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Abstract. Global growth of energy transition has increased in the last decades. 

One of the prominent alternatives of energy carrier other than fossil fuel and 

electricity is hydrogen fuel. In addition to electrolysis, photocatalytic water 

splitting offers clean way of producing green hydrogen. It employs solar 

irradiation to release electron for splitting water into hydrogen and oxygen. 

Currently, photocatalysis only effective under high frequency ray, such as 

ultraviolet. To enhance the range of absorbed light, a new trend to incorporate 

plasmonic heating process using low band-gap metal, i.e. gold and silver, has 

been developed. This mechanism, however, is sensitive to its thermal 

characteristics due to scattering process. This study investigates thermal 

conductivity of iron-based metal under various heat treatment. The result shows 

that increasing annealing temperature from 700 °C to 800 °C reduces the 

conductivity by 6%. This reduction is a result of the increase of grain boundary 

length, allowing the phonon to scatter during the transfer between the grains, 

increasing its thermal resistance. Moreover, both variation shows quadratic 

increase of conductivity as the temperature rises. On average, the thermal 

conductivities are observed at 9.01 a W/m·°C and 8.41 W/m·°C for samples 

under 700 °C and 800 °C annealing, respectively. 

Keywords: Conductivity, Photocatalysis, Heat treatment, