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The thermal conductivity ( k ) of materials plays a critical role in the effectiveness of devices in the engi- 

neering fields. In this work, a novel differential thermal resistance (DTR) method is developed to measure 

the out-of-plane and in-plane k of mm- down to μm-thick samples. Traditional techniques for direct k 

measurement usually needs measuring the heat transfer and temperature difference across the sample. 

The DTR technique rather constructs configurations for reference samples and sample of interest to mea- 

sure the temperature rise and determine the thermal resistance of the sample and its k . Non-contact 

heating by laser and thermal probing by a high-sensitivity infrared camera are employed. The out-of- 

plane k of 1.49 and 2.81 mm-thick acrylic samples, and 1 mm-thick glass slide is measured to be 0.20, 

0.19, and 1.27 W ·m 
−1 ·K −1 , respectively. The in-plane k of a 26 μm-thick graphene paper is measured to 

be 616 W ·m 
−1 ·K −1 . A good level of agreement is obtained between our measurement results and refer- 

ence values. Moreover, the in-plane k of 15 μm-thick pure copper foil is measured to be 322 W ·m 
−1 ·K −1 , 

very well agreeing with the density-adjusted value of 326 W ·m 
−1 ·K −1 for pure copper. Also by measuring 

the copper coil’s electrical conductivity, we are able to determine its Lorenz number as (2.21-2.30) × 10 −8 

W ·Ω ·K −2 which agrees well with reference values of (2.23-2.33) × 10 −8 W ·Ω ·K −2 . 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Thermal management is a significant challenge in different en- 

ineering fields such as electronic packaging [ 1 , 2 ], phase change 

nergy storage [3] , and heat sinks [ 4 , 5 ]. Thermal conductivity mea-

urement of materials has received considerable attention due to 

ts important role in the reliability and performance design of de- 

ices. To date, many techniques have been developed to measure 

he thermal conductivity of micro/nanoscale materials, such as 

ash [6–8] , transient electrothermal (TET) [9–11] , transient photo- 

lectrothermal (TPET) [ 12 , 13 ], 3 ω [14–16] , optical heating and elec-

rical thermal sensing (OHETS) [17–19] , pulsed laser-assisted ther- 

al relaxation (PLTR) [20–23] , time-domain thermo-reflectance 

TDTR) [23–25] , and frequency-domain thermo-reflectance (FDTR) 

26–28] techniques. 

In the flash method, first introduced by Parker et al. [6] , the 

ront surface of a few mm-thick sample is uniformly irradiated by 

 short and high-intensity light flash, and the transient tempera- 
∗ Corresponding authors. 
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ure rise of the rear surface of the sample is recorded. The ther- 

al diffusivity of the sample is calculated using the time needed 

or the sample’s rear surface to reach half of the maximum tem- 

erature, called half-rise time [ 7 , 8 ]. In the TET technique, a sus-

ended sample between two electrodes is fed by a DC step cur- 

ent, and the sample’s temperature will increase. Depending on 

ample length and diffusivity, it takes a millisecond to hundreds of 

econds to reach a steady-state. This temperature change is mon- 

tored by measuring the transient voltage response of the sample 

s a function of time. The thermal diffusivity of the sample is ob- 

ained by fitting the voltage change against time. This technique 

s suitable for measuring the thermal properties of metallic, non- 

onductive, and semi-conductive microscale/nanoscale 1D samples 

9–11] . The TPET technique has the same principle as TET, but it 

ses an amplitude-modulated continuous-wave (CW) laser beam 

o heat the sample and a small DC current to measure the induced 

oltage change. Using a small DC current helps reduce heating and 

mproves the measurement accuracy. For short wires with a high 

hermal conductivity/diffusivity, it is difficult to use TET and TPET 

ince such samples transfer heat to reach a steady-state in a very 

hort period of time, and it is comparable to the rising time of the 

urrent source and modulated laser [ 12 , 13 ]. In the 3 ω technique,

 sine/cosine AC current with an angular frequency of ω and am- 
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litude of I 0 passes through the sample and causes temperature 

uctuation at 2 ω frequency. As a result, voltage fluctuation occurs 

t the 3 ω frequency, which is then used for measuring thermal 

roperties. However, this technique has a lower signal-to-noise ra- 

io than TET or TPET, and it is time-consuming and requires min- 

tes to hours to sweep the needed frequencies. It is only appli- 

able to conductive samples and the sample is required to have a 

inear I - V relationship [14–16] . In the OHETS technique the sam- 

le is suspended between two electrodes and irradiated by a pe- 

iodically modulated laser beam. As a result, a periodical tempera- 

ure change occurs, and a small DC current is passed through the 

ample to measure the periodical voltage change. This technique 

s suitable for conductive, non-conductive, and semi-conductive 

icro/nanoscale wires [17–19] . However, like the 3 ω technique, 

t has a low signal level and is relatively time-consuming 

9] . 

