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Abstract. Thermal diffusivity measurements on high purity (99.99% pure) aluminum 
samples are reported, using chirped and sinusoidally-modulated laser excitation and 
photopyroelectric detection of the thermal wave response. The results are found to be 
dependent on the degree of recrystallization of the specimen: for cold-rolled aluminum, 
the thermal diffusivity is measured to be c~ = 3.10 x 10 -5 m2/s, which rises to 3.88 x 
10 -5 mZ/s for fully recrystallized samples, and then falls to 3.53 • 10 -5 mZ/s for samples 
exhibiting the initial stages of grain growth. 

Introduction 

The measurement of laser-excited thermal wave phenomena through the use of 
pyroelectric detectors, known as the photopyroelectric (PPE) technique, has 
recently been demonstrated to be a simple and sensitive method for the thermal 
analysis of condensed matter [1-4]. Photothermal techniques, of which photo- 
pyroelectric methods form a subset, have already been shown to be applicable 
to nondestructive materials evaluation [5-7] and to the monitoring of industrial 
processes, measuring such things as doping levels in semiconductors [8-9], and 
metal oxide homogeneity in magnetic recording media [10-11]. Among the 
many alternative photothermal detection techniques, however, PPE methods 
combine high temporal resolution with high sensitivity and low cost [12]; con- 
sequently pyroelectric materials such as thin-film polyvinylidene fluoride 
(PVDF) show great potential for use as sensor elements in thermal and spectro- 
scopic photothermal detection systems. 

In previous reports the PPE technique was applied to the study of the 
thermal properties of quartz, aluminum and stainless steel [13-15], as well as to 
the high-Tc superconductors [16-20]. The present work reports PPE measure- 
ments for the thermal diffusivity of high purity aluminum in various stages of 
recrystallization, using a chirped laser excitation technique and a thin PVDF 
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film as the detector element. A single-frequency modulation PPE technique, 
which yields relative values for the thermal diffusivity, is also applied, and is 
shown to give results that are in good qualitative agreement with the absolute 
chirped PPE measurements. The results show consistent differences in the 
specimen thermal diffusivity depending on the degree of recrystallization; this 
could indicate a possible crystallographic anisotropy of the thermal diffusivity 
in high purity aluminum. 

Theoretical Background 

Chirped Modulat ion P P E  Detect ion 

In the chirped modulation PPE technique, a cw laser is directed through an 
acousto-optic modulator which is driven by a fast frequency sweep waveform 
voltage x(t), or chirp. The resultant laser beam intensity is thus chirp-modu- 
lated, before being focussed on the sample. The thermal response y(t) is then 
detected at the back surface by a fast thin-film pyroelectric detector. The im- 
pulse response is then calculated from x(t) and y(t) through cross correlation 
and Fast Fourier Transform (FFT) analysis [21-22]. Chirped PPE detection has 
several advantages over conventional pulsed laser methods [23] for determin- 
ing the thermal diffusivity of metals and oxides. The technique is characterized 
by the low incident power density and high source stability inherent in cw laser 
systems; it is thus suitable for samples with low optical damage threshold. 
Although this advantage is also present in single-frequency modulation/lock-in 
techniques, chirped modulation enables measurements that are directly inter- 
pretable in terms of thermal pulse propagation times through materials. 

For a pyroelectric detector with thickness d, pyroelectric coefficient p and 
dielectric constant e0 in contact with the back surface of the sample, the current 
impulse response due to heat flow through a sample of thickness l may be 
obtained through a Green's function treatment [14], yielding 

_ pdA ~ r . , . l / 2~- r114 t  "~.,.l/2~-~-z 14t ,,.l12~-.r3d4t1 
I ( t )  s o t 3 / 2  ~] ( - 1 ) "  f l ~ 2  t " l n ~  " - -  ~ . ,2n t :  n + . ,3ne. j .  

n=0 
(1) 

The coupling coefficients between adjacent layers i and j in the air-sample- 
detector-backing system (Fig. 1: layers 1 to 4, respectively) are given by flij = 
(bij - 1)/(bij = 1), where bij = riay2/K~a~/2. Here rn and an are the thermal 
conductivities and diffusivities of the nth layer, and we have defined 

2nd 1 
~[z = ,/---5 + ,/-----5, (2a) a or 
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Fig. 1. Schematic of experimental arrangement for photopyroelectric experiment. Inset: geometry 
for theory of thermal response of a solid sample using laser excitation and thin-film photopyroelec- 
tric detection. 

The parameter A is a constant incorporating the static thermal properties of the 
sample-pyroelectric system: 

(O930/2) 1/2 
A = - (3)  

2V ' -~a2(b32  + I )  

Equation (1) describes a pulse peaked at time ~-p, and is valid under the 
following approximations: a large thermal mismatch at the sample front surface 
(bl2 < <  1 or ill2 = - 1); a metal backing for the thin-film detector (b43 ~ 1 or  ~43 

= 1); and a sample that is thermally thick compared to the detector (~'2 > >  ~'3, 
where ~'n is the time for a unit heat impulse to travel through the n-th layer; 
equivalently, 12/a2 > >  d2/a3). All these approximations are valid in this work. 

Along with the dependence on the sample thermal parameters, the pulse 
shape is sensitive to the detector properties; for a PVDF detector, as in our 
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case, a3 = 8 x 10 -8 m2/s and K3 = 0.19 W/m-K for the detector thermal 
diffusivity and conductivity [24]. Inserting these values in Eq. (1), it may be 
shown [18-20] that rp varies linearly with the parameter 12/o~, where we have 
written oz = c~2, with a slope Fp = 0.08, for PVDF detection, independent of the 
sample thermal conductivity K = K2. This is a consequence of the fact that the 
current response at earlier times is a strong function of the thermal diffusivity, 
and is only weakly dependent on the thermal conductivity; furthermore, Fp is 
only dependent on the thermal and geometric properties of the detector. The 
absolute value of the sample thermal diffusivity may then be calculated from 
the relation 

o~ = Fp . ( 4 )  

Single-Frequency Modulation PPE Detection 

Estimates of the thermal diffusivity may also be obtained from the frequency 
response of the sample to sinusoidally-modulated excitation. The sample-de- 
tector geometry is the same as in Fig. 1, except for a thin-film blackbody 
reference deposited on the PVDF film, and that the excitation intensity I0 is 
modulated at a single frequencyf. If the film is optically opaque and thermally 
thick, and the sample surface reflectance R 2 is written in the form A 2  = 1 - R 2 ,  

the output voltage normalized by the PPE reference response is given by [25] 

V N ( f )  = 2 ~ 2 A 2 ( ~ ) e x p ( - 0 - 2 l ) ,  (5) 

where "02 is the heat conversion efficiency. Furthermore 0-2 = (1 + i) a2, and 
a2 = (rrf/oe2) j/2 = /z21 , where/z2 is the thermal diffusion length, and b32 = k3a3/ 
k2a2. The amplitude and phase of the normalized PPE signal are given by 

[VN(f,X)] = 2r/2(h)A2(X) ( b32 ] e x p [ - a 2 ( f ) l ] ,  
\b32 + 1/  

(6a) 

qbD(f) = a2(f)  l = I. (6b) 

A plot of In ]VNI against fv2 yields a straight line with slope --(rrf /a2)l /2l ,  from 
which the thermal diffusivity oe = ~ 2  may be determined: 

[ A0  ]:  
= 12 r k2x(lnlVul)a " (7) 

It is important in this formulation to ensure that the sample satisfy the condition 
/.Z 2 < <  l ,  that is, that the sample is thermally thick, in order to apply Eq. (10), 
otherwise the PVDF thermal properties will contribute significantly to the de- 
tected signal. 
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Experimental 

This investigation was undertaken using specimens from 2 mm-thick sheets of 
high purity aluminum, with an elemental impurity specification of < 0.01% by 
weight. Laser excitation of the samples was normal to the rolling plane. Speci- 
mens for examination by optical micrography were cross-sectionally cut and 
etched, and examined at 32 • magnification. 

A conventional arrangement was used for the PPE experiments (Fig. i). 
The detector consisted of 28/~m-thick PVDF film, uniformly poled and vac- 
uum-deposited with electrodes of NiAI. The NiAI electrodes are composed of a 
0.015 t~m base of nickel and a 0.04 k~m film of aluminum, which give both high 
thermal and electrical conductivity as well as good adhesion of PVDF. The 
electroded 28/~m PVDF film, which has a flat frequency response up to several 
MHz, is stretched and fixed to a stainless steel backing. This assembly is then 
enclosed in a gold-coated Inficon metal housing for electrical contact and to 
screen electromagnetic r f  interference. The samples were affixed to PVDF 
detector through a thin layer of thermal compound, whose contribution to the 
sample PPE signal was negligible [16, 26]. 

For the chirped experiments the PPE responses were excited with 20 mW 
incident power from the 488 nm line of an Ar + laser. The cw beam was chirped 
by an acousto-optic modulator before being focussed on the sample front sur- 
face. The driver waveform to the modulator had an amplitude of 85 mV, and 
the modulator exhibited a flat power spectrum over the 0-1 kHz modulation 
band. The PVDF output was fed to a fast current amplifier and then to the 
system input of an FFT analyzer; the impulse response time window was 800 
ms, digitized into 2048 points. The current impulse response was then recov- 
ered by correlation and FFT operations as discussed above. 

For the single-frequency modulation PPE measurements, the illumination 
source consisted of a 1000 W xenon lamp-monochromator system, modulated 
from 3-16 Hz by a mechanical chopper [27-28]. The output signal was filtered 
and preamplified before connection to a digital lock-in analyzer, referenced to 
the chopping frequency. The spotsize at the sample for both the chirp and 
single-frequency modulated PPE experiments was approximately 10/~m. Al- 
though this configuration falls within the regime of a three-dimensional theory, 
preliminary experiments with expanded beam diameters revealed no measur- 
able difference in pulse time characteristics compared to the focussed beam 
arrangements. The one-dimensional model for excitation and heat flow in the 
sample, as outlined above, is thus adequate for our purposes. 

Results and Discussion 

Cross-sectional optical micrographs of the aluminum samples, perpendicular to 
the rolling direction, are shown in Figs. 2(A)-(E). In cold-rolled aluminum the 
crystallites are elongated in the rolling direction, as in Fig. 2(A). Figures 2(B) to 
2(D) show samples with approximately 90% and 100% (two specimens I and II) 
recrystallization, respectively. In Fig. 2(E) grain growth is evident in the sam- 
ple, with individual grains ranging up to 250/~m in diameter. 
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Fig. 2. Optical micrographs of high purity aluminum samples, showing cross-section perpendicular 
to rolling direction: (A) cold-rolled, (B) 90% recrystallized, (C) 100% recrystallized I, (D) 100% 
recrystallized II, and (E) recrystallized aluminum showing grain growth. The cross-sectional sam- 
ple thickness is approximately 2 mm; magnification is 32x. 

Figures 3(a)-(e) show the representative normalized impulse responses for 
the samples in Fig. 2 above, taken with chirped modulation and PPE detection. 
Although the responses are qualitatively similar--a peak followed by a gradual 
decline to slightly negative value, and then a slow recovery--the peak time 
appears to be a function of the degree of recrystallinity: for example, the 
impulse response for cold-rolled aluminum occurs at a later time than for fully 
recrystallized aluminum. Because of the diffusive nature of thermal-wave prop- 
agation through the sample, any increase in ot leads to a narrowing of the pulse, 
and a faster arrival of the detected temperature change at the sample back 
surface. The narrowing of the impulse response is thus indicative of a corre- 
sponding increase in the thermal diffusivity. Qualitatively the data indicate an 
increase in thermal diffusivity from cold-rolled to fully recrystallized high pu- 
rity aluminum, where it remains relatively constant. The value for a subse- 
quently decreases on further annealing and grain growth. 

