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Abstract 

Phase change material (PCM) based heat sink has the potential to be applied for the thermal 

management of electronic devices. Whereas, PCM suffers from a low thermal conductivity, 

which results in local overheating at the base of heat sink. To enhance thermal performance of 

heat sink, a structured porous material (SPM) used as thermal conductivity enhancer (TCE) is 

designed and fabricated, where 3D printing technique is adopted to achieve the fast and precise 

manufacture of SPM. The thermal response of heat sink using SPM with different porosities 

(80%, 85%, 90%, and 95%) is experimentally investigated at various heating power levels (8 W, 

10 W, and 12 W). Results show that the use of SPM has a significant effect on thermal response 

of heat sink for electronic cooling system. Furthermore, the thermal behavior of heat sink can be 

further heightened by reducing the porosity of SPM, e.g., the heat sink using SPM with 80% 

porosity shows the highest enhancement ratio in all cases of present study. The increase of power 

level can result in the reduction of operation time of PCM-based heat sink. This study is of great 

significance for the design and application of SPM used in thermal management unit. 

Keywords: Heat sink; Phase change material; Structured porous material; 3D printing; Thermal 

response 
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1. Introduction 

In recent years, with the development in high-performance and miniaturized electronic 

devices, electronic component generates a large amount of heat, where this can cause the decline 

in work performance and reduction of operating life [1-3], e.g., for a temperature rise of 10 °C, 

thermal failure rate of electronic chips would be increased by 50% [4]. Therefore, thermal 

management has a vital role in the utilization of electronics subjected to high heat generation 

density. In the past few years, several studies focused on the usage of PCM in thermal 

management of electronics [5-7]. PCM can utilize its high latent heat of fusion to generate the 

required cooling effect. Moreover, the thermal management system using PCM requires a lower 

weight and fewer volume of equipment compared with conventional cooling system. Therefore, 

PCM-based heat sink as a passive cooling method has the potential to be applied in thermal 

management of electronics.  

However, the low thermal conductivity of PCM reduces heat transfer rate of heat sink, 

which results in the rapid increase of base temperature of heat sink once PCM near the base 

subjected to heat source completely melts [8]. To overcome this disadvantage, the enhancement 

method of inserting the material with high thermal conductivity, namely thermal conductivity 

enhancer (TCE), into heat sink was developed [9, 10]. TCE was employed in various forms 

including high thermal conductivity additive [11-13], fin [14-16], pin-fin [17-19], metal foam 

[20-22], and honeycomb structure [23, 24]. Baby and Balaji [25] implemented an experimental 

study on temperature response of PCM-based heat sink using pin-fin and plate-fin structure. 

Results confirmed that use of fin was conducive to extending the operation time, and the pin-fin 

heat sinks showed a better behavior compared to plate-fin heat sinks. Rehman et al. [26] 

experimentally explored the operational performance of copper foam/PCMs heat sink. Their 

study focused on the effects of thermal properties of PCMs on thermal response of heat sinks. 

Results indicated that copper foam and PCM have positive effects on the thermal behavior of 

heat sinks. For heat sink subjected to different heat power, the optimum choice of PCM was 

different depending on its thermal properties. Rehman and Ali [27] in another experiment, 

mainly examined the influence of metal foam parameters (i.e., porosity and pore size) and the 

amount of PCM on thermal response of copper foam/paraffin based heat sink. Their results 

indicated that the porosities of metal foam significantly affected base temperature of heat sinks, 

and the increase of volume fraction of PCM can reduce base temperature. 

The research literature has shown that structured porous material (SPM) as a TCE is able to 

augment thermal performance of PCMs. In our previous study, we designed a porous metal 

structure that was used as TCE to enhance the thermal performance of PCM [28]. The thermal 

characteristics of PCM composite were investigated using the pore-scale numerical method. The 

results indicated that the usage of porous material can drastically improve the thermal 

conductivity of PCM. Furthermore, it was found that the effective thermal conductivities of 

PCM embedded in porous material increase with the decrease of the porosity. Righetti et al. [29] 

carried out an investigation on thermal behavior of PCM infiltrated in 3D printed periodic metal 
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structures with various cell sizes (10 mm, 20 mm and 40 mm). They reported that the use of 

periodic metal structure can improve heat transfer rate of PCM in thermal energy storage system, 

and PCM embedded in periodic metal structure with 10 mm cell size shows the best thermal 

performance. Gopalan et al. [30] in a numerical investigation, used structured porous media as 

TEC to investigate the enhancement in thermal behavior of PCM-based heat sink, in which 

employed porous structure possesses various configurations including square, diamond, 

octahedral lattice frame, hexagonal honeycomb structure, etc. The results showed that the 

thermal enhancement of heat sinks using porous structure was pronounced compared with heat 

sink without porous structure. Moreover, they concluded that regardless of configuration of 

porous structure used, the effective thermal conductivity is the final and single parameter, which 

can determine thermal behavior of heat sinks. However, the study of thermal behavior for 

PCM-based heat sinks using SPM is still not enough at present. 

Due to the fast development of 3D printing technique, 3D printing enables a big leap for 

configuration flexibility, where this provides a possibility to fast and accurately fabricate SPM 

[31, 32]. Structured porous material is a promising candidate to be used as TCE owing to its 

controlled structure (e.g., porosity, pore size and cell shape) and material (e.g., aluminum and 

copper) by applying 3D printing technique [33]. Therefore, the corresponding investigation on 

the usage of 3D printed SPM in the thermal management unit is of great significance. In this 

paper, selective laser melting (SLM) as a 3D printing technique was used to fabricate SPM with 

a cubic unit cell. The experimental investigation was conducted to understand the role of SPM 

on the enhancement in thermal behavior of heat sink. Meanwhile, the effects of porosity of SPM 

and power level of heat source on the thermal response of PCM-based heat sink were also 

investigated. 

2. Experimental details 

2.1 Sample material 

There are some factors considered for the selection of phase change material, including 

chemical stability, latent heat, supercooling and melting point, etc. In the current study, the 

commercial paraffin RT 62HC was selected as PCM. The thermo-physical properties are 

provided by the manufacturer (Rubitherm, Germany), as summarized in Table 1. It can be seen 

that RT 62HC possesses considerable latent heat, which is conducive to enhancing thermal 

behavior of heat sink. A big change in volume during phase change has an adverse effect on the 

encapsulation of PCM, which limits the usage of PCM in thermal management. Therefore, the 

small volumetric expansion (2%) is considered another important factor for the choice of RT 

62HC. Furthermore, RT 62HC has a relatively low cost (about US$ 7.5/kg). Considering the 

above advantages, RT 62HC was used. 
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Table 1  

Thermo-physical properties of RT 62HC and aluminum [34, 35]. 

Materials Thermal conductivity Density Specific heat Latent heat Melting point 

 (W/m K) (kg/m3) (J/kg K) (kJ/kg) (℃) 

RT 62HC 0.2 850/840 2000 230 62-63 

Aluminum 183 2670 940 - - 

A SPM with periodic cell structure was designed to be used as TCE, as described in Fig. 1. 

The unit cell of SPM possesses an ideal cubic shape, where metal ligament of SPM was 

connected at an angle of 90° as illustrated in Fig. 1(a). The length and thickness of metal 

ligaments are l and a. The porosity is a key parameter that can dramatically affect the thermal 

characteristics of material. The porosity is defined as the ratio of the open volume in the unit cell 

to the total unit cell volume. According to the value of l and a, the porosityε can be determined 

by: 

 

3 2 3

3

12 16l a l a

l
ε − +=                               (1) 

Based on the designed model, samples with dimensions 40 40 40 × × mm3 were made of 

aluminum alloy by using selective laser melting (one of 3D printing techniques) as displayed in 

Fig. 1(b). The detailed structure parameters of porous material with four different porosities can 

be seen in section 2.2. For the current study, aluminum alloy was selected as enhancer material 

owing to its high thermal conductivity, low density, corrosion resistance, and wide application in 

the electronic industry. The thermal properties are represented in Table 1. Due to the 

controllability of structure and material, the effect of 3D printed porous material as TCE on 

thermal response of heat sink will be investigated in this paper.  
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Fig. 1. Porous material with cubic cell structure: (a) designed model and (b) 3D printed sample. 

2.2 Experimental apparatus and procedures 

A schematic diagram of experimental apparatus is presented in Fig. 2. The experimental 

apparatus was composed of a heating system, test section, data measurement and collection 

system. Constant input power can be provided to the heater via DC power, in which three 

various power inputs (8 W, 10 W and 12 W) were supplied to mimic the heat generation from 

electronic component considering different operating status of electronic devices. In data 

measurement and collection system, a data logger was used to record temperature data at a time 

interval of 1 s. Then temperature data was stored in a computer. The test section mainly 

consisted of heat sink, SPM, PCM, and insulation block. Six heat sinks were examined to 

investigate the thermal response of heat sinks with different structure for temperature control of 

electronic components. The configuration parameters of heat sink and SPM are summarized in 

Table 2. 

 

Fig. 2. Schematic diagram of experimental setup. 

Table 2 

Parameters of heat sink and SPM. 

Heat sink Dimension of heat sink Porosity of SPM Ligament length Ligament thickness 

Type W L H× ×  (mm) ε  (%) l  (mm) a  (mm) 

 = 95%ε  SPM 44 × 44 × 52 95 10 0.68 

 = 90%ε  SPM 44 × 44 × 52 90 10 0.98 

 = 85%ε  SPM 44 × 44 × 52 85 10 1.22 

 = 80%ε  SPM 44 × 44 × 52 80 10 1.43 

No SPM 44 × 44 × 52 - - - 



 

6 

Single heat sink 44 × 44 × 52 - - - 

 

Fig. 3 clearly depicts the exploded view of test section. The insulation block with low 

thermal conductivity (k = 0.042 W/m K) was employed to enclose heat sink with the aim of 

reducing thermal loss. The heat sink with 2 mm thickness was made of aluminum slab 

(AL-T6-6061) using electric discharge machine (EDM). A plate heater of dimensions 

40 40 1 × × mm3 was used for mimicking the heat generation of electronic chips, where the 

heater was mounted in the recess of insulation block. A thin layer of thermal grease was 

employed between heat sink base and heater for diminishing contact resistance. The SPM and 

PCM were kept in the cavity of heat sink. Taking into consideration the effect of the amount of 

PCM on the thermal response of heat sink, the mass of paraffin filled in heat sinks was the same 

and 40 g in all experiments. To observe the experiment evolution and fix thermocouples, a 

plexiglass sheet was utilized at the top of heat sink. Two round holes were punched in plexiglass 

sheet, where this was employed for fixing wires of thermocouples. 

 

Fig. 3. Exploded view of test section. 

2.3 Thermocouple positions 

For the present experiment, six calibrated K-type thermocouples were employed to trace the 

temperature variation at the different positions of heat sink. The detailed locations of 

thermocouples are depicted in Fig. 4. To achieve the base temperature, three thermocouples 

(TC#3, TC#4, and TC#5) were evenly attached to bottom surface of heat sink along vertical 

centerline. The internal temperature of heat sink was measured by two thermocouples (TC#1 and 

TC#2) inserted into two symmetrical locations at the height of 20 mm from heat sink base. To 
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ensure their positions within heat sink, TC#1 and TC#2 were embedded into heat sink through 

round holes of plexiglass sheet, and the thermal adhesive was used for fixation of thermocouples 

and holes. The last thermocouple was employed for monitoring environment temperature. 

 

Fig. 4. Thermocouple distribution positions. 

2.4 Uncertainty in measurement 

The uncertainties in experiment were caused by the errors of apparatus used, containing DC 

power, plate heater, and thermocouple. The uncertainty of power input supplied by DC power is 

1%, which can be determined using a standard calibrated multi-meter. The uncertainty of plate 

heater is 5%, which is provided by the manufacturer. The uncertainty of temperature 

measurement can be estimated by a standard thermometer. The maximum deviation in the 

temperature is 0.5±  ℃. Since the temperature is ranging from 20 ℃ to 90 ℃ in the current 

experiment, the maximum uncertainty of temperature measurement is within ±2.5%. 

3. Results and discussions 

To study the role of SPM on thermal enhancement of PCM based heat sink, temperature 

response of heat sinks with varying porosities SPM is analyzed and compared, in which the heat 

sink base is subjected to three different power inputs of 8 W, 10 W, and 12 W. The average value 

of thermocouples TC#3, TC#4, and TC#5 is used to represent the base temperature of heat sink. 

The base temperature acts as the maximum temperature of electronic component. Considering 

the allowable operational temperature of common electronic devices, the maximum value of 

base temperature is set to about 70 ℃ to secure operating efficiency and reliability of electronics. 
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Thereby, the current experiments complete when the base temperature reaches this maximum 

temperature. 

3.1 Enhancement in the thermal performance of heat sink 

Fig. 5 depicts the comparison of base temperature for single heat sink, heat sink with PCM, 

and heat sink with PCM and SPM at the power level 8 W. The average value of thermocouples 

TC#3, TC#4, and TC#5 is employed to represent base temperature of heat sink. The comparison 

experiment was performed under the same experimental condition, as described in section 2.2. It 

is seen from experimental result that ambient temperature is about 20 ℃. An allowable operating 

temperature of electronic component is assumed to 70 ℃. For single heat sink that is the heat 

sink without PCM and SPM, the base temperature has risen to 70 ℃ at 667 s. The operation time 

of no SPM (i.e., heat sink with PCM) is 2140 s, which is 3.2 times as much as that of single heat 

sink. It indicates that the use of PCM has a positive role in thermal enhancement of heat sinks. 

Furthermore, results show the operation time of  = 80% ε SPM (i.e., heat sink with PCM and 

SPM) to reach allowable temperature 70 ℃ is prolonged to 4045 s, which is 6.1 times and 1.9 

times that of single heat sink and heat sink with PCM, respectively. This reveals that the 

combined usage of PCM and SPM in heat sink can dramatically heighten the thermal behavior 

of heat sink.  

 

Fig. 5. Temperature response of different types heat sinks at the power level 8 W. 

3.2 Effect of porosity of structured porous material 

 Fig. 6(a-c) shows a comparison of temperature response for heat sinks with different 

porosities SPM at three various power levels of 8 W, 10 W, and 12 W. Results show that the 

trend in temperature variation of all heat sinks is similar at different heating powers. At 8 W, the 

base temperature of heat sink is lower compared with that at 10 W and 12 W. The base 

temperature of heat sink continues to rise rapidly until paraffin within heat sink starts to melt. 



 

9 

The increasing rate of base temperature becomes small after paraffin near the base surface of 

heat sink begins to melt, which is attributed to that PCM absorbs a large amount of heat by latent 

heat. It is clear that the base temperature of heat sinks with SPM is lower than that of heat sink 

without SPM at the same time. This is owing to that heat can be rapidly removed from base to 

entire zone of heat sink through high thermal conductivity SPM. The maximum temperature 

difference between heat sink without SPM and heat sink with SPM is about 10 ℃ at the same 

time. This is significant for the application of PCM-based heat sink. For instance, the failure rate 

of electronic chips depends on the operating temperature. The reduction of 1 ℃ in operating 

temperature can decrease the failure rate by about 4% [36]. The base temperature of heat sinks 

embedding SPM with various porosities is different at any given time. This temperature diversity 

implies that the porosity of SPM has an important effect on thermal response of heat sinks. The 

heat sink using 80% porosity SPM shows the minimum rise in base temperature compared with 

no SPM, 85%, 90%, and 95% porosities heat sinks. Moreover, it is worth noting that the increase 

in input power results in the reduction of operational time of all heat sinks.  

 

(a)                                            (b) 

 

  (c) 

Fig. 6. Temperature response of designed heat sinks at various power levels (a) 8 W, (b) 10 W, and (c) 12 W. 
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3.3 Temperature variation for charging and discharging process 

To further investigate the thermal behavior of heat sink, the temperature values of 

thermocouples fixed at different locations of heat sink are extracted, where thermocouples TC#1 

and TC#2 are used to record the temperature inside heat sink. As it is seen from Fig. 6 that the 

heat sink with 80% porosity SPM shows the best thermal performance among all compared heat 

sinks. Therefore, the temperature distribution of heat sink with 80% porosity SPM during 

charging and discharging process is employed to show. The complete cycle process is divided 

into two stages, where one is charging stage and the other is discharging stage. Both the charging 

stage and discharging stage can be further labeled into three sub-stages depicted in Fig. 7.  

