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Abstract

The phase change behavior of organic and inorganic phase change materials, namely paraf®n wax, microcrystalline wax,

Na2SO4�10H2O and CaCl2�6H2O, with melting temperatures close to room temperature, was evaluated by differential

scanning calorimetry. The melting and solidi®cation temperatures, supercooling, heat of fusion and thermal cycling stability of

these materials, with and without additives, were determined. Paraf®n wax, with or without a-Al2O3 or BN particles, are

potentially good thermal interface materials, because of the negative supercooling (down to ÿ78C), large heat of fusion (up to

142 J/g) and excellent thermal cycling stability. Microcrystalline wax is not suitable, due to its unclear endothermic and

exothermic peaks and wide melting temperature range. The addition of 20±60 wt.% a-Al2O3 to paraf®n wax decreases the

melting temperature by 78C. Beyond 60 wt.% a-Al2O3, the melting temperature of paraf®n wax increases toward the value

without a-Al2O3. The heat of fusion of paraf®n wax attains a minimum at 20 wt.% a-Al2O3. The addition of BN has little

effect on the phase change behavior of paraf®n wax. The inorganic materials Na2SO4�10H2O and CaCl2�6H2O, with and

without nucleating additives, are not suitable for use as thermal interface materials, due to the incongruent melting and

decomposition behavior, large supercooling (88C or more) and thermal cycling instability. # 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Due to the miniaturization and increased power of

electronics, much heat is generated during their opera-

tion. Much research work has been done to dissipate

the heat generated by electronic components during

use to reduce the adverse effects of heat on the

performance of the electronics. Heat transfer is also

encountered in heat exchangers, deicing and numer-

ous industrial processes. A common method of heat

dissipation is to use heat sinks [1±3]. Different mate-

rials such as metals (e.g. silver, copper and aluminum)

[1], diamond [2] and composites [3] are effective heat

sink materials because of their high thermal conduc-

tivity. In order to obtain effective heat dissipation, a

low thermal resistance of the interface between the

heat sink and the heat source is also crucial. The

effectiveness of heat dissipation depends in part on

the geometric cross-sectional area of the conductive

path and in part on the degree of smoothness of the

adjoining surfaces of the device and of the heat sink.

However, the surfaces usually are not perfectly
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smooth. Irregularities on the surfaces of heat sink and

heat source, even in a microscopic scale, form pockets

and gaps in which air can be entrapped. These pockets

and gaps reduce the ef®ciency of the heat transfer

because of the reduced effective area and the low

thermal conductivity of air (0.027 W/m 8C). To alle-

viate these problems, a thermal interface material

[4±12] is used between the heat sink and the heat

source to ®ll in the surface irregularities and eliminate

the air pockets and gaps. Due to the small size of

current electronic components and the relatively low

thermal conductivity of the thermal interface materi-

als, a thermal interface material needs to be applied in

the form of a ®lm. Desired properties of thermal

interface materials include high thermal conductivity,

high ¯uidity (consequently high conformability to the

surfaces of heat sink and heat source) and good

thermal stability.

The total thermal resistance through a thermal

interface includes the thermal resistance of the inter-

face between the thermal interface material and the

heat sink, the thermal resistance of the interface

between the thermal interface material and the heat

source, and the thermal resistance of the thermal

interface material itself. Most research work was

focused on application development of various ther-

mal interface materials, among which are some poly-

mers with relatively high thermal conductivity, such as

urethane [11], polyimide [13] and polytetra¯uoroethy-

lene [14]. However, they usually need pressure to be

applied on the contact, because of the low ¯uidity and

conformability.

A liquid or semi-liquid usually has good ¯uidity,

and therefore, high conformability. Pastes based on a

liquid or semi-liquid carrier and containing powders of

high thermal conductivity for use as thermal interface

materials are described in numerous patents [6,10,15].

The most common carrier is silicone [16]. The dis-

advantages of silicone grease are messiness and dif®-

culty of removal by dissolution. Silicone rubber was

tried as a carrier to replace silicone grease. However, it

needs higher pressure and sometimes, even under

pressure it still does not ®ll the air gaps, due to its

higher viscosity and consequent less conformability.