The PLTR technique is developed to overcome the drawbacks 

f TET, TPET, 3 ω, and OHETS techniques since it is fast and has a

igh signal-to-noise ratio. In the PLTR technique, a nanosecond or 

icosecond laser pulse irradiates a suspended sample between two 

lectrodes. As a result, the temperature of the sample increases. 

fter pulsed heating, the sample’s temperature will decrease 

radually. The temperature relaxation is used to determine the 

hermal diffusivity of the sample. This technique is suitable for 

onductive, non-conductive, and semi-conductive wires, as well 

s short wires with high thermal conductivity [20–22] . Another 

echnique for measuring the thermal conductivity of submicron 

hin films ranging from 0.03 to 20 0 0 W ·m 
−1 ·K −1 is the TDTR

echnique which uses a high-frequency pulsed laser to heat the 

ample. After the pulsed laser heating, the sample cools down. 

his temperature variation is measured by a probe pulse and 

eads to the temperature-dependent properties measurement. 

his technique has a short thermal diffusion length and a high 

ignal-to-noise ratio. However, the short thermal diffusion length, 

omparable to the laser spot size, makes TDTR to be more sensitive 

o the cross-plane direction heat conduction. However, improve- 

ents have been done to measure in-plane thermal conductivity 

 > 10 W ·m 
−1 ·K −1 ) with this technique [23–25] . The FDTR technique

s developed to overcome the TDTR complexity. In this technique, 

hermo-reflectance signals are monitored as a function of modula- 

ion frequency instead of time delay. It helps eliminate the moving 

elay stage. In addition, both in-plane and cross-plane thermal 

onductivities can be measured with a single measurement 

26–28] . 

The out-of-plane thermal conductivity of micro-thick samples 

an be obtained using the laser flash technique. However, samples’ 

ensity and specific heat are required. In addition, the half-rise 

ime for these samples is in the order of 10 −5 s or shorter, which

akes the measurement more challenging. Moreover, although 

ery high in-plane thermal conductivity of micro-thick samples 

an be obtained using the TET technique, the samples’ high elec- 

rical conductivity makes the required electrical hearting hard to 

pply. To overcome these challenges, in this work, a differential 

hermal resistance (DTR) method is developed to measure the 

ut-of-plane thermal conductivity of mm- to μm-thick samples 

nd in-plane thermal conductivity of micro-thick samples while no 

dditional information such as density and specific heat, nor Joule 

eating is required. In addition, the other advantage of the DTR 

echnique is that its sample preparation is much easier than other 

echniques we discussed in the paper. However, the disadvantage 

f the DTR technique is that it is hard to apply to nanoscale 

amples. To verify this new methodology, thermal conductivity 

easurement of acrylic glass, glass, graphene paper, and copper 

oil have been conducted. Our results show good agreement with 

iterature values, which firmly validate the accuracy of the DTR 

echnique. 
2

. DTR measurement of out-of-plane thermal conductivity 

.1. Measurement principle 

The idea of the DTR technique is to construct different ther- 

al circuit scenarios with some having known thermal resistors 

nvolved. As a result, the thermal resistance of the sample can 

e solved precisely and its thermal conductivity can be deter- 

ined with high confidence. This will eliminate problems of mea- 

uring temperature difference and energy flow across the sample 

hile still measuring its thermal conductivity with sound accuracy. 

n this part, we introduce the DTR method for the out-of-plane 

hermal conductivity measurement. Figure 1 (a) shows the physi- 

al principles behind this measurement. The sample is attached to 

n Aluminum (Al) substrate using a double-side black tape, and its 

op is also coated with a black tape. A laser (1550 nm wavelength) 

Model number: BWF2-1550-2-400-0.22-SMA) is used to irradiate 

he top tape surface, and the surface temperature rise is measured 

sing an infrared camera (Model number: PI450). In this configura- 

ion, the measured temperature rise is determined by the absorbed 

aser power, the thermal resistance of the sample ( R s ), the ther- 

al resistance of the two black tapes ( R t ), thermal resistance of 

adiation-convection ( R rc ) on the top of the sample, and the ther- 

al resistance of the substrate ( R sub ). The relevant circuit is shown 

n Fig. 1 (b). The laser spot is large enough to cover the entire sam-

le, and the irradiated laser energy is measured using a power me- 

er with sound accuracy. The top black tape will ensure the laser 

nergy is well absorbed with negligible reflection. 

In this thermal design, we have several unknown thermal re- 

istances, like those of the black tape, the Al substrate, and con- 

ection and radiation. Another configuration (termed "black tape 

ase") is designed as shown in Fig. 1 (b), where exactly, and only 

he same black tapes are used for laser irradiation and temperature 

ise sensing. The configuration allows us to precisely determine the 

otal thermal resistance of convection, radiation, black tapes and 

ubstrate. This information is still not sufficient for us to deter- 

ine the thermal resistance of the sample R s . Therefore, a third 

onfiguration (reference case) is designed, which is very similar to 

he sample measurement case, but using a glass sample of known 

hermal conductivity to replace the sample. Figure 1 (c) shows the 

niform temperature distribution of this experiment’s black tape, 

ample, and glass. It is obvious the sample’s surface has a very uni- 

orm temperature, with a nonuniformity better than 0.3 °C. 
High-purity fused glass (fused silica) with a given thermal 

onductivity ( k g = 1.4 W ·m 
−1 ·K −1 [29] ) and known thickness 

 t g = 1.578 mm) is used in the reference case. Its thermal resis- 

ance is R g = t g / (k g A g ) = 1 . 578 × 10 −3 
/ (1 . 4 × 64 × 10 −6 ) = 1772 K ·