In the charging stage, the rising rate of temperature is high in the pre-sensible heating and 

post-sensible heating stages. The temperature-time curve of heat sink is flat in the latent heating 

stage since a considerable amount of energy is stored into PCM. In the charging stage, the 

maximum temperature difference of no SPM heat sink is 20.1 ℃, which was recorded during the 

experiment. While the maximum temperature difference (ΔT) of SPM heat sink is 4.4 ℃, which 

is reduced by 78% compared to that of no SPM heat sink. It indicates that temperature 

distribution is more uniform within SPM heat sink in comparison to no SPM heat sink. In the 

discharging stage, it is seen that temperature decreases rapidly after input power is stopped. In 

the latent cooling stage, the temperature variation of heat sink is not apparent. When the 

solidification of PCM almost complete (i.e., post-sensible cooling), the rate of decrease in 

temperature is larger again.  

From the results of the temperature distribution, it is found that the temperature of base is 

larger than that of TC#1 and TC#2 in the discharging stage. The temperature of heat sink base 

reaches the melting point faster as compared to that at TC#1 and TC#2 locations. This implies 

that the melting of PCM close to the base is earlier. In the discharging process, the base 

temperature is smaller than that of TC#1 and TC#2, which is owing to the heat loses from the 

base to the insulation block. Furthermore, it can be observed that the temperature variations at 

TC#1 and TC#2 points are almost the same during the charging and discharging process. This 

phenomenon is due to the thermocouples TC#1 and TC#2 are symmetrically inserted in heat sink 

and at the same height of 20 mm from the base. 
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Fig. 7. Temperature profile of heat sink with 80% porosity SPM at different locations for power input of 8 W. 

3.4 Enhancement in the operating time of heat sink 

To evaluate role of SPM on thermal enhancement of PCM-based heat sinks, time taken by 

heat sinks with different configurations to reach three critical temperatures (i.e., 60 ℃, 65 ℃, 

and 70 ℃) is summarized in Table 3 for power inputs of 8 W, 10 W, and 12 W. The critical 

temperature selected represents the maximum allowable temperature of the electronic 

component to ensure its operational reliability. Column charts depicted in Fig. 8 (a) and (b) show 

the time required to critical temperatures of 60 ℃ and 70 ℃. As can be seen, operating time is 

varying from 469 s to 4045 s, which reflects that the embedding SPM and power level can 

obviously affect the thermal response of heat sinks. Results represent that the time taken by all 

heat sinks with SPM is larger than that of heat sink without SPM, e.g., the operation time of 95% 

SPM heat sink for Tcr = 70 ℃ increases by 50% at the heating power of 8 W in comparison with 

no SPM heat sink. It indicates that using SPM can effectively heighten thermal behavior of heat 

sinks. A notable feature among heat sinks with SPM is that the operation time of heat sink using 

low porosity SPM is larger. It is clear that the heat sink with 80% porosity SPM takes more time 

to reach each critical temperature as compared with all other heat sinks. This phenomenon 

implies that the reduction of porosity can better heighten the cooling performance of heat sinks. 

Furthermore, results show that the increase in heat generation density of electronic devices can 

lead to the decrease of operation time, e.g., the operating time of 80% porosity SPM heat sink at 

critical temperature 70 ℃ is 4045 s, 2495 s, and 1622 s for input power 8 W, 10 W, and 12 W.  
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Table 3 

Summary sheet of time (s) required to reach various critical temperatures. 

Type of  Time for Tcr = 60 ℃ Time for Tcr = 65 ℃ Time for Tcr = 70 ℃ 

heat sinks 8 W 10 W 12 W 8 W 10 W 12 W 8 W 10 W 12 W 

No SPM 923 637 469 1371 882 631 2140 1320 925 

ε = 95% SPM 1031 746 583 1509 1004 750 3211 1784 1159 

ε = 90% SPM 1108 794 622 1625 1055 798 3628 1978 1292 

ε = 85% SPM 1171 866 668 1769 1179 867 3884 2290 1508 

ε = 80% SPM 1233 915 711 1896 1245 912 4045 2495 1622 

 

 

    (a)                                        (b) 

Fig. 8. Time taken by various heat sinks to reach critical temperatures (a) 60 ℃ and (b) 70 ℃. 

3.5 Enhancement ratio of heat sinks with SPMs of different porosities 

The enhancement in thermal behavior of heat sinks can be estimated by the enhancement 

ratio er which is the ratio of time taken by heat sink with SPM to that of heat sink without SPM 

to reach the critical temperature, as given in Eq. (2): 

 cr

cr

(with SPM)

(without SPM)
r

t
e

t
=

                            

(2) 

Where tcr is the time required to reach the critical temperature. 

 The enhancement ratio of heat sink using varying porosities SPMs at the critical 

temperatures of 60 ℃, 65 ℃, and 70 ℃ is illustrated in Fig. 9(a-c). It is found that the heat sink 

using SPM with 80% porosity has the highest enhancement ratio against other heat sinks in all 

cases. The enhancement ratio increases with the reduction of porosity of SPM in case of using 

SPM, e.g., for critical temperature 70 ℃, the enhancement ratios of heat sink with 95%, 90%, 

85%, and 80% porosities SPMs are 1.35, 1.50, 1.73, and 1.89 at 10 W input power. It reveals that 
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the porosity of SPM (i.e., the volume fraction of enhancer material) has an obvious influence on 

thermal enhancement of PCM-based heat sink.  

 

 (a)                                     (b) 

 

     (c) 

Fig. 9. Enhancement ratio of heat sinks using SPMs of various porosities for three critical temperatures of (a) 60 ℃, (b) 

65 ℃, and (c) 70 ℃. 

As it reveals the heat sink using SPM with 80% porosity has the highest enhancement ratio, 

Fig. 10 presents the comparison of enhancement ratios of 80% porosity heat sink for various 

critical temperatures of 60 ℃, 65 ℃, and 70 ℃. Results show the higher ratios are obtained at 

the critical temperature of 70 ℃ for each input power. This phenomenon is attributed to that the 

heat transfer between PCM and SPM is enhanced owing to the occurrence of natural convection 

when the critical temperature is higher than the fusion point of PCM. In the latent heating stage, 

heat sink using SPM can remain a longer operating time to achieve a more efficient cooling for 

the higher critical temperature. The enhancement ratio of SPM heat sink increases as power 

density increases for the critical temperatures of 60 ℃ and 65 ℃. While the enhancement ratio 

slightly reduces with an increase in input power for the critical temperature of 70 ℃. It reflects 

that the allowable operating temperature and heat generation density of electronic devices have a 
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comprehensive effect on the thermal response of PCM-based heat sink using SPM. 

 

Fig. 10. Comparison of enhancement ratio for heat sink with 80% porosity SPM at three critical temperatures. 

4. Conclusion 

In this paper, a structured porous material with cubic unit cell was designed, and SPMs with 

various porosities were fabricated by 3D printing. The experiment was performed to examined 

the thermal response of PCM-based heat sink using SPM. Results show that the use of SPM can 

effectively prolong the operation time of PCM-based heat sink for electronic devices cooling. 

The temperature distribution is also more uniform for heat sinks using SPM. For instance, the 

temperature difference within heat sink using SPM with 80% porosity reduces by 78% in 

comparison with heat sink without SPM at power level of 8 W. It is observed from results that 

the porosity of SPM has an obvious influence on the effectiveness of PCM-based heat sink. The 

operation time of SPM heat sink increases as the porosity of SPM decreases at three power 

levels. The enhancement ratios of heat sinks using SPM also increase with the reduction of 

porosity of SPM. The heat sink using 80% porosity SPM shows the best thermal performance in 

all cases of current experiments. In addition, heating power level also affects the thermal 

response of SPM PCM-based heat sink. The increase of power level can result in the reduction 

of operation time of PCM-based heat sink. 
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