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The photoacoustic technique and the thermal relaxation method were used to determine
the thermal conductivity of some representative samples obtained from an aluminum-
silicon casting alloy A319. This material was solidified with an imposed unidirectional
thermal gradient to obtain samples with different microstructures characterized by the
secondary dendrite arm spacing, which increases as the solidification rate decreases. It
was found that the thermal conductivity of the alloy decreases with an increase in the
secondary dendrite arm spacing and a decrease in the integral dendrite perimeter.

I. INTRODUCTION The experimental methods commonly employed
to determine the thermal diffusivity in materials
The importance of simple thermal diffusivity measure-are of three different types, depending on whether
ments is crucial in the use of several industrial alloys, inthe measured heat flow is stationary, (conventional
particular those which are subjected to thermal cyclingmethod?) transient or periodic. The American Society
such as aluminum alloys employed in the manufacture ofor Testing Materials considers as standard a ver-
automotive engines, since power dissipation is an imporsion of the transient technique, the laser flash meftiod,
tant mechanism in engine performarice. to determine the thermal diffusivity. The periodic method
The microstructure which is developed in a castingwas introduced in 1863 by Angstrot,and involves
depends on its solidification rafe’ In the case of the heating periodically one end of a rod-shaped sample
widely used hypoeutectic aluminum silicon alloys, the typi-and measuring the resulting temperature oscillations at
cal microstructure is composed of aluminum dendrites andnother point of the rod. The phase lag between the ther-
a dispersion of the eutectic when made from aluminum andhal oscillations at any two points gives a precise deter-
nearly pure silicorf:® The secondary dendrite arm spacingmination of the thermal diffusivity. Another method,
(DAS) was found to be reduced as the solidificatrate  applied in this work, which is based on the photoacoustic
increased;* whereas the shape and distribution of eutec{PA) techniqué* has been employed extensively'®
tic silicon is affected by a series of parameters such aand has the advantage of requiring small quantities of
solidification rate and chemical compositiorY. the material to be analyzed, permitting the determination
It is a well-known fact that the physical and mechanicalof the thermal diffusivity in localized regions of the
properties of a material depend on its microstruc-material.
ture>©89 put the relationship between the thermo- The aim of this work is to determine the possible cor-
physical properties and microstructure is perhaps lesselation between the thermophysical properties and the
studied, although some repott§ indicate that the elec- position-dependent microstructure of a commercial alu-
trical conductivity depends on the microstructure. minum casting alloy of the type A319.
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II. EXPERIMENTAL PROCEDURE composition of the alloy was determined by optical emis-

The experimental alloy was obtained from a computerSION Spectroscopy (spark) as a function of the position.
controlled instrumented rig, which consisted of a 51-mm-1 N€ averaged values are reported in Table 1. The micro-
thick steel plate and a mast in which a given numbesStructure of the samples was determined with a Nikon
(normally eight) of type K (chromel-alumel) thermo- Epiphot TME metallographic microscope (Japan), once
couples are localized at different heights. The thermolhe dendrites were revealed with an aqueous solution of
couples were connected, during testing, to a solid-stat-05% HF. Measurements of the secondary DAS and of
device used to convert the electromotive force, generated€ total length of the dendrite coastlines, which will be
by the couple, into a linear scale ranging from 0 to 5 V.c@lled the “perimeter” were conducted along different
The output from these appliances was then applied to aipdial directions, normal to the solidification direction.
analog-digital board installed in a PC-compatible computer] N average was obtained from at least 150 branches.