Figure 4 shows the normalized frequency responses for recrystallized alu- 
minum, taken with the single-frequency modulation PPE technique, in the form 
In IvNI os f,,2, showing the linear relationship predicted the theory. As in Eq. 
(7), the slopes are related to the thermal diffusivity and reflect the observations 
above: an increase in thermal diffusivity from cold-rolled to fully recrystallized 
aluminum and then a drop upon further processing. However, within the fre- 
quency range of this particular experiment, ~2 >> l, and the condition for sample 
thermal thickness does not apply. Consequently it was impossible to retrieve 
absolute values for the thermal diffusivity from the single-frequency work. 

Quantitative measurements of the thermal diffusivities are, however, avail- 
able from the chirped PPE (impulse response) experiments, according to Eq. 
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PPE, for corresponding samples described in Fig. 2. 
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Table 1. S u m m a r y  of  chirped photopyroelectr ic  measure-  
ments  of  the impulse  response  peak time and thermal  dif- 
fusivity for high purity a luminum.  

Aluminum rp a 
Specimen (ms) ( x  10 -5 

m2/s) 

Cold-rolled 8.925 -+ 0.170 3.10 -+ 0.02 
90% recrystall ized 7.125 -+ 0.112 3.82 - 0.05 
100% recrystall ized I 7.225 -+ 0.050 3.75 -+ 0.05 
100% recrystall ized 11 6.750 - 0.001 4.06 - 0.01 
Initial grain growth 7.725 -+ 0.146 3.53 -+ 0.02 

(4), and the results are summarized in Table 1. These measurements are abso- 
lute values, and the standard deviations reflect the result of five separate exper- 
iments on each specimen, with each experiment consisting of 300 averages. 
The peak delay % falls from 8.925 ms for cold-rolled aluminum to an average of 
7.033 ms for fully recrystallized aluminum, and then exhibits a rise to about 
7.725 ms for the final sample. The change in the thermal diffusivity is smaller 
but still measurable: For cold-rolled high purity aluminum, a = (3.10 - 0.02) x 
10 -5 m2/s, which rises to (3.88 - 0.05) x 10 -5 m2/s for fully recrystallized 
samples, and then falls for to (3.53 --- 0.02) x 0 -5 m2/s for the sample exhibiting 
the largest grains. We should stress that this variational dependence with re- 
crystallization is reproducible; all our experiments exhibited the same trend for 
the thermal diffusivity. 

One possible explanation for the above results is based on the crystallo- 
graphic anisotropy in the thermal diffusivity. The effective increase in the 
measured a values as shown in Figs. 2(b)-(d), could be ue to an average reorien- 
tation during the recrystallization process, normal to the rolling plane and 
parallel to the thermal diffusion direction. This mechanism does not account for 
the apparent decrease in a for the specimen in Fig. 2(e). However, in this 
sample a typical grain can have a dimension of 250/xm, which is as much as 10- 
100 times the laser spotsize. Consequently the measured thermal diffusivity for 
this case may be characteristic only of the local crystallographic orientation, 
rather than an average over all orientations. 

Conclusions 

The thermal diffusivity of high purity aluminum has been measured using a 
photopyroelectric technique. The thermal diffusivity is found to be dependent 
on the degree of recrystallization, and rises from a = 3.10 x 10 .5 m2/s for cold- 
rolled aluminum to 3.88 x 10 -5 m2/s for the fully recrystallized material. The 
change may be due to a crystallographic reorientation and anisotropy in the 
metal. Further recrystaUization results in a decrease of the diffusivity to 3.53 x 
10 .5 m2/s, and may be due to preferential sampling of grains with a specific 
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crystallographic orientation. However, the results may not necessarily relate to 
crystallographic orientation, but may be related to dislocation loops, especially 
in high purity alloys such as in this work. Further experiments are being under- 
taken with single crystalline samples, or large grain specimens, in order to 
clarify the mechanisms that first allow and finally suppress the enhancement of 
the thermal diffusivity during recrystallization. 
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