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Abstract

In the sintering and dissolution process for manufacturing Al foams, effective sintering is crucial to achieve a strong bonding between the
Al particles. In order to predict the time needed for the sintering temperature to be reached throughout an Al/NaCl compact, it is necessary
to characterize its thermal diffusivity. This paper determines the thermal diffusivities of a series of Al/NaCl compacts by measuring their
temperature profiles during heating and comparing them with computer simulations using Matlab. The thermal diffusivities are found to
be in the region of 3 10~ m?/s and increase approximately linearly with increasing the weight fraction of Al in the compacts. They are
much lower than those of the Al and NacCl, due to the existence of low-thermal-conductivity air in the compacts. The time needed for
temperature homogenization is mainly determined by the geometry and size of the compact. The effect of Al weight fraction is less significant
in comparison.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction at a pre-specified proportion and compressed into a compact
under an appropriate pressure. Small amount of Mg powder
Al foams have recently attracted much attention from the is usually added in the powder mixture to improve the sinter-
materials community because of their lightweight and excep- ing process because Mg can absorb the air entrapped in the
tional mechanical, thermal and acoustic properfiesl1]. compact and reduce the oxide of Al, which prohibit effec-
Al foams have great potential for wide applications in the tive sintering of Al. The compact is sintered at a temperature
transport, construction and chemical industries. They can beeither slightly above or slightly below the melting point of
used as sandwich panels, thermal insulators, heat exchangthe Al matrix for 2.5-50 h, depending on the composition
ers, sound absorbers, filters and most importantly, energy ab-and size of the compact. The sintered compact is placed in a
sorbers. As Al foams can absorb large amount of energy un-hot water bath to dissolve the NaCl particles in the compact.
der impact, their large-scale applications are likely to be in An Al foam is obtained after the dissolution process. Among
the automotive industry with an aim to improve the vehicle the currently available processing methods for producing Al

crashworthiness and thus passenger safety. foams[10-12] SDP is one of the most cost-effective routes.
The sintering and dissolution process (SDP) is a novel The main advantages of SDP are accurate control over the
method developed in the University of LiverpgaR—14]} In pore size and porosity, uniform distribution of pore size and

SDP, an Al or Al alloy powder is mixed with a NaCl powder porosity, a wide range of pore sizes from 0.1 to 3mm, and
net-shape capability.
_ The sintering stage is the most crucial part of SDP.
* Corresponding author. Present address: Department of Engineering, Uni-Tg achieve a strong bonding between the Al particles, the
}/ae):-szzflgi”%gﬂ?;;?x Hull, UK. Tel. +44 151 7944697, Al/NaCl compact needs to be maintained at the elevated sin-
E-mail addresses: d.sun@hull.ac.uk (D.X. Sun), y.y.zhao@Iiv.ac.uk termg temperature for a sufficient perIOd of time. In the se-

(Y.Y. Zhao). lection of heating time, both the homogenization time and
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This paper determines the thermal diffusivities of a series

Nomenclature of Al/NaCl compacts by measuring their temperature pro-
. specific heat of AlINaCl compact (J/(g K)) fi!es during heeting and comparing them with the computer
o specific heat of air (/(g K)) s!mulatlons using a general software .package, Matlab{ and
Ci'lr specific heat of Al (J/(g K)) discusses the effects of the composition and the density of
caos  SPecific heat of A0z (J/(g K) the compacts on the thermal behaviour.
cNacl  specific heat of NaCl (J/(g K))
Jair volume faction of air in Al/NaCl compact
fal volume faction of Al in Al/NaCl compact 2. Measurements of temperature profiles
J{A'Z% zg:amg Igg:gg 8; Q%%I :2 ﬁlmggl ggmpgg The precursor materials for the Al/NaCl compacts were a
hNac' coefficient related tds, k ands P commercially pure gas atomized Al powder and a commer-
X thermal conductivity (;f AlINaCI (W/(m K)) cial NaCl powder with part_icle sizes in the ranges of 50—-400
Kair thermal conductivity of air (W/(m K)) an_d 150—300¢Lm,_ respectively. The NaCl powder was pre-
kA thermal conductivity of Al (W/(m K)) dried in an electrical furnace a_t 400 for at least 30 min.
kai,o. thermal conductivity of AJOs (W/(m K)) The NaCl powder wae_then r_‘mxed thoroughly vylth the Al
kNazCls thermal conductivity of NaCl (W/(m K)) powder. ata pre-_specmeq ratio. Four powder mixture sam-
ke thermal conductivity of steel (W/(m K)) ples, with the weight fractions of Al of 0.2, 0.4, O._6 anel 08
] length of Al/NaCl compact (mm) were prepared. The samples were compressed in cyllndrlcel
- radial distance of A/NaCl compact (mm) steel tubes under a pressure.of 250 M_Pa using a hydraulic
R radius of ANaCl compact (mm) press. The steel tubes had an internal diameter of 21 mm and
s thickness of steel tube (mm) an external diameter of 25 mm. The resultant compacts had a
; time (s) diameter of 21 mm and a length of 30 mm. For eaeh AI/NaQI
T temperature of A/NaCl compactC) compact, three thermal couples were embedd_e_d in radial dis-
To temperature of furnacé ) tances of 0, 1._5 a_nd 3 mm from the central position, as shown
AT temperature of changeq) Echenp]atlcallly |rF||g. ]_ Both enFjsI efthﬁ compa.ct.were shealed

: : ; y a thermal insulating material in order to minimize the ax-
WAl weight fraction of Alin A/NaCl compact ial heat flow. The compact, together with the steel tube, was
Greek symbols then placed in an electrical furnace pre-heated to°€50
o thermal diffusivity (m#/s) The variations of temperature with time at the three locations
0 density of Al/NaCl compact (g/m@) were recor.ded by a Picotech TC-08 datalogger. The measure-
Oair density of air (g/mrf) ment terminated when the temperature of the central location
pa density of Al (g/mn?) reached 650C.
pal,0; density of AbOg (g/mn¥)
pnacl  density of NaCl (g/mrf)

3. Computation of thermal diffusivity

An Al/NaCl compact is composed of Al, NaCl, air and
Al>03, which are greatly different in thermal properties. Be-

the sintering time must be taken into account. The former is cause the Al and NaCl particles used for making the compact
the time needed for the entire compact to reach the sinteringare relatively small and the compact is homogeneous from

temperature and the latter is the time needed for the forma-
tion of strong bonding in the Al matrix. While the surface
of a compact placed into a furnace can reach the sintering
temperature very quickly, it may take a long time before the
central part of the compact also reaches the sintering temper-
ature. The homogenization time is determined by the thermal
diffusivity and the geometry of the compact. With a known

Heat flow

Insulator ﬂAlfNaCl compact

g 1hermal couples

: TC-08
. .o . . 1}
thermal diffusivity, it is relatively easy to calculate the ho- i Temperature
mogenization times for different sized compacts by solving signal

the heat conduction equations. However, no thermal diffu- Goyerter

sivity data is currently available for Al/NaCl compacts. An H
Al/NaCl compact contains not only Al and NaCl but also Atesl e enlator
some air and small amount of ADs. It is not clear to what Heat flow Computer

extent the thermal diffusivity of a compact is affected by the

Al-NaCl ratio and the unavoidable air and impurities_ Fig. 1. Schematic of temperature measurement arrangement.
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Fig. 2. Flow chart of numerical procedure for calculations of thermal diffu-
sivities using Matlab 6.1.

a macroscopic point of view, however, the compact can be
characterised by a single thermal diffusivity. Assuming that
the thermal diffusivity is temperature-independent and there
is no axial heat flow, the radial flow of heat in a cylindrical
compact can be described by the following equation:

&#T

10T n
el 42

r or or2
whereT is temperaturey; the radial distance,the time and
« is thermal diffusivity[15,16]

T

== (1)

Matlab 6.1 was used to simulate the temperature variations

with time in the Al/NaCl compact by solving E€L). Fig. 2
shows the flow chart of the numerical procedure. The initial
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the temperature gradient at the surface of the compact can be
expressed as a function of the surface temperature by:

oT(R,1)  ksTo—T(R,1) 5
a  k @

whereRr is the radius of the compads the thermal conduc-
tivity of the steelk the thermal conductivity of the compact,

s the thickness of the steel tubE; the temperature of the
furnace and: is a coefficient calculated fromy, k ands. It
should be noted that the thermal conductivity is related to
the thermal diffusivity byk =a/pc, wherep is the density of

the compact and s the specific heat of the compagt. can

be easily calculated from the densities and specific heats of
Al and NacCl using the rule of mixture. Givel, 4 can be
determined and Eq2) can serve as the surface boundary
condition. Under the current conditions, the thermal conduc-
tivities of the compacts were found to be much lower than that
of the steel and was in the order of bm~1. The solution of
Eqg.(1)was largely determined lyand was insensitive to the
changes irh. Even a deliberate large variationimmade no
discernible difference to the simulated temperature profiles,
except in the very beginning of the heating near the surface.
In the present simulationg, was fixed at 3« 10*m~1 for
simplification andrp at 650°C.

The thermal diffusivity of each Al/NaCl compact was de-
termined by comparing the simulated and measured tempera-
ture profiles at the centre of the compact. A seriesedlues
were tried using the procedure kig. 2 For eachx value,
the history of the temperature distribution in the compact was
generated by solving E¢L) with the above boundary condi-
tions. Thex value that generated the temperature versus time
curve best fitting the measured curve was obtained as the
thermal diffusivity of the compact. The simulated and mea-
sured temperature profiles at the other two locatiorsl.5
and 3mm, were also compared as an assurance measure.

= h[Tp — T(R, 1)]

4. Results and discussion

Fig. 3 shows the variations of the temperature at the
center of the cylindrical Al/NaCl compacts with heat-

and boundary condition were assigned as close to the expering time obtained by the experimental measurements and

imental conditions as possible. The compact was initially at
room temperature before being heated, so the initial condi-
tion was assigned &§r,0) = 20°C, whereT(r,r) designates
the temperature at radial distancat timer. At the center of

the compact, there should be no net flow of heat. The bound-

ary condition ar=0 was, therefore, assigned 4§22 = 0.

The boundary condition at the surface of the compact was

computer simulations. The thermal diffusivities that gener-
ated the simulation curves were 26307, 3.03x 1077,
3.45x 10~ and 3.70x 10~ " m?/s, corresponding to the Al
weight fractions,wpa), of 0.2, 0.4, 0.6 and 0.8. It can be
seen that the simulated curves agreed well with the measured
curves.

Fig. 4 shows the relationship between the thermal diffu-

established by estimating the heat flow across the interfacesivity and the Al weight fraction of the Al/NaCl compact. The
between the compact and the steel tube. The heat flow rate ishermal diffusivity of the compact increases approximately

proportional to the local temperature gradient with the ther-
mal conductivity as the proportionality coefficient. The local

heat flow rates in the compact and the steel tube at the in-

linearly with the weight fraction of Al in the compact. The
thermal diffusivity of an Al/NaCl compact can, therefore, be
predicted by the following empirical equation:

terface must be equal. With the temperature gradient across

the thickness of the steel tube being treated as a constant = (1.82waj + 2.30) x 10~ 7(m?/s)

(3)
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Fig. 3. Comparisons between measured and simulated temperature—time curves for the cylindrical Al/NaCl compacts with different Al weighdff(agtion
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Fig. 4. Variation of thermal diffusivity of compact with Al weight fraction.

Table 1shows the typical values of thermal conductiv-
ity, density, specific heat and thermal diffusivity of the con-
stituents of an Al/NaCl compact, i.e., Al, NaCl,A)3 and air.

The Al/NaCl compacts have lower thermal diffusivities than
any of the constituents of the compacts. This was a surprise
at first sight, but further analysis can show that the low ther-
mal diffusivities are mainly due to the existence of air in the
compacts, which has an extremely low thermal conductivity.