Figure 1 shows a representation indicating the posi- ne thermal diffusivity was determined by the PA
tions at which the thermocouples were inserted. Cooling€cnique employing the open photoacoustic cell (OPC)
of the bottom surface of the steel was accelerated byonfiguration.” The schematic experimental array is
water. The aluminum alloy was poured into an ingotshown in Fig. 2. In this arrangement the sample is fixed
mould (made of recrystallized alumina) of 150_mmW|_th vacuum grease at the top of a C(_)mmer(:lal electrgt
diameter and 300-mm height, which was covered with 4nicrophone in order to detect the_ PA signal. The fron_t air
ceramic fibre blanket in order to assure unidirectionaich@mber adjacent to the metallized face of the micro-
solidification. The thermocouples were located in thisPhone diaphragm plays the role of the PA chamber. The
particular experiment at the ingot-steel plate interfac€*Perimental setup consists of an 80 mW Ar laser, whose
(which will be called zero distance), and at 1, 2, 4, 8, and"enochromatic light beam (488 nm line) was mechani-
12 cm from the interface. Small samples were cut fronc@lly modulated with a variable speed mechanical chop-
the ingot from positions close to those of the thermo-Pe’ (SRS-model 540) and uniformly focused on the
couples in order to correlate the thermal evolution during@MPle. An interference filter was used in order to avoid
solidification with the microstructure and thermophysicalt"€ UV plasma components of the laser. Part of the in-
properties. The samples were approximately B60- cident light is convgrt_ed into heat that propagates thfough
thick, and had an area of 0.5 x 0.5 ZnThe chemical the sample. Then it induces pressure fluctuations in the

PA cell. A lock-in amplifier (SRS-model 850, Sun-
nyvale, CA) connected to a personal computer through
THERMOCOUPLES CER{}M]C FIBRE an IEEE-488 card is used to analyze the output voltage

] / M . K
I ey [ and the phase lag from the microphone, as a function of
E//// the modulation frequency.
ALUMINIUM According to the theory of the OPC configuration for
319 opaque solids, the influence of the thermal diffusivity
F *+— CERAMIC FIBRE process on the magnitude and the phase lag of the mi-
crophone output are given, respectively, by
F
“— RECRYSTALLIZED c f1
D ALUMINA A= ° and (1)
pe \/cosh2al) - cog2al)
B
A ) + STEEL PLATE Ao = —atan tanal) | /2 @
I8 tanhal) '
WATER . .
g In these expression€,, is a factor that depends on the
FIG. 1. Experimental casting setup. The thermocouples are used tgeometr'cal_ and dielectric p_rOpe_rt'eS of the m'(?mphone’
monitor the position-dependent solidification process. a = Vmf/a is the thermal diffusion coefficient,is the
TABLE I. Chemical analysis (wt.%) of different heights of the cast ingot (Fig. 1).
Sample Si Cu Fe Mn Mg Zn Ti Sr Al
A 7.05 3.34 0.56 0.32 0.29 0.67 0.14 0.01 87.61
B 7.75 3.55 0.63 0.35 0.31 0.70 0.12 0.01 86.58
c 7.70 3.50 0.67 0.39 0.30 0.70 0.12 0.01 86.61
D 7.56 3.14 0.77 0.46 0.28 0.67 0.14 0.01 86.97
E 7.73 3.27 0.67 0.40 0.28 0.67 0.14 0.01 86.83
F 7.82 3.38 0.59 0.31 0.31 0.69 0.11 0.01 86.77
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LASER LIGHT The heat capacity per unit volumgcd], wherep is the
CHOPPER density andc is the specific heat capacity, can be deter-
mined by the thermal relaxation metHdavith the aid of
a vacuum chamber described elsewltér&his method
is also known as the temperature-rise method under con-
tinuous light illumination. A diagram of the experimental
set up is shown in Fig. 3. Both surfaces of the sample
were sprayed with black paint, in order to ensure a light
absorbing surface, and a constant heat transfer coeffi-
cient. The sample was then glued to the end of a thin
nylon rod inside the vacuum chamber (4Qorr). The
optical access was through a glass window. One of the
painted surfaces was then continuously and uniformly
exposed to a laser beam that was expanded, and a thin
thermocouple, attached to the other surface with thermal
paste, was used to monitor the temperature. The tempera-
ture rise is given by

MIRROR

VACUUM
GREASE

ELECTRET.
MICROPHONE
R

COMPUTER LOCK-IN

FIG. 2. Experimental setup for the employed photoacoustic technique AT = Po [1 - e_t/T]/’ﬂ , 5)
in order to measure the thermal diffusivity.