A common disadvantage of using a liquid or semi-

liquid carrier is that it tends to ¯ow out, whether it is in

service or not. Thus, a better choice is a carrier which

is in the solid state at room temperature and in the

liquid or semi-liquid state at the higher service tem-

perature. Hence, a phase change material (PCM),

which changes to the liquid state from the solid state

while it is in service, is potentially attractive for use as

a thermal interface material.

The PCMs, usually meaning solid±liquid phase

change materials (because the latent heat change for

a solid-to-solid transition is usually considerably less

than that for a solid-to-liquid transition), have received

considerable attention in recent years due to their high

heat storage capacity [17±22]. Various forms of PCMs

have been utilized as thermal storage media for cool-

ing and heating applications [23±25]. A difference

between previous work and the present work on PCMs

is that most PCMs tested previously were tested in the

encapsulated state in order to avoid the gain or loss of

moisture (especially in the case of salt hydrate mate-

rials), and vaporization (especially in the case of

organic PCMs). PCMs, especially the organic com-

pounds in the present work, were kept in a nearly open

system during calorimetric testing, as thermal inter-

face materials are sometimes not used in a completely

closed system.

The PCMs can be roughly classi®ed as inorganic

compounds (mainly salt hydrates) [22] and organic

compounds [25±27], although inorganic ones are

much more common. A review of PCMs for use as

latent heat materials was given by Lane [17]. Abhat

[28] also reviewed a number of materials with low

melting temperatures (0±1208C).

Organic PCMs can be classi®ed as paraf®ns and

non-paraf®n organics. A detailed discussion of the

properties of paraf®ns can be found in [29]. Himran

et al. [30] reviewed paraf®n waxes for use as

energy storage materials. Due to their high latent

heat, PCMs as a possible thermal management solu-

tion for commercial electronic products have received

increasing attention in recent years [31±33]. Pal and

Joshi [31] studied the thermal control of a heat source

by using a paraf®n, n-triacontane, housed in a sealed

heat sink close to the heat source. Numerical analysis

of a ®nned surface surrounded by a paraf®n (nonade-

cane) was studied for high heat ¯ux levels [32].

However, at high heat ¯ux levels, the poor thermal

conductivity of PCMs limits their thermal control

performance.

Na2SO4�10H2O and CaCl2�6H2O, with their melt-

ing temperature (about 308C) slightly above room
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temperature, are two typical inorganic PCMs. Telks

[34] used Na2SO4�10H2O to build the ®rst PCM-

heated solar house shortly after the end of the second

World War. CaCl2�6H2O was investigated for passive

applications, as in heat pumps, and in forced air

heating systems in the 1970s [17]. CaCl2�6H2O was

mentioned as a thermal energy storage material

[22].

Common problems associated with inorganic

PCMs are supercooling and thermal instability. Since

solidi®cation involves nucleation, numerous nucleat-

ing additives have been investigated in order to reduce

the supercooling. Although a nucleator with a crystal

structure similar to the PCM and with little solubility

in the PCM is preferred, many nucleators were found

just by intuition with no explanation of their effec-

tiveness. Telks [34] tested several isostructural nuclea-

tion additives and found that Na2B4O7�10H2O was the

best nucleator for Na2SO4�10H2O, which reduced the

supercooling of Na2SO4�10H2O (about 158C) to the

range of 1.4±1.98C. The nucleation of CaCl2�6H2O

was studied by numerous workers. BaI2�6 H2O [35],

BaO and Ba(OH)2 [17], copper powder [36], Al2O3

[37], NiCl2�6H2O [38] and many other additives were

found to help the nucleating of CaCl2�6H2O.

The reliability of PCMs is much better than that of

thermal pastes based on liquid and semi-liquid car-

riers. In addition, the performance may be enhanced

by mixing the PCM with polymers and with particu-

late ®llers of high thermal conductivity. However,

most PCMs with high energy storage density have

an unacceptably low thermal conductivity. Generally

speaking, a PCM with melting temperature a little

above room temperature, large heat of fusion, low

viscosity in the liquid state, small or negative super-

cooling (de®ned in Section 2), good thermal cycling

stability and thermal conductivity is attractive for use

as a thermal interface material.

In this work, the evaluation of PCMs for use

as thermal interface materials is limited to a calori-

metric investigation of the heat of fusion, melting

temperature, stability to thermal cycling and super-

cooling. The effects of thermally conductive particu-

late ®llers and nucleating additives to PCMs are also

addressed. The objective of this paper is to study the

phase change behavior of organic and inorganic PCMs

for use as thermal interface materials in electronics.

The evaluation of the actual performance as thermal

interface materials is the subject of a separate pub-

lication.

2. Experimental methods

2.1. Materials

The organic compound PCMs were paraf®n and

microcrystalline waxes. The additives to the organic

PCMs were hexagonal Al2O3 platelets and hexagonal

BN, which have attractive thermal conductivity. The

inorganic compound PCMs tested included sodium

sulfate decahydrate and calcium chloride hexahydrate.

The additives used to modify the phase change beha-

vior of the inorganic PCMs were potassium bromide,

calcium bromide hydrate, borax decahydrate, copper

powder, BaO, NiCl2�6H2O, Ba(OH)2 and Ba(OH)2�
8H2O.

The paraf®n wax, predominantly tricosane paraf®n

(C23H48), was supplied by Crystal, Inc.-PMC, Lans-

dale, PA. The microcrystalline wax, a mixture of

paraf®ns (CnH2n�2, 19 � n � 25) derived from pet-

roleum and characterized by the ®neness of its crystals

(in contrast to the larger crystals of paraf®n wax), was

supplied by Strahl & Pitsch Inc., West Babylon, NY.

Borax (sodium tetraborate) decahydrate (Na2B4O7�
10H2O) was obtained from Sigma Chemical Co., St.

Louis, MO. The sodium sulfate decahydrate powder

(Na2SO4�10H2O, >99.0%) was purchased from EM

Science, Gibbstown, NJ. The calcium chloride hex-

ahydrate (CaCl2�6H2O, >98.0%), barium hydroxide

(Ba(OH)2, >95%), barium hydroxide octahydrate

(Ba(OH)2�8H2O, 98%) was purchased from Aldrich

Chemical Company Inc., Milwaukee, WI. The barium

oxide (BaO, >90.0%) granules were also from Aldrich

Chemical Company Inc., with a size of 20 mesh. This

powder had been ground to a size ®ner than ÿ450

mesh before being used in the present work. Nickel

chloride hexahydrate (NiCl2�6H2O, >97%) was pur-

chased from Fisher Scienti®c Co., Fair Lawn, NJ.

Hexagonal a-Al2O3 platelets (>98.14%), with an aver-

age size of 3.2 mm, was from Micro Abrasives Corp.,

West®eld, MA. Hexagonal boron nitride (BN) parti-

cles were from Advanced Ceramics Corp., Cleveland,

OH. Their size was about 5±11 mm. Copper powder

(>99%), with a size of about 1 mm, was supplied by

Ultra®ne Powder Technology Inc., Woonsocket, RI.
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2.2. Composition preparation

Each composition consisting of PCM and additives

was prepared by manual mixing of the components for

15 min at a temperature slightly higher than the

melting point of the PCM. Organic PCMs (paraf®n

wax and microcrystalline wax) were tested using

differential scanning calorimetry (DSC). The effect

of microcrystalline wax on the thermal behavior of

paraf®n wax was examined by testing mixtures of

paraf®n wax with 90, 80, 60, 40, 20 and 10 wt.%

microcrystalline wax (corresponding, respectively, to

89.8, 79.6, 59.3, 39.3, 19.6 and 9.8 vol.% microcrys-

talline wax). DSC was also carried out on paraf®n wax

with 90, 80, 60, 40, 20 and 10 wt.% a-Al2O3 (corre-

sponding, respectively, to 65.7, 50.0, 24.2, 12.4, 5.1

and 2.3 vol.% a-Al2O3), and on paraf®n wax with 20

wt.% BN (corresponding to 8.6 vol.% BN), in order to

study the effect of inorganic compounds on the ther-

mal behavior.