 
−1 . Here, A g is the glass surface area. Note in our experiment 

ll three configurations are controlled to have the same cross- 

ectional area of 8 × 8 mm 
2 . Details of uncertainty analysis are 

rovided later. The thermal conductivity of the sample is obtained 

sing this equation k s = t s / (R s A s ) . Here, t s is the sample thick-

ess which is measured by a digital micrometer, and A s is cross- 

ectional area of the sample which is 64 mm 
2 . For all the three

hermal circuits in Fig. 1 (b), the governing equations are: 

 tot = �T tot 

[ 
1 

R rc 
+ 

1 

R tot 

] 
, (1) 

 s = �T s 

[ 
1 

R rc 
+ 

1 

R tot + R s 

] 
, (2) 

 g = �T g 

[
1 

R rc 
+ 

1 

R tot + R g 

]
. (3) 

ere, the subscript “tot ” represents combinations of two tapes and 

he Al substrate. Q tot , Q s , Q g , �T tot , �T s , and �T g are the absorbed
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Figure 1. (a) Physical principles of DTR for out-of-plane thermal conductivity measurement, (b) different configurations and corresponding thermal resistance circuits of 

the DTR method. The thermal resistance symbols are: R rc for radiation and convection, R t for black tape, R g for glass, R sub for Al substrate, and R s for the sample, and (c) 

temperature distribution of three typical measurements. (Not to scale.) 

Table 1 

Experimental details of 1 mm–thick glass sample. 

Sample 

Sample size T 1 [ °C] T 2 [ °C] �T [ °C] Q [mW] 

Length [mm] Width [mm] Thickness [mm] 

Tape (2 layers) 8 8 0.66 23.0 27.7 4.70 248 

Glass (pure fused silica) 8 8 1.59 22.8 30.7 7.90 248 

Glass slide 8 8 1.00 23.0 30.0 7.00 248 
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aser powers and temperature rise for the tape, sample, and glass 

reference) cases, respectively. Solving this equation group will de- 

ermine the thermal resistance of the sample R s . 

.2. Measurement of reference materials 

In this part, the thermal conductivity of one-millimeter-thick 

ormal microscope glass slide (plain microscope slides from 

isher) and two acrylic samples (extruded acrylic from TAP Plas- 

ics) is measured using the DTR method to access its measurement 

ccuracy. Table 1 shows the details of the glass slide’s experiment. 

n this table, T 1 and T 2 represent the temperature of configura- 

ions before and after laser irradiation. �T is the temperature rise 

aused by laser irradiation. The glass slide’s thermal conductivity 

s calculated to be 1.27 W ·m 
−1 ·K −1 . The discrepancy between the 

hermal conductivity of the 1 mm-thick glass slide and previous 

igh-purity glass (fused silica) is mainly due to the difference in 

heir purity. Van der Tempel et al. [30] have reported the thermal 

onductivity of borosilicate glass, soda-lime silicate lamp glass, bar- 

um strontium silicate glass, and lead silicate glass as 1.45, 1.2, 1.1, 

nd 1.0 W ·m 
−1 ·K −1 at RT, respectively, showing that glass’ thermal 

onductivity can vary a lot depending on its structure and purities. 

fter this measurement, this 1 mm-thick glass slide is also used in 

he reference case to measure the thermal conductivity of the two 

crylic samples with different thicknesses. Table 2 shows the de- 

ails of the acrylic samples’ experiment. Their thermal conductivity 

s determined to be 0.20 and 0.19 W ·m 
−1 ·K −1 for the 1.49 mm and

.81 mm acrylic samples, respectively. Rawas et al. [31] have re- 

orted the thermal conductivity of 0.19 and 0.18 W ·m 
−1 ·K −1 for 

 and 3 mm-thickness acrylic samples, respectively, which agree 

ith our measurement results very well. Moreover, the mechani- 
3 
al engineer’s data handbook [32] has reported the acrylic glass’ 

hermal conductivity as 0.2 W ·m 
−1 ·K −1 , which also agrees with 

ur measurement results very well. 

