in modulus and attenuation could be related

to dislocation pinning by radiation-induced defects. Many

other studies
10–13

have confirmed the basic elements of this

explanation; however, wide disagreement between experi-

mental results has precluded specification of the type and

size of the defect responsible for pinning. At the time of

these studies this limitation was likely due to uncertainty in

the initial and final state of the microstructure.
14

A related area of investigation involves monitoring me-

chanical property evolution driven by changes in

temperature.
4,15–19

This approach is necessarily more compli-

cated than isothermal irradiation studies in that it can also

entail changes in grain texture. For investigations involving

the annealing of heavily cold worked metals, many research

groups have noted a step change in the elastic modulus and

an irreversible peak in ultrasonic attenuation �internal fric-

tion� as a function of increasing temperature. There is still

much debate over the mechanism responsible for these

changes in the resonant spectrum.
15

For high purity copper

�Cu� it is thought that dislocations play a key role.
16

Gondi

and Tognato
17

proposed a mechanism governed by disloca-

tion climb. Subsequent work by Akhmadeev et al.
18

involv-

ing the recrystallization of samples subjected to equal chan-

nel angular extrusion demonstrated that the temperature at

which the internal friction peak occurs is independent of fre-

quency. This result is inconsistent with the dislocation climb

framework. More recently, Lee and Okuda
19

have measured

the internal friction and dynamic modulus of copper samples

using a resonant flexural vibration technique. Utilizing x-ray

characterization, they noted the important influence of tex-

ture on the change in dynamic modulus.

Indeed, recrystallization can involve pronounced

changes in texture in addition to changes in dislocation den-

sity and pinning length. For polycrystalline materials that

have large single crystal elastic anisotropy, texture and tex-

ture evolution can have a significant influence on the reso-

nant spectrum.
20

In this study we use laser-based resonant

ultrasound spectroscopy �LRUS�21–23
in combination with

electron backscatter diffraction �EBD� to gauge the influence

of texture evolution on the resonant spectrum of a deformed

polycrystalline Cu sample during high temperature anneal-

ing. A pulsed laser is used to locally excite a broad spectrum

of resonant modes. A laser interferometer is raster scanned

once prior to annealing and once after annealing to form an

image of each resonant mode in the rolled and annealed

states. This information, used for mode identification, en-

ables unambiguous tracking of individual modes during high

temperature annealing. Utilizing a theory that connects modea�
Electronic mail: david.hurley@inl.gov.
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shape to the polycrystal average elastic stiffness tensor �de-

rived from EBD data�, it is demonstrated that this approach

has the potential to differentiate dislocation and texture

driven changes in the elastic modulus.

II. EXPERIMENT

The experimental setup used for ultrasonic generation

and detection is shown in the top pane of Fig. 1. Broadband

resonant ultrasonic modes are thermoelastically excited in a

sample using a frequency doubled, pulsed neodymium-doped

yttrium aluminum garnet �Nd:YAG� laser operating at 532

nm and a pulse duration of 10 ns. A photorefractive interfer-

ometer is used to detect ultrasound by demodulating changes

in optical phases associated with out-of-plane surface mo-

tion. Aspects of the interferometer are described in detail by

Ing and Monchalin,
24

Pouet et al.,
25

and Lafond et al.
26

The

interferometer is comprised of a 1064 nm cw laser split into

reference and signal beams which recombine and interfere in

a gallium arsenide �GaAs� crystal.
27

The samples investigated consist of high purity �5N� Cu

parallelepipeds with nominal dimensions 5.4�3.4

�0.54 mm. A textured microstructure was imparted by roll-

ing a fully annealed sample. A 97.5% reduction was pro-

duced by rolling the material many times. Upon annealing, a

strong texture develops that is almost completely cubically

aligned.
28

The bottom pane of Fig. 1 shows the electron

backscatter micrographs of the rolled and annealed micro-

structures. It is noted that the cube texture �red in the micro-

graphs� is a finite but very small part of the rolled texture;
29

however, the dominate grain orientation of the rolled and

recrystallized microstructures are very different. Thus, be-

cause single crystal Cu is highly elastically anisotropic, tex-

ture evolution upon annealing provides an excellent test case

to investigate the influence of texture evolution on the reso-

nant spectrum.

The generation beam strikes the sample at one corner of

a 5.4�3.4 mm face, and the detection beam measures the

response from the opposed polished face. For investigations

conducted before and after annealing, the mode shapes of the

individual modes are formed by raster scanning the probe

beam across the rectangular sample surface. For each probe

position, the temporal waveform of the resonant ring down

was averaged 100 times �see inset in top pane of Fig. 1�. The

response was measured on a grid of 375 points, with the step

between points being approximately 220 �m. For in situ

investigations during annealing, the generation and detection

laser beams irradiate opposite sides of the sample which re-

sides inside a tube furnace. In order to monitor relatively fast

changes in microstructure during annealing �approximately

30 s intervals� the probe beam is not raster scanned. To pre-

vent oxidation, the furnace is fitted with optical windows and

purged with nitrogen gas �Fig. 1�.

III. RESULTS AND DISCUSSION

The resonant spectrum corresponding to the rolled

sample is shown in Fig. 2. Experimentally measured and

predicted mode shapes are shown in the inset. The experi-

mental mode shapes are constructed by first scanning the

probe beam to acquire a 375-point array of out-of-plane dis-

placement waveforms. The frequency domain response is ob-

tained by taking the Fourier transform of each displacement

waveform. For a resonant mode of interest, the data are then

windowed in the frequency domain and the amplitude and

phase are recorded. This process enables the creation of con-

tour plots of the out-of-plane surface motion �i.e., mode

shape�. The predicted mode shapes were obtained using the

XYZ algorithm of Visscher et al.
2

The macroscopic elastic

constants used as input were obtained by forming a polycrys-

tal average elastic stiffness tensor using the Voigt–Reuss–

Hill formalism and EBD data.
30,31,23

The EBD data consist of

a set of Euler angles that define the crystallographic orienta-

tion of each pixel. Because the scanned area is much larger

FIG. 1. �Color� Top: Experimental setup. A pulsed Nd:YAG laser is used for

ultrasonic generation and a photorefractive interferometer is used to detect

out-of-plane surface motion. The inset in the bottom left shows the ultra-

sonic ring-down in the sample after laser excitation. Bottom: Details of

microstructure evolution. A texture is imparted by rolling. A well defined

cube texture is formed upon annealing.

FIG. 2. �Color� The resonant spectrum of the rolled sample. Experimentally

measured and predicted mode shapes are compared in the inset.

063510-2 Hurley et al. J. Appl. Phys. 107, 063510 �2010�
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than the average grain size, the EBD data are representative

of the overall microstructure.
32

A false color map of the grain

orientations is shown in the bottom pane of Fig. 1. The poly-

crystal stiffness �Voigt� and compliance �Reuss� tensors are

formed by rotating the single crystal stiffness and compli-

ance tensors for each orientation. The resulting tensors are

averaged. The Voigt–Reuss–Hill stiffness tensor is obtained

by taking a geometric average of the Voigt and Reuss stiff-

ness tensors.

In Fig. 2, a dashed line connects the predicted mode

location �open circles� to the measured mode position. The

same analysis was performed after the sample was annealed.

The measured and predicted mode locations for the rolled

and annealed states are tabulated in Table I. For the rolled

sample 27 modes were identified and the average difference

between theory and experiment was less than 1.5%. For the

annealed sample 29 modes were identified and the average

difference between theory and experiment was less than

2.7%. The close agreement between experiment and predic-

tion confirms that the EBD data are representative of the

bulk microstructure and confirm the validity of the averaging

routine used to obtain the polycrystal elastic stiffness tensor.

Table I reveals that some modes shift a considerable fraction

of their original center frequency. Because copper has a large

single crystal elastic anisotropy, the polycrystal elastic prop-

erties change dramatically as the microstructure transforms

from a rolled texture to a recrystallized texture.