Three compositions involving sodium sulfate dec-

ahydrate were chosen for DSC analysis, namely (1)

pure sodium sulfate decahydrate; (2) sodium sulfate

decahydrate with 1±5 wt.% (corresponding to 0.8±

4.2 vol.%) borax decahydrate; and (3) 80 wt.%

(sodium sulfate decahydrate with 1±5 wt.% borax

decahydrate) plus 20 wt.% a-Al2O3 (corresponding

0.8±3.8 vol.% Na2B4O7�10H2O, 87.6±90.6% Na2SO4�
10H2O and 8.6 vol.% Al2O3).

Calcium chloride hexahydrate with and without

additives (<5 wt.%, namely BaO, KBr, Cu, NiCl2�
6H2O, Ba(OH)2 and Ba(OH)2�8H2O), were tested

using DSC.

2.3. Setting of the thermal cycle temperature range

In order to estimate the melting and solidi®cation

temperatures of the organic and inorganic compounds

for the purpose of selecting the thermal cycle tem-

perature range, each compound was sealed in a small

transparent glass bottle and then put in a water bath.

Melting and solidi®cation of a compound were

visually observed by manually shaking the bottle in

the water bath and by measuring the temperature of the

water during heating or cooling. The lowest tempera-

ture in the thermal cycling in the present work was

108C, because of the dif®culty of using PCMs with

solidi®cation temperatures below room temperature as

thermal interface materials. The thermal cycle tem-

perature in this work ranged from 10 to 908C.

2.4. Calorimetric analysis

All inorganic samples were sealed in aluminum

pans and all organic compounds were just put in

aluminum pans and covered by aluminum lids. Then

all samples were tested in air by DSC, using a Perkin-

Elmer Corp. (Norwalk, CT) DSC 7 system equipped

with an Intracooler. The heating and cooling rates

were 2.08C/min.

The phase change onset temperature (Ts) [39] cor-

responds to the point of intersection of the tangent

(drawn at the point of maximum slope of the leading

edge of the DSC peak) and the extrapolated baseline

on the same side as the leading edge of the peak. The

temperature corresponding to the DSC peak is referred

to as Tp. Since the x-axis displays the temperature, the

onset temperature is on the left side of a DSC peak

during heating and on the right side of a peak during

cooling. The melting and solidi®cation points men-

tioned in the following sections are both Ts. The Ts and

heat of fusion (DH) were calculated by using programs

provided by Perkin-Elmer Corp. for this purpose. The

supercooling (DT) here is the temperature difference

between Ts during heating and Ts during cooling for

the same thermal cycle. The supercooling is positive if

Ts during heating is higher than that during cooling,

and is negative if Ts during heating is lower than that

during cooling.

3. Results and discussion

3.1. Organic PCMs

Fig. 1 shows the DSC curves of paraf®n wax. Thirty

thermal cycles were conducted. The Ts, Tp, DT and DH

for the ®rst, second and 30th cycle are listed in Table 1.

They almost had the same values for the 30th cycle as

the second cycle, indicating good stability of thermal

cycling. The difference between the ®rst cycle and

subsequent cycles may be caused by the contact

between the sample and the aluminum pan improving

after the ®rst cycle due to the melting of paraf®n wax

in the ®rst cycle. The supercooling was quite inde-

pendent of the cycle number and was negative. The Ts
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during cooling was above room temperature. This

means that the PCM is in the solid state when it is

not in service. The heat of fusion was also very large.

Thus, paraf®n wax is suitable for use as a thermal

interface material.

Fig. 2 is the DSC curves of microcrystalline wax.

Three thermal cycles were conducted. Unlike the

paraf®n wax, it had no clear exothermic or endother-

mic peak. The phase change occurred over a range of

temperatures. It is dif®cult to use this kind of wax as a

thermal interface material, because it has low ¯uidity,

and thus, poor conformability. For many organic

PCMs, the change of phase takes place over a tem-

perature range, thus resulting in a mushy zone in

which solid and liquid phases coexist [40]. The solid

part may have an adverse effect on the performance of

the PCM because only the liquid part is desired for

conformability. Thus, if this PCM is used as a thermal

interface material, it should have good thermal con-

ductivity.

Fig. 3 is typical DSC curves of a composite of

paraf®n and microcrystalline waxes (80 wt.%). Two

thermal cycles were conducted. These curves have a

composite feature of the two wax types. The mixtures

with 90, 60, 40, 20 and 10 wt.% microcrystalline wax

were also tested. It was found that the mixture had a

shape of DSC curves close to that of microcrystalline

wax if microcrystalline wax was dominant, and the

shape was close to that of paraf®n wax if paraf®n wax

in the mixture was dominant.

Paraf®n wax tested here had sharper endothermic

and exothermic peaks because its main composition

was tricosane, with its melting temperature about

47.78C. The different thermal behavior of microcrys-

talline wax compared to paraf®n wax is caused by

the mixed composition of microcrystalline wax. The

Fig. 1. DSC curves of paraf®n wax: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle; (- - -) third cycle.

Table 1

DSC data for the dominant peak for paraf®n wax during different thermal cycles

Cycle number 1 2 30

Heating Cooling Heating Cooling Heating Cooling

Ts (8C) 48.9 54.2 47.7 53.8 47.7 53.8

Tp (8C) 52.0 50.9 52.5 51.1 52.5 51.2

DT (8C) ÿ5.3 ÿ5.3 ÿ6.1 ÿ6.1 ÿ6.1 ÿ6.1

DH (J/g) 142.3 ÿ143.9 142.6 ÿ145.6 140.1 ÿ144.6
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melting temperatures of nonadecane (C19H40), eico-

sane (C20H42), heneicosane (C21H44), docosane

(C22H46), tricosane (C23H48), tetracosane (C24H50)

and pentacosane (C25H52) in the mixed composition

of microcrystalline wax are 31.4, 36.7, 40.4, 45.7,

47.7, 49.4 and 53.3, respectively [29]. A mixture of

two or more of these paraf®ns is associated with a

range of melting temperatures.

The effect of inorganic compounds on paraf®n wax

was also investigated. The inorganic compounds used

here were a-Al2O3 and BN, which have high thermal

conductivity compared to the wax and are electrical

insulators. Fig. 4 is typical DSC curves of the mixture

of 80 wt.% paraf®n wax and 20 wt.% Al2O3. Thirty

thermal cycles were conducted. The Ts, Tp, DT and DH

for the ®rst, second and 30th cycle are listed in Table 2.

The stability of the mixture to thermal cycling is clear.

Compared to the DSC data of the paraf®n wax shown

in Table 1, the heat of fusion decreased signi®cantly,

as also shown in Fig. 5, where the calculated (based on

Fig. 2. DSC curves of microcrystalline wax: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle; (- - -) third cycle.

Fig. 3. Typical DSC curves of a composite of paraf®n wax with 80 wt.% microcrystalline wax: (Ð) ®rst cycle; (- - -) second cycle.
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the Rule of Mixtures) and experimental values of DH

are shown. The melting point of the mixture decreased

by about 78C. That the melting point during heating

was closer to room temperature is helpful for using

this kind of PCM as a thermal interface material,

because it will result in a decrease in the temperature

at which the PCM will be in the liquid state. In

addition, the negative supercooling is helpful, because

the PCM will solidify at a higher temperature when the

system is cooling and this will reduce the further

¯owing out of the PCM when the system is not in use.

The mixtures with 90, 80, 60, 40, and 10 wt.% a-

Al2O3 were also tested. The calculated heat of fusion

(corresponding to the solid circles in Fig. 5) decreased

linearly with increasing proportion of Al2O3. The

measured DH decreased sharply when the proportion

of Al2O3 exceeded 10 wt.%. A minimum in the mea-

sured DH was observed at 20 wt.% Al2O3. The effect

of a-Al2O3 on the melting temperature of paraf®n wax

is shown in Fig. 6. Figs. 5 and 6 correspond to the

second thermal cycle during heating. The melting

points of the mixtures decreased by 78C when the

content of a-Al2O3 was in the range of 20±60 wt.%.

Further addition of a-Al2O3 to paraf®n wax resulted in

an increase in the melting temperature, which reached

47.28C (close to the melting point of pure paraf®n

wax, 47.78C) when the proportion of a-Al2O3

exceeded 80 wt.%.

The effect of adding 20 wt.% BN to paraf®n wax is

shown in Fig. 7. Thirty thermal cycles were con-

ducted. The Ts, Tp, DT and DH for the ®rst, second

and 30th cycle are listed in Table 3. The mixture also

exhibited good stability to thermal cycling. DH was

113.3 J/g for the second cycle during heating. Based

on the DSC data of the paraf®n wax shown in Table 1

and the calculated curve in Fig. 5, the calculated heat

Fig. 4. Typical DSC curves of a composite of paraf®n wax with 20 wt.% a-Al2O3 particles: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle; (- - -) third

cycle.

Table 2

DSC data for the dominant peak for paraf®n wax with 20 wt.% A12O3 during different thermal cycles

Cycle number 1 2 30

Heating Cooling Heating Cooling Heating Cooling

Ts (8C) 41.0 48.0 41.0 48.0 41.0 47.9

Tp (8C) 46.2 45.2 46.2 45.5 46.4 45.6

DT (8C) ÿ7.0 ÿ7.0 ÿ7.0 ÿ7.0 ÿ6.9 ÿ6.9

DH (J/g) 57.9 ÿ58.0 59.8 ÿ58.8 59.8 ÿ56.3
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of fusion of paraf®n wax with 20 wt.% BN is 114.1 J/g.

This indicates that the addition of BN to paraf®n wax

did not change the heat of fusion of paraf®n wax.

Comparison of Tables 1 and 3 shows that the addition

of BN to paraf®n wax did not affect Ts or Tp.

Both Al2O3 and BN had good thermal conductivity.

However, their addition to paraf®n wax resulted in

different effects on Ts, DT and DH, as mentioned

above. The lower Ts and DH of paraf®n wax due to

the addition of 20 wt.% Al2O3 suggest that Al2O3

caused the wax molecules to move more easily during

heating, probably due to the adsorption of the

wax molecules in the liquid state on the ®ne Al2O3

particles. The liquid wax, due to local melting, spread

on the surface of Al2O3 particles, and thus, increased

the contact area between the liquid wax and the solid

part of the wax. This would facilitate the movement

and diffusion of the molecules of the solid wax into the

liquid part. Thus, increasing the content of Al2O3

particles to 20 wt.% decreased the melting tempera-

ture of paraf®n wax. On the other hand, the Al2O3

particles were also barriers to the diffusion and move-

ment of liquid wax. Consequently, further addition of

Al2O3 particles (beyond 60 wt.%) resulted in an

increase of the melting temperature of paraf®n wax.

The effect of different kinds of inorganic compounds

Fig. 5. The effect of a-Al2O3 particles on the heat of fusion of paraf®n wax: (Ð) experimental curve; (ÿ ÿ ÿ) calculated curve.

Fig. 6. The effect of a-Al2O3 on the melting temperature of paraf®n wax.
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on the thermal behavior of paraf®n wax needs further

study.

3.2. Inorganic PCMs

Fig. 8(a) shows the DSC curve of Na2SO4�10H2O.

Its melting temperature (Ts) during heating is about

28.28C. DH is 102.1 J/g. An exothermic peak was not

observed during cooling from 60 to 108C. A part of

Na2SO4�10H2O began to solidify at 48.58C upon

cooling while the solidi®cation of the rest occurred

at less than 108C (not shown in Fig. 8(a)). The super-

cooling (DT) of the latter part was more than 188C.

Fig. 8(b) is typical DSC curves of Na2SO4�10H2O

with 1 wt.% Na2B4O7�H2O. Three cycles were con-

ducted. An endothermic peak (during heating) and an

exothermic peak (during cooling) were observed in

each of the ®rst two cycles, but an exothermic peak

was hardly observed in the third cycle. The Ts, Tp, DT

and DH of the three cycles are listed in Table 4. The Ts

during heating decreased slightly with increasing

thermal cycle number. The supercooling (DT) was

more than 88C. The latent heat of fusion decreased

signi®cantly with increasing cycle number. DH was

almost zero during cooling in the third thermal cycle.

The supercooling clearly decreased upon the addi-

tion of Na2B4O7�10H2O to Na2SO4�10H2O under the

condition used in the present work. However, it was

not as small as that described by Telks [34], which was

less than 28C. We also investigated the effect of the

addition of Al2O3 on the mixture of Na2SO4�10H2O

and Na2B4O7�10H2O. The resultant reduction in

supercooling was very small. The decrease in DH

with increasing cycle number may be due to the

decomposition [17] and incongruent melting behavior

of Na2SO4�10H2O. The incongruent melting behavior

Fig. 7. Typical DSC curves of a composite of paraf®n wax with 20 wt.% BN particles: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle; (- - -) third

cycle.

Table 3

DSC data for the dominant peak for paraf®n wax with 20 wt.% BN during different thermal cycles

Cycle number 1 2 30

Heating Cooling Heating Cooling Heating Cooling

Ts (8C) 48.5 53.6 47.4 53.8 47.4 53.9

Tp (8C) 53.0 50.8 52.7 50.9 52.7 50.9

DT (8C) ÿ5.1 ÿ5.1 ÿ6.4 ÿ6.4 ÿ6.5 ÿ6.5

DH (J/g) 112.3 ÿ116.2 113.3 ÿ115.5 112.7 ÿ117.0
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Fig. 8. DSC curves of Na2SO4�10H2O (a) without additives and (b) with 1 wt.% Na2B4O7�10H2O: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle;

(- - -) third cycle.

Table 4

DSC data for inorganic PCM consisting of 99 wt.% Na2SO4�10H2O and 1 wt.% Na2B4O7�H2O during the ®rst three thermal cycles

Cycle number 1 2 3

Heating Cooling Heating Cooling Heating Cooling

Ts (8C) 26.4 17.5 25.8 17.8 25.4 17.2

Tp (8C) 28.0 17.2 27.4 17.3 26.9 16.6

DT (8C) 8.9 8.9 8.0 8.0 8.2 8.2

DH (J/g) 97.3 ÿ48.2 52.3 ÿ26.1 23.3 ÿ1.5
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was observed in the experiment to set the thermal

cycle temperature range, as mentioned in Section 2. It

was found in this experiment that a part of

Na2SO4�10H2O would not melt during heating and

most of it became solid after several thermal cycles. It

is dif®cult to use Na2SO4�10H2O as a thermal inter-

face material because of its decomposition behavior,

large supercooling and incongruent melting behavior.

Actually, Telk's PCM-heated house failed in the third

winter due to the separation of Na2SO4�10H2O into

anhydrous and supernatant layers and the loss of the

heat storage capacity, although the material was

tightly sealed in cans.

Fig. 9(a) is the DSC curve of CaCl2�6H2O. No

exothermic peak was observed during cooling from

60 to 108C. The Ts, Tp and DH were 19.9 and 258C,

and 150.5 J/g, respectively, during heating. Fig. 9(b)

shows typical DSC curves of CaCl2�6H2O containing

1 wt.% BaO. Three cycles were conducted. Endother-

mic and exothermic peaks were observed during

heating and cooling, respectively. Table 5 shows the

DSC data for this composition during the ®rst three

thermal cycles. The Ts remained nearly constant dur-

ing heating with increasing thermal cycle number.

However, Ts during cooling decreased in the second

cycle but increased in the third cycle. Two exothermic

Fig. 9. DSC curves of CaCl2�6H2O (a) without additives and (b) with 1 wt.% BaO: (Ð) ®rst cycle; (ÿ ÿ ÿ) second cycle; (- - -) third cycle.
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peaks were observed in the third cycle during cooling.