The thermal diffusivity of a compact consisting of several
phases cannot be calculated directly from the thermal diffu-
sivities of the constituent phases using the rule of mixture.
It must be determined from the thermal conductivity, density
and specific heat of the compact. By definitiars k/pc. The
product of density and specific heat of the compact can be

Table 1
Thermal properties of Al, NaCl, ADs; and air at room temperatuf&7]

Al NacCl Al;O3 Air
Conductivity (W/m K) 256 6.5 13 0.034
Density (g/n) 2.7x 10° 2.17x 10° 3.8x 10° 883
Specific heat (J/g K) 0.9 1.01 0.8 1
Diffusivity (m?/s) 1.05x 104 2.97x 107 4.28x 1078 3.85x 10°°
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calculated using the rule of mixture: of fai, fuacil, fai,0,/ andfairl, respectively. The relationships
between the heat flow rate and the temperature changes over
pc = fapaICAl + fNaCIPNaCICNaCl 1+ fAI,030A1,05CAI,05 the full length! and in the individual constituents in the fibre
+ fairPairCair & fal PAICAI + fNaCIPNaCICNaC 4) are described by the steady-state heat conduction equation:

wheref represents the volume fraction of a constituent in j = _kﬂ = —kp| ﬁ = —kNa |ATNaC'

the compactp density andc specific heat. The subscripts ! fail fnack

designate the respective constituents. The contributions from . ATpL,05 AT 5

Al,0O3 and air can be ignored because of the low volume ~— ~"Al20s Ta1,04! — T har fail ®)

fraction of Al,Oz and the low density of air. o

The thermal conductivity of a compact consisting of sev- wherek represents thermal conductivity and”temperature
eral phases depends not only on the thermal conductivitieschange. The subscripts designate the respective constituents.
of the constituents but also on the spatial distribution of the Because the overall temperature change in the fibre is the sum
constituents. There is no simple analytical equation available of the changes in the individual constituents’ = ATa) +
for accurate predictions. However, the lower limit of the ther- ATNaci + ATal,0, + ATair the thermal conductivity of the
mal conductivity of a compact can be calculated if the vol- compact ?s therefore related to the thermal conductivities of
ume fractions of the constituents are known. Let us consider the constituents by:
a uniformly mixed A_I/NaCI/Alg03/air _cor’r_1pact of length. _ 1 fa . fuacl  fa,0s  fair
Suppose that there is a steady longitudinal heat flow with a oam Tk o T
rate per unit area of in the compact and a temperature dif- Al ENaCl BAIZO - Far
ference ofl'is resulted. If a longitudinal fibre of infinitesimal It can be seen that the thermal conductivity of the
cross-sectional area is taken from the compact, very few of compact is predominantly determined by the constituent
the phase boundaries between the constituents are parallel twith the lowest thermal conductivity, which is air in
the fibre. The fibre can be seen as the four constituents, Al,this case. The contribution from #D3; can be ignored
NaCl, Al,O3 and air, in series, with their aggregate lengths because of its low volume fraction. As an illustration,
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Fig. 5. Variations of temperature profile with time in Al/NaCl compacts with an Al weight fraction of 0.3 in the shape of (a) plate (b) cylinder anetréc) sph
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radius. SDP is, therefore, not ideal for producing thick plates
and rods because they require prolonged heating.

5. Conclusion

The thermal diffusivity of an Al/NaCl compact increases
approximately linearly with the weight fraction of Al in the
compact and can be approximated by the following empiri-
cal equatione = (1.82wa + 2.30) x 10~ " m?/s. The thermal
diffusivity of the compact is much lower than those of both Al
and NacCl, due to the existence of low-thermal-conductivity
air in the compact. The homogenization time is mainly deter-
mined by the geometry and size of the compact. The effect

Fig. 6. Relationship between time needed for temperature homogenisationof the Al weight fraction on the homogenization time is not

and sample size for plate, cylindrical and spherical Al/NaCl compacts with
different Al weight fractions.

assuming thatfa =0.47, fnaci=0.47, fa,0,=0.01 and
fair=0.05, pc=2.2x 10° J/(mPK), k=0.65w/(mK) and
a=klpc=3x 10~ " m?/s.

The thermal diffusivities of the Al/NaCl compacts deter-

significant in comparison.
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