The texture evolution can also be examined by consid-

ering the elastic anisotropy derived from the average elastic

stiffness tensor. The averaged elastic stiffness tensors for the

rolled and annealed states, given in the Appendix, have es-

sentially the same form as a single crystal material having

cubic symmetry. Averaging these values �i.e., �C11+C22

+C33� /3= Ĉ11, �C12+C13+C23� /3= Ĉ12, and �C44+C55

+C66� /3= Ĉ44� enables calculation of the Zener anisotropy

factor,
33

A=2Ĉ44 / �Ĉ11− Ĉ12�. For the rolled and annealed

samples, A=0.8 and 2.4, respectively. A sample with ran-

TABLE I. Comparison between measured and predicted mode frequencies.

�f

�%�

Rolled Annealed

�f

�%�
Experiment

�kHz�
Theory

�kHz�
Theory

�kHz�
Experiment

�kHz�

4.39 63.404 60.735 74.331 81.308 9.39

4.27 73.432 70.424 53.931 54.680 1.39

137.116 155.430 165.027 6.17

1.90 182.077 178.689 139.111 141.457 1.69

1.75 182.077 178.937 145.992 143.463 1.73

0.15 216.271 215.941 198.207 205.555 3.71

0.10 245.068 245.320 252.642 262.008 3.71

0.04 284.935 285.051 313.158 327.087 4.45

0.01 345.286 345.258 280.592 276.984 1.29

0.06 384.019 383.772 384.681 391.654 1.81

0.92 393.341 396.989

434.402 436.329 0.44

0.37 435.120 436.719 347.673 353.474 1.67

0.09 448.346 448.759 394.632 404.188 2.42

452.366

1.06 512.459 517.960 508.679 526.980 3.60

0.21 520.062 521.172

1.29 524.849 531.725 577.693

0.58 556.058 559.329 529.557 533.345 0.72

617.615 652.272 679.328 4.15

1.58 675.075 685.888 736.581 757.166 2.79

707.036 622.341

1.73 716.646 729.296 810.228 842.211 3.95

1.72 728.738 741.480 653.234 658.563 0.82

1.95 736.242 750.910 664.301 675.407 1.67

1.30 745.789 755.595 703.476 700.289 0.45

2.19 781.916 799.415 762.566 781.923 2.54

865.458 899.753 917.097 1.93

2.25 857.128 876.841 965.277 1021.216 5.80

878.552 899.929 925.031 2.79

1.46 909.800 923.305 839.413 823.326 1.92

1.37 930.367 943.268 891.901 883.001 1.00

968.277 979.694 1.18

2.94 957.632 986.658

4.07 1006.186 1048.920 1000.821 992.002 0.88

1.47 Average 2.62

063510-3 Hurley et al. J. Appl. Phys. 107, 063510 �2010�
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domly aligned crystallites will exhibit isotropic behavior, A

=1.0. Conversely, a copper sample with perfectly aligned

crystallites will exhibit single crystal behavior, A=3.2.
34

The

large value of A associated with the recrystallized sample

gives a clear indication of the degree of crystallite alignment.

Moreover, the large change in A illustrates the dramatic dif-

ference between the rolled and annealed textures.

The in situ study involved tracking changes in the RUS

spectrum during high temperature processing. For this study

the data were taken corresponding to a single predetermined

probe position. It is important to note that during the heating

and cooling cycles, neighboring modes can intersect in fre-

quency space, increase or decrease in frequency, and attenu-

ate below detectable limits for some portion of the cycle.

Thus the question arises, is a single mode tracked or does the

tracking process at times follow one or more adjacent

modes? One indication that a single mode is tracked is that

the mode location is a smooth function of temperature. In

addition, because the mode shapes are relatively insensitive

to changes in the elastic properties that occur during

annealing,
35

the mode shapes before and after annealing can

be used to further support that a single mode was tracked

throughout the entire cycle. The in situ mode position for a

single mode is shown in Fig. 3. The mode position in fre-

quency space slowly decreases with increasing temperature

and then exhibits a rapid and irreversible decrease at ap-

proximately 200 °C. Above this transition the mode location

continues to decrease in frequency and then upon cooling the

mode location increases in frequency. The temperature

��200 °C� at which the mode location suddenly changes

corresponds to the recrystallization temperature.