To measure the resistance of the black tape and radiation- 

onvection from the black tape surface, we used one-layer black 

ape as a sample. 3 configurations including 2 layers of black tape, 

 mm-thick glass slide as a reference case, and 1-layer black tape 

s the sample, we obtain a thermal resistance of 355.6 K ·W 
−1 

or combined radiation-convection and 15.6 K ·W 
−1 for black tape. 

he 1-layer black tape’s thickness is measured as 0.33 mm, and 

ts thermal conductivity is calculated as 0.329 W ·m 
−1 ·K −1 . Al- 

hough this resistance (15.6 K ·W 
−1 ) is the combined black tapes 

nd Al substrate resistances, since Al has low thermal resis- 

ance (high thermal conductivity), we consider it approximately 

qual to the thermal resistance of the black tape. The com- 

ined radiation-convection heat transfer coefficient is calculated as 

3.9 W ·m 
−2 ·K −1 . The estimated contribution of the radiation heat 

ransfer coefficient is calculated as 4 εσT 3 
0 

= 4 × 1 × 5 . 67 × 10 −8 ×
00 3 = 6 . 12 W · m 

−2 · K −1 . Here ε is the emissivity which takes 1

or the black tape, and σ is the Stefan-Boltzmann constant. There- 

ore, the estimated contribution of convection heat transfer co- 

fficient is 37.8 W ·m 
−2 ·K −1 . The heat transfer coefficient of free 

onvection in the air usually ranges from 2.5-25 W ·m 
−2 ·K −1 [33] . 

ome tiny forced convection in the air could make this value 

igher. 

. Out-of-plane thermal conductivity measurement under 

ompressing 

In this part, we use the DTR method to measure the very low 

ut-of-plane thermal conductivity of foam at different compression 
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Table 2 

Experimental details of acrylic samples. 

Sample 

Sample size 

T 1 [ °C] T 2 [ °C] �T [ °C] Q [mW] 
Length [mm] Width [mm] Thickness [mm] 

Tape (2 layers) 8 8 0.66 23.2 27.6 4.40 240 

Glass slide 8 8 1.00 23.0 29.9 6.90 237 

Acrylic 1 8 8 1.49 23.3 31.1 7.80 79.3 

Acrylic 2 8 8 2.81 23.3 35.1 11.8 79.3 

Figure 2. (a) Physical principles, (b) sandwiched sample between Al substrate and glass slide, and (c) thermal resistance circuit of DTR method used to measure the very 

low thermal conductivity of compressed foam. R rcc : radiation, convection, and conduction (through screws). R s : sample’s thermal resistance. (Not to scale.) 
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evels. Figure 2 (a) shows the physical principles behind this mea- 

urement. As Fig. 2 (b) shows, the objective sample is sandwiched 

etween the Al substrate and a glass slide (with a thickness of 

 mm), and the two sides of the glass slide are clamped to the 

l base using four screws. 

Different levels of compression could be achieved by tightening 

he screws uniformly. The sample is attached to an Al substrate us- 

ng a double-side black tape, and its top is also coated with a black 

ape. The above mentioned laser power irradiates the glass surface 

o penetrate to the sample surface. Since glass is opaque to in- 

rared emission, so the glass surface temperature rise is measured 

sing the above mentioned infrared camera. Figure 2 (c) shows the 

ide view of our system with the relevant circuit. Most of the en- 

rgy of the CW laser is absorbed by the top black tape, and it in-

uces a temperature rise of �T 1 at that location. Also, the tem- 

erature rise read by the infrared camera is �T . This tempera- 

ure rise is not equal to �T 1 due to the effects of the top glass

over on the performance of the camera. These two values are 

elated with a proportionality constant as: �T = a × �T 1 . This is 

ue to the steady-state laser heating over the whole heated area. 

he camera’s spectral range is 7.5 to 13 μm. At room temperature, 

ased on Wien’s displacement law [34] , the wavelength ( λmax ) of 

eak radiation is calculated to be ∼10 μm. The radiation absorp- 

ion depth (also emission depth) in the glass slide can be calcu- 

ated as τ = λ/ 4 πk [35] to be 0.796 μm. It is the depth that inten-

ity of the thermal radiation inside the material falls to 1 /e of its

riginal value at the surface. k is the extinction coefficient that Ki- 

amura et al. [36] have reported 1 at λ= 10 μm for silica glass slide.

his absorption depth is much smaller than glass slide’s thickness. 

herefore, although the glass slide allows the laser to pass through, 
4

t is effectively opaque for the thermal radiation wavelength. The 

emperature measured by the infrared camera in fact is its surface 

emperature. In this configuration, the measured temperature rise 

s determined by the absorbed laser power, the thermal resistance 

f radiation-convection, as well as the conduction effects such as 

onduction through metal screws ( R rcc ) and thermal resistance of 

he sample ( R s ). Based on this design, the heat transfer equation of 

his system is written as: 

Q 

�T 
= a −1 

[ 
1 

R rcc 
+ 

1 

R s 

] 
. (4) 

ere, Q is the absorbed laser power. Then, calibration experiments 

sing multiple layers of glass slides with known thermal conduc- 

ivity are conducted to find a and R rcc . We used 1, 2, and 3-layers

f 1 mm thickness glass pieces with a cross-sectional area of 8 × 8 

m 
2 to obtain the linear relationship between Q / �T and 1/ R s to

nd a and R rcc [shown in Fig. 2 (a)]. Note in our measurement, the 

aser absorption is not perfect. This effect is absorbed in the coeffi- 

ient a , and will not affect the measurement accuracy. Silver paste 

s added to their interfaces to ensure a stable and sound thermal 

onnection between the glass layers, and to minimize the effect of 

nterfacial resistance. Note that for each reference experiment, R s is 

alculated as: nL/ (k glass A ) . Here n, L, k glass , and A are the number of

lass pieces, the thickness of glass layer (1 mm), the thermal con- 

uctivity of glass slide (1.27 W ·m 
−1 ·K −1 ), and the cross-sectional 

rea of glass pieces (64 × 10 −6 m 
2 ), respectively. 

Next, a similar experiment is conducted for three foam sam- 

les, and the laser heating power and induced temperature rise 

re recorded. These three foam layers with various compression 

evels are inserted between the glass cover and substrate. The 

xwang3
Highlight



M. Rahbar, M. Han, S. Xu et al. International Journal of Heat and Mass Transfer 202 (2023) 123712 

Table 3 

Experimental details and thermal conductivity of compressed foam samples. 

Sample Compressed by [%] 

Sample size 

�T [ °C] Q [W] 
Length [mm] Width [mm] Thickness (after compression) [mm] 

Foam 1 0 8 8 1.11 10.0 0.181 

Foam 2 50 8 8 1.50 10.7 0.195 

Foam 3 75 8 8 1.00 10.2 0.199 

Figure 3. (a) Physical principles of first scenario and its thermal resistance circuit, and (b) second scenario and its thermal resistance circuit of DTR method to measure the 

in-plane thermal conductivity. R rc : radiation-convection; R t : black tape; R c : copper sheet; R f : foam; R sub : Al substrate; and R s : sample. (c) Distribution of temperature of two 

scenarios. 
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easured values of the out-of-plane foam layers’ thermal conduc- 

ivity are reported in Table 3 . Using the measured Q/ �T ratio 

nd fitting parameters obtained by the previous experiment, we 

re able to find the thermal resistance of each foam layer and 

ubsequently their thermal conductivity as: k f = L/ ( R f oam 
A ) . The 

oam’s thermal conductivity in the air is determined to be 0.064, 

.102, and 0.174 W ·m 
−1 ·K −1 for compression levels of 0%, 50%, and 

5%, respectively. It is shown that the thermal conductivity of the 

oam is increased by the increased compression level. This is jus- 

ified by the reduced porous structure of the compressed foam. 

or first order estimation, the foam’s thermal conductivity can be 

xpressed as k f = ϕ k blk / 3 . Here, ϕ is the volume fraction of the

olid phase in the foam, and k blk is the intrinsic thermal conduc- 

ivity of the solid part in the foam [37] . The ratio k of 50% and

5% compression over the k without compression is 1.55 and 2.72, 

hich is lower than the first order estimation ratio (2 and 4). 

his showed increase of k with compression can be explained by 

he nonlinear effect which has been expressed by the Maxwellian 

quation: k f /k blk = α−1 + 3(α − 1) ϕ/ [ α(α + 2 − (α − 1) ϕ)] , where

= k blk /k air [38] . Take an instance for α = 5 , k f /k blk will be 0.236,

.277, and 0.378 for ϕ = 0.1, 0.2, and 0.4, demonstrating the non- 

inear thermal conductivity increase with the compression level. 

. DTR measurement of in-plane thermal conductivity at the 

icroscale 

.1. Experimental principles 

In this part, we introduce the DTR method for the in-plane 

hermal conductivity measurement at the microscale. Figure 3 (a) 
5 
hows the physical principles of the first scenario of this measure- 

ent. In this scenario, the sample is suspended between the foam 

nd an Al block. The foam is attached to an Al substrate using 

 double-side black tape, and its top is also coated with a black 

ape. On top of it, the sample is attached under a thin copper foil 

0.096 mm) with silver paste. Using silver paste and copper foil, 

hich have high thermal conductivity, ensures good thermal con- 

act, heat transfer, and uniform surface temperature. The top of the 

opper foil is also covered with black tape to ensure well-defined 

aser energy absorption with negligible reflection. The other part 

f the suspended sample is attached to a large Al block with silver 

aste. Using the large Al block and silver paste with good thermal 

onductivity ensures that heat is transferred away from the sam- 

le instead of accumulating there. As a result, it does not affect the 

emperature rise of the sample. Also, using foam under the sample 

nsures that most of the heat is transferred from sample to the Al 

lock and increases the accuracy and sensitivity of the measure- 

ent. 

The above mentioned laser irradiates the top tape surface, and 

he surface temperature rise is measured using the above men- 

ioned infrared camera. In this configuration, the measured tem- 

erature rise is determined by the absorbed laser power, the 

hermal resistance of the sample ( R s ), the thermal resistance of 

he three black tapes ( R t ), thermal resistance of the radiation- 

onvection ( R rc ) on the tape surface, thermal resistance of the cop- 

er sheet ( R c ), thermal resistance of the foam ( R f ), and the ther-

al resistance of the substrate ( R sub ). The relevant circuit is shown 

n Fig. 3 (a). Figure 3 (b) shows the physical principles of the sec- 

nd scenario. In this scenario, the sample is removed entirely, but 

he other parts of the experiment remain as same as in the first 
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cenario. The temperature rise caused by laser irradiation is mea- 

ured using the infrared camera again. In this configuration, the 

easured temperature rise is determined by the absorbed laser 

ower, R c , R f , and R sub . The relevant circuit is shown in Fig. 3 (b).

he laser spot is large enough to cover the entire tape surface, and 

he irradiated laser energy is measured using a power meter with 

ound accuracy in both scenarios. Figure 3 (c) shows the uniform 

emperature distribution of this experiment’s first and second sce- 

arios. It is obvious the sample’s surface has a very uniform tem- 

erature, with a nonuniformity better than 0.5 °C. Details of uncer- 
ainty analysis are provided later. 