whereP,, is the incident light intensityy = 4ecTg, and

modulation frequencyy is the thermal diffusivity of the
sample and. its thickness. For many samples, the ther- T =
mal diffusivity, o, can be obtained by means of fitting 8eo Ty
either the signal amplitude or its phase-lag using the Eqgs.
(1) and (2) in the range of high modulation-frequency,
corresponding to a thermally thick regime$ 1). Care
should be taken when fitting, in order to avoid the fre-
quency interval at which the noise-to-signal ratio is con- '« THERMOCOUPLE
siderable or at which the thermoelastic effect is
present.**°

In the frequency range 0 K< (w/2)? f., where

Lpc

: (6)

a
f. = —— is the cutoff frequency , ©)]

L%m <= holder

the phase Eq. (2) is approximately given by
L 3 <= nylon rod
)

Ag = ot f+ 7 4 <= somple

and the relative error in this approximation is smaller

than 1.29%° Hence, by means of fitting the experimental

data of the PA signal phase using the simple linear equayacuum
tion [Eq. (4)] the cutoff frequencf can be obtained, and
then, from Eq. (3) the thermal diffusivity of the sample
can be deduced. This last method is most suitable for 10™Torr
materials with high heat diffusion capacity such as met-

als, or some semiconductors, as well as for samples

whose thickness is small. Since for these materials, the
thermally thick regime can occur in hundreds or several
thousands of Hz with the inconvenience that the noise-

tO'Signa.I ra_tio_ becomes i_mpqrtant and that the thergig. 3. The vacuum chamber for the thermal relaxation method used
moelastic binding mechanism is present. to determine the heat capacity per unit volume.

contlnuous
« Light
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where o = 5.67 x 10%2 W/cm?K* is the Stefan— by Eq. (5), thevalue ofpc can be confirmed by turning off
Boltzmann constant, is the emissivity (which is close to the incident light, in which case the temperature decay
one), T, is the ambient temperature in Kelvin, abhds  will be described by

the sample thickness in centimeters. Equation (5) is em- _ —t/r

ployed with the experimental data gathered, arisl the AT=Poe™/m )
parameter that has to be adjusted to determmeAfter  and the decay relaxation timeshould be the same as that
reaching eperimental saturation in temperature, describeth Eq. (5).

SAMPLE E (8 cm) SAMPLE F (12 cm)
500 pm.

| |
I 1

FIG. 4. Optical micrographs at different positions within the ingot.
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lll. RESULTS AND DISCUSSION by other researchets?’are also shown. The DAS data

Typical microstructures of the samples are shown irPPtained in this work are close to those reported by
Fig. 4, in which the dominance of the dendrites over sec&ranger and Ting: o
ondary precipitates can be appreciated. The secondary den-TyPical results of the variation of the PA phase lag as
drite arm spacing and the perimeter of dendrites wer@ function of the modulation frequency are shown in Fig. 6.
determined. These microstructural parameters are reportddi® continuous lines are the results of least square fit-
in Table II. Also in this table the solidification rate for each ings to the expression given in Eq. (4), from which the
sample is reported. DAS is related to the solidification rat¢hermal diffusivities of the samples were determined, and
in Fig. 5 (solid circles), and as the rate increases, their siz8'® listed in Table II. There is a decrease of 20% in the
is reduced. The relationship found in this work is thermal diffusivity from the bottom to 12-cm height of
0.34 the ingot (Fig. 1), while the DAS increases by a factor of
A =36.1R ' (8)  four. The decrease of the thermal diffusivity cannot be
where N (measured inum) is the DAS and R is the explained in terms of the chemical composition of the
solidification rate, which was obtained by thermal analy-samples, in which a variation of the silicon content of
sis of the solidification curve® In Fig. 5 data reported 0.77% in weight occurs. More important than the amount

TABLE II. Microstructure and thermal characterization parameters.

Position in Dendrite Dendrite Heat Thermal Thermal
the alloy Solidification perimeter arm spacing capacity/vol diffusivity conductivity
Sample (cm) rate (K/s) (mm) (wm) (I/enPK) (cré/s) (W/mK)
A 0 3.35 44.1 23.4 1.11 0.98 108.8
B 1 1.43 32.0 34.4 0.95 0.97 91.7
C 2 0.48 30.1 40.8 0.90 0.95 85.5
D 4 0.24 151 55.8 0.88 0.93 81.8
E 8 0.11 12.5 71.2 0.82 0.92 75.3
F 12 0.06 6.3 104.2 0.85 0.91 77.3
T T T T T T
10 T T T 1 T T T
Spear and Gardner . .
Granger and Ting 0.9 2 T
100 - "~/ Hamed and Elliot - 0.8 i
1 1 1 Sample A 4
R / ] 07 -
-5 . ‘ .~“ 4 = 06 ] (o] i
— N . w
g 1Jaques and Hotz =) Sample C
= - 5 054 E
(&) . § Q o
a) =
o 0.4+ -
| 4 |
Sample D
0.3 4 B
@® THIS WORK ] 02 1
0.1 Sample E ]
0.0+ 4
10 — T T — T — T — T T T T T T T T T T
0.01 0.1 1 10 100 150 200 250 300 350 400 450
SOLIDIFICATION RATE (K/s) Frequency (Hz)

FIG. 5. Relationship between DAS and solidification rate (filled FIG. 6. Experimental results (open symbols) and fitting of Eq. (4)
circles). Results from other researchers are included for comparison(continuous lines) of the PA phase lag.
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of silicon is its distribution in the alloy, since Si will act T g L |
as a thermal barrier® It was found in the present study
that the degree of modification was the same for all the .
samples. The decrease is related to the dendrite param-
eter DAS, which determines the form of the aluminum
channels. Since the thermal diffusivity measures esse
tially the thermalization time within the sample (the g 100
greater the thermal diffusivity, the less the heating time),S
a greater thermal diffusivity is expected near the bottom>
of the ingot, where the DAS is finest. S
Figure 7 shows a typical result of thermal relaxation 5
experiments. The solid lines correspond to the best fits 0
Eqg. (5) (increasing temperature) and Eq. (7) (decreasin%
temperature) to the experimental data, from which thed
value ofpc is deduced, Table II.
The dependence of the thermal conductividys apc,
on the DAS is shown in Fig. 8. The behavior correspond
to an allometric function of the form:

VIT

901

80 4

THERMAL

k=23M\"9%%3 | (9)

The dependence of the conductivity on the dendrite pe-
rimeter is shown in Fig. 9. The variation in the thermal 10
conductivity as a function of the dendrite perimeter fol-

lows a linear trend. FIG. 8. Variation in thermal conductivity as a function of secondary
dendrite arm spacing.

DAS (um) 100

303 , , : : . . i
l | | | | |
. i 110
o
i < ] ]
. 1 § k=(8x10" x perimeter + 68
<
o < 1004 \ ]
‘&J 300 i -
E >
< 5
209 i 2 o
o S 90- 1
= o}
L 5]
= 208 ] <_(|
{ 2
r 8o ]
297 ] T o
296 ~+—— 1t " | | | |
0 20 40 60 80 100 120 140 0 1X'104 2X'104 3xl10“ 4)(-104 e

TIME (s)

. . » PERIMETER (um)
FIG. 7. (a) Experimental increase of temperature and fitting of Eq. (5)
(continuous curve) under continuous illumination. (b) Decrease of temFIG. 9. Variation in thermal conductivity as a function of dendrite
perature after turning off the light, with fitting of Eq. (7) (continuous line). perimeter.
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These results indicate that the thermal conductivity ist0
increased when the microstructure is refined, which

means that an adequate design in terms of mechanicat

properties, will also enhance the thermophysical ones,

which will benefit the resistance to thermal fatigtre. 12.
13.
14,
IV. CONCLUSIONS 15.

The thermophysical properties of a series of samples
of an aluminum casting alloy were determined as a func-

tion of the principal microstructural parameters, namely16.

the secondary dendrite arm spacing and the integral den-
drite perimeter. The measurements were performed using

the photoacoustic effect and the thermal relaxation 7,

method. It was found that the effective thermal conduc-
tivity increases linearly with the dendrite perimeter.
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