In situ tracking of an isolated mode is complicated for

the current case because the experimental mode image at the

beginning of the cycle is notably asymmetric. The reason for

the asymmetry is that the experimental image is a combina-

tion of two closely spaced modes. Experimentally, these two

modes cannot be isolated; however, the predicted mode

shapes can be combined to form a composite mode. The

predicted mode shapes for the modes in question are shown

in Figs. 4�a� and 4�b�. The composite mode, shown in Fig.

4�c�, is obtained by taking the sum of these modes with equal

weighting. The experimentally measured mode is shown in

Fig. 4�d� for comparison. During the heating cycle, the two

closely spaced modes split in frequency and a single mode is

tracked for the remainder of the cycle. The experimental

mode shape after the heating cycle �lower contour plot in

Fig. 3� clearly illustrates that a single mode from the original

mode pair was tracked.
36

Also shown in Fig. 3 is the predicted mode frequency

obtained from the EBD data before and after annealing,

178.937 kHz and 145.992 kHz respectively. It is important to

note that this large shift in predicted frequency is driven

solely by a change in texture. In addition, the predicted fre-

quency shift is comparable to the experimentally measured

shift. Thus, for the current case involving the development of

a cube texture in heavily deformed Cu, texture driven

changes in the elastic character dominate the shift in mode

frequency. Dislocation density and pinning length are sec-

ondary influences. This analysis illustrates the potential of

using EBD data to isolate the influence of texture from that

of dislocations.

IV. CONCLUSION

In situ LRUS was used to monitor microstructure medi-

ated mechanical property evolution in a highly deformed Cu

sample during recrystallization. Resonant mode shapes, de-

termined by raster scanning the interferometric probe before

and after annealing, were used to help identify individual

modes during high temperature annealing. A detailed discus-

sion of the evolution of a particular mode during annealing

was presented. This mode exhibited a shift in center fre-

quency of approximately 20% of the original value. Using

electron backscatter data, it is shown that the majority of this

shift is due to changes in texture. Changes in dislocation

density and pinning length that occur during annealing are

secondary influences. This case exemplifies the capability of

LRUS to monitor changes in mechanical properties during

high temperature processing.

FIG. 3. �Color� In situ monitoring of resonant peak location as a function of

annealing temperature. The center frequency changes significantly during

recrystallization. The majority of this shift is due to a dramatic change in

texture. Inset: Experimentally measured mode shape before and after

annealing.

FIG. 4. �Color� ��a� and �b�� The predicted mode shape of two closely

spaced modes. �c� The predicted mode shape obtained by summing, with

equal weighting, the two predicted modes. �d� Experimentally measured

mode shape. Frequencies shown are in kHz.

063510-4 Hurley et al. J. Appl. Phys. 107, 063510 �2010�
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APPENDIX: COPPER POLYCRYSTAL AVERAGE
ELASTIC STIFFNESS MATRICES

The elastic constants for single crystal copper are taken

as Ĉ11=168.4 GPa, Ĉ12=121.4 GPa, Ĉ44=75.2 GPa, and

the density
34

as �=8.96 g /cm3. Stiffness matrix �in GPA�
for the rolled sample is

�Cij� =�
207.2 102.0 101.5 1.3 0.7 0.8

102.0 208.8 99.9 0.4 0.8 1.9

101.5 99.9 209.3 0.9 1.4 1.1

1.34 0.4 0.9 42.0 1.0 0.7

0.7 0.8 1.4 1.0 43.2 1.2

0.8 1.9 1.1 0.7 1.2 43.7

� .

Stiffness matrix �in GPA� for the annealed sample is

�Cij� =�
174.9 118.7 117.6 0.7 0.0 0.5

118.7 173.7 118.8 1.7 0.2 0.3

117.6 118.8 174.8 2.4 0.2 0.1

0.7 1.7 2.4 68.0 0.2 0.3

0.0 0.2 0.2 0.2 64.9 1.0

0.5 0.3 0.1 0.3 1.0 67.6

� .
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