The thermal conductivity of the sample is obtained using this 

quation k s = t s / (R s A s ) . Here, t s is the sample thickness which is

easured by a digital micrometer, and A s is the side area of the 

ample. For all the two thermal circuits in Fig. 3 (a) and (b), the

overning equations are: 

 1 = �T 1 

[ 

1 

R rc 
+ 

1 

R tc + 

[
R −1 
tot + R −1 

s 

]−1 

] 

, (5) 

 2 = �T 2 

[ 
1 

R rc 
+ 

1 

R tc + R tot 

] 
. (6) 

ere, subscript “tc ” represents combinations of upper black tape 

nd copper sheet, and subscript “tot ” represents the combination 

f middle and lower black tapes, foam, and Al substrate. Q 1 , Q 2 ,

T 1 , and �T 2 are laser powers and temperature rise related to 

he first and second scenarios, respectively. We used radiation- 

onvection and tape resistance measured earlier for R rc and R tc , re- 

pectively. Here R tc is the combined upper black tape and copper 

heet resistances. Since copper sheet has a negligible thermal re- 

istance (very high thermal conductivity) compared with that of 

he black tape, we consider it negligible. R tot will be determined 

y solving Eq. (6) . Then by replacing R tot into Eq. (5) , the sample’s

hermal resistance can be obtained. 

.2. Measurement of reference material 

In this part, the thermal conductivity of graphene paper (highly 

onductive graphene from Graphene Supermarket) is measured us- 

ng the DTR method to access the measurement accuracy. Table 4 

hows the details of the graphene paper experiment. In this table, 

 1 and T 2 represent the top tape surface temperature before and 

fter laser irradiation, respectively. �T shows the temperature rise 

aused by laser irradiation. For three different sizes of graphene 

apers, the thermal conductivity is measured to be 616, 631, and 

42 W ·m 
−1 ·K −1 . Xie et al. [39] reported the thermal conductivity 

f the same graphene paper at room temperature (RT) to be in the 

ange of 634-710 W ·m 
−1 ·K −1 , which agrees well with our measure- 

ent results. 

.3. Measurement of micron-thick copper foil 

In this part, first, the in-plane thermal conductivity of micron- 

hick copper foil (copper foil roll from Uxcell) is measured us- 

ng the DTR method, then its electrical conductivity is measured 

ith the four-probe technique, and its Lorenz number is deter- 

ined to access the measurement accuracy. Table 5 shows the de- 

ails of copper foil’s thermal conductivity experiment. In this ta- 

le, T 1 and T 2 represent the top tape surface temperature before 

nd after laser irradiation, respectively. �T is the temperature rise 

aused by laser irradiation. The thermal conductivity of the cop- 

er foil is measured to be 322 W ·m 
−1 ·K −1 . The small discrepancy

etween our results and those of mechanical engineer’s data hand- 

ook [32] , which is 386 W ·m 
−1 ·K −1 , can be explained by the den-

ity of the copper foil used in this experiment, which is measured 
6
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7 
o be 7.96 g ·cm 
−3 at RT. While mechanical engineer’s data hand- 

ook [32] has reported the pure copper density of 8.93 g ·cm 
−3 , 

roving that our copper foil is not full dense. Based on the density, 

he air/pore volume fraction in the copper coil is calculated to be 

.1086. Based on the Maxwellian equation [38] , the copper foil’s 

hermal conductivity is calculated to be 326 W ·m 
−1 ·K −1 

, which is 

ery close to our measurement result of 322 W ·m 
−1 ·K −1 . 

In addition to thermal conductivity, the four-probe technique 

s used to measure the electrical conductivity of the micron-thick 

opper foil to have a further understanding of this material. In 

he four-probe technique, as Fig. 4 (a) shows, a DC current (Keith- 

ey 6221) is applied between the two outer probes (1 and 4), and 

he induced voltage between two inner probes (2 and 3) is mea- 

ured by a very high-precision multimeter (Keithley 2002, 8.5 dig- 

ts). Figure 4 (b) shows the experimental setup of the four-probe 

echnique in our lab. Probes are located on a 3D micro-stage to 

asily establish the contact between tips and copper foil. 

The following equation is used to calculate the electrical con- 

uctivity of the micron-thick copper foil: 

−1 = F 1 F 2 F 3 tV/I. (7) 

ere t is copper foil thickness, V is the voltage drop over probe 2 

nd 3, and I is the current. F 1 is the finite shape correction factor 

hat can be derived from the standard table [40] . F 2 is the probe

ip spacing correction factor and can be calculated from this equa- 

ion F 2 = 1 + 1 . 082[ 1 − S 2 /s ] . Here, S 2 is the space between the two

nner probes (2 and 3), and s is the average probe tip spacing. In 

his experiment, since probe tips are equally spaced, F 2 equals to 

ne. F 3 is the thickness correction factor that takes 1 in this ex- 

eriment since the t/s � 0 . 4 [40] . Note that, in this experiment, 

he average probe spacing s is 1.667 mm while the foil thickness is 

nly 0.015 mm. We obtained the electrical conductivity of copper 

oil in the range of (4.73-4.91) × 10 7 Ω 
−1 ·m 

−1 , as shown in Table 6 ,

hile Raab et al. [41] have reported it for the 99.9% pure copper 

s 5.58 × 10 7 Ω 
−1 ·m 

−1 , again proving that our copper foil is not 

ull dense, since electrical conductivity decreases with decreased 

ensity. Based on the Maxwellian equation [38] , the copper foil’s 

lectrical conductivity is calculated to be 4.72 × 10 7 Ω 
−1 ·m 

−1 
, 

hich is very close to our measurement result of (4.73-4.91) × 10 7 

 
−1 ·m 

−1 . 

The Lorenz number can be obtained as k/σ = LT . Here L is the 

orenz number, T is the RT which is 296 K, k is the thermal con-

uctivity measured by the DTR method, and σ is the electrical 

onductivity measured by the four-probe technique. Table 6 shows 

he experimental details of the measurement, electrical conductiv- 

ty, and Lorenz number of the copper foil. Note that, in this ex- 

eriment, the copper foil sample is a square piece with side d . 

s table 6 shows, we obtained the Lorenz number at RT in the 

ange of (2.21-2.30) × 10 −8 W ·Ω ·K −2 . Reference data [42] reported 

n the Lorenz number for pure copper is in the range of (2.23- 

.33) × 10 −8 W ·Ω ·K −2 at 0 °C to 100 °C, which is very close to our

easurement results. 

. Discussions and uncertainty 

The focus of this study is developing a new technique to over- 

ome the challenges of other techniques, not the study of different 

aterials’ thermal conductivity. Although we have measured the 

hermal conductivity of some limited materials, this technique can 

e also used for polymer-based composites. In this part, the uncer- 

ainty of the thermal conductivity measurement due to the effect 

f radiation-convection around the sample is calculated and ana- 

yzed. For measuring thermal conductivity, the effect of radiation- 

onvection can be calculated by: �k rad+ con v = P hL 2 / (π2 A ) [ 43 , 44 ].

ere, P is the perpendicular surface perimeter to the direction 

f heat transfer direction, h is the combined radiation-convection 
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Figure 4. (a) Schematic and (b) experimental setup of the four-probe technique. 

Table 6 

Experimental details, electrical conductivity, and Lorenz number of the micron-thick copper foil. 

No. I [mA] V [mV] d [mm] t [mm] F 1 σ [10 7 Ω −1 ·m 
−1 ] L [10 −8 W ·Ω ·K −2 ] 

1 100 0.0370 10 0.015 3.7096 4.86 2.24 

2 100 0.0329 20 0.015 4.2878 4.73 2.30 

3 100 0.0304 40 0.015 4.4636 4.91 2.21 

Table 7 

Uncertainty of out-of-plane thermal conductivity caused by 

radiation and convection. 

Sample Thickness [mm] �k rad + conv / k [%] 

1-mm glass slide 1.00 0.157 

Acrylic 1 1.49 2.50 

Acrylic 2 2.81 8.94 

Table 8 

Uncertainty of in-plane thermal conductivity caused by 

radiation and convection. 

Graphene sample Length[mm] �k rad + conv / k [%] 

Sample 1 4.34 1.05 

Sample 2 4.57 1.10 

Sample 3 4.83 1.13 
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eat transfer coefficient measured earlier as 43.9 W ·m 
−2 ·K −1 , L 

s the length in the heat conduction direction, and A is the heat 

onduction cross-sectional area. Tables 7 and 8 show the uncer- 

ainty of our out-of-plane and in-plane thermal conductivity mea- 

urements caused by radiation and convection, respectively. The 1 

m glass slide is the thinnest one, and the acrylic sample 2 is 

he thickest one for out-of-plane thermal conductivity measure- 

ent. As expected, the radiation-convection uncertainty increases 

ith increased sample thickness, as shown in Table 7 . A thicker 

ample increases the side sample surface, resulting in a stronger 

adiation-convection effect. For in-plane thermal conductivity, the 

ame explanation applies as for sample length. However, the mea- 

urements can be conducted in a vacuum chamber to eliminate the 

onvection effects. 

In our thermal conductivity measurement, there was another 

ncertainty caused by sample size, temperature rise, and laser 

ower measurement. In the out-of-plane thermal conductivity ex- 

eriment, the measurement uncertainty of the thickness, area, 
8 
emperature rise, and laser power were 3.3 × 10 −3 %, 8.8%, 0.064%, 

nd 0.17%, respectively. Therefore, the uncertainty of the thermal 

onductivity measurement was 8.8%. In the in-plane thermal con- 

uctivity experiment, the measurement uncertainty of the length, 

rea, temperature rise, and laser power were 1.1 × 10 −3 %, 0.19%, 

.11%, and 0.25%, respectively. Therefore, the uncertainty of thermal 

onductivity measurement was 0.33%. Note that in this technique, 

amples were heated by laser irradiation on their surface. There- 

ore, no electrical conductive properties of samples were used, and 

t did not influence the measurements’ uncertainty. 

To test the experiment’s reproducibility due to the black tape 

ttachment condition, we used one acrylic sample and changed the 

ttached tapes five times on both sides. Table 9 shows the details 

f the experiment. The thermal conductivity of acrylic is measured 

o be 0.206 ±0.005 W ·m 
−1 ·K −1 , which proves the experiment’s ex- 

ellent reproducibility under the black tape attachment condition. 

o test the experiment’s reproducibility, we measured the thermal 

onductivity of 4 different acrylic samples. Table 10 shows the de- 

ails of the experiment. The thermal conductivity of acrylic is mea- 

ured to be 0.205 ±0.006 W ·m 
−1 ·K −1 , which proves that the exper- 

ment has sound reproducibility. 

For the DTR methodology presented in this work, it can be ex- 

ended generally as below. For a certain configuration, different 

eference samples of similar thickness/geometries like that of the 

ample can be measured to establish the surface temperature rise 

T ∼R correlation ( R : reference sample’s thermal resistance) under 

he same level laser heating condition. The sample of interest can 

e used to make one configuration and measure the temperature 

ise as �T s . This temperature rise then is used in the calibrated 

T ∼R correlation to extract the sample’s thermal resistance, and 

nally determine its thermal conductivity. For this methodology, 

n fact the exact laser absorption value is not needed as long as 

he temperature rise is measured and normalized to the same laser 

eating condition. This provides great advantages in measurement 

ontrol and ensures very high measurement accuracy. 
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Table 9 

Experimental detail of acrylic sample for testing reproducibility due to the black tape attachment condition. 

Sample 

Sample Size 

T 1 [ °C] T 2 [ °C] �T [ °C] Q [mW] 
Length [mm] Width [mm] Thickness [mm] 

Tape (2 layers) 8.00 8.00 0.66 23.2 27.6 4.40 240 

Glass slide 8.00 8.00 1.00 23.0 29.9 6.90 237 

Acrylic 7.97 7.97 1.54 23.2 31.4 8.20 79.3 

Acrylic 7.97 7.97 1.54 23.4 30.9 7.50 76.6 

Acrylic 7.97 7.97 1.54 23.4 31.1 7.70 79.3 

Acrylic 7.97 7.97 1.54 23.5 31.7 8.20 82.1 

Acrylic 7.97 7.97 1.54 23.5 31.2 7.70 79.3 

Table 10 

Experimental details of 4 acrylic samples for testing experiment’s reproducibility. 

Sample 

Sample Size 

T 1 [ °C] T 2 [ °C] �T [ °C] Q [mW] 
Length [mm] Width [mm] Thickness [mm] 

Tape (2 layers) 8.00 8.00 0.66 23.2 27.6 4.40 240 

Glass slide 8.00 8.00 1.00 23.0 29.9 6.90 237 

Acrylic 1 8.09 7.94 1.53 23.5 30.8 7.30 73.8 

Acrylic 2 8.03 7.98 1.53 23.3 30.9 7.60 76.6 

Acrylic 3 7.97 7.97 1.54 23.2 31.4 8.20 79.3 

Acrylic 4 8.00 8.00 1.49 23.3 31.1 7.80 79.3 
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. Conclusion 

In this paper, a differential methodology was successfully de- 

eloped to characterize the out-of-plane thermal conductivity of 

he few mm-thick samples, extremely low out-of-plane thermal 

onductivity of foam at different compression levels, and the in- 

lane thermal conductivity of micro-thick samples. Employing this 

ew method, we measured acrylic glass, glass slide, graphene pa- 

er, and copper foil. The measurement results agree well with ei- 

her reference values or measurement using other techniques. Also, 

e calculated the Lorenz number of the copper foil based on its 

lectrical conductivity measured using the four-probe technique. 

he measurement results (2.21-2.30) × 10 −8 W ·Ω ·K −2 agreed well 

ith the reference values of (2.23-2.33) × 10 −8 W ·Ω ·K −2 . Our 

ncertainty analysis showed that the radiation-convection effects 

nd sample size, temperature rise, and laser power measurements 

ll caused small measurement uncertainty, usually around 1 ∼2%. 

oreover, the convection effect can be eliminated by conducting 

he experiment in vacuum, which will bring the measurement ac- 

uracy to a higher level. The DTR methodology can be general- 

zed by measuring different reference samples of similar thickness 

ike that of the sample to establish the surface temperature rise 

T ∼R correlation ( R : reference sample’s thermal resistance) un- 

er the same level laser heating condition. The temperature rise 

T s of sample of interest can be used to extract its thermal re- 

istance and thermal conductivity from the calibrated �T ∼R cor- 

elation. The DTR technology in fact does not need the exact laser 

bsorption value and provides great advantages in measurement 

ontrol and ensures very high measurement accuracy. 
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