Exothermic peaks were seldom observed after three

thermal cycles. With the addition of BaO, the super-

cooling was reduced to about 88C. The complex

thermal behavior was caused by the interaction of

the nucleating ability of BaO and the absorption of

moisture by CaCl2�6H2O. The addition of BaO made

the nucleation of CaCl2�6H2O easier and reduced the

supercooling during the ®rst several thermal cycles.

However, the absorption of moisture by CaCl2�6H2O

made the nucleation more dif®cult, due to the high

solubility of CaCl2�6H2O in water. This resulted in the

absence of exothermic peaks after several thermal

cycles.

Other additives such as NiCl2�6H2O, Cu, Ba(OH)2

and Ba(OH)2�8H2O had similar effects on the DSC

behavior of CaCl2�6H2O as BaO. The common phe-

nomena were that (1) the exothermic peak during

cooling disappeared at a certain thermal cycle, i.e.

it disappeared in the second or third thermal cycle, or

no exothermic peak was observed even in the ®rst

cycle and (2) double peaks occurred during cooling or

heating. The endothermic and exothermic peaks for

CaCl2�6H2O with and without additives were very

complex.

It is dif®culty to use inorganic PCMs as thermal

interface materials. Unlike organic PCMs, inorganic

PCMs have large supercooling and poor thermal

cycling stability. The heat of fusion for inorganic

compounds usually is large, especially for

CaCl2�6H2O. However, the idea to develop thermal

interface materials from PCMs is based on their good

¯uidity in the molten state, although a large heat of

fusion during heating is preferred for the purpose of

heat absorption. In addition, the corrosion of container

[17] due to the inorganic PCMs may also limit the use

of inorganic PCMs as thermal interface materials.

4. Conclusions

1. Paraf®n wax has clear endothermic and exother-

mic DSC peaks, excellent thermal cycling stabi-

lity, large heat of fusion (up to 142 J/g) and

negative supercooling (down to ÿ78C), and thus,

is a good candidate for use as a thermal interface

material. Mixtures of paraf®n wax and inorganic

additives (a-Al2O3 and BN) are also attractive.

2. The addition of a-Al2O3 (20±60 wt.%) to paraf®n

wax decreases the melting temperature by 78C.

Upon increasing the proportion of a-Al2O3

beyond 60 wt.%, the melting temperature in-

creases toward the value for the case without a-

Al2O3. The heat of fusion attains a minimum at

20 wt.% a-Al2O3.

3. BN has no signi®cant effect on the phase change

behavior of paraf®n wax.

4. The organic PCM microcrystalline wax has no

clear endothermic or exothermic DSC peak and

has a wide melting temperature range. It has low

¯uidity and poor conformability in the melting

temperature range. Thus, it is not suitable for use

as a thermal interface material. The phase change

behavior of mixtures of microcrystalline wax and

paraf®n wax has characteristics of both waxes.

5. Inorganic PCM Na2SO4�10H2O, with and without

nucleator Na2B4O7�10H2O, has poor thermal

cycling stability and incongruent melting beha-

vior, although the addition of the nucleator

reduces the supercooling of Na2SO4�10H2O to

about 88C (still large). These inorganic materials

are not suitable for use as thermal interface

materials.

6. Inorganic PCM CaCl2�6H2O, with or without

additives such as BaO, NiCl2�6H2O, Cu, Ba(OH)2

and Ba(OH)2�8H2O, has poor thermal cycling

Table 5

DSC data for inorganic PCM consisting of 99 wt.%CaCl2�6H2O and 1 wt.% BaO during the ®rst three thermal cyclesa

Cycle number 1 2 3

Heating Cooling Heating Cooling Heating Cooling

Ts (8C) 21.9 14.0 21.8 11.7 21.8 13.9(20.8)

Tp (8C) 23.7 13.5 23.2 11.5 23.0 13.8 (20.7)

DT (8C) 7.9 7.9 10.1 10.1 7.9 (1.0) 7.9 (1.0)

DH (J/g) 142.7 ÿ105.8 163.9 ÿ118.9 135.1 ÿ131.9 (ÿ26.2)

a The values in parentheses correspond to the smaller exothermic peak during cooling in the third cycle.
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stability and is not suitable for use as a thermal

interface material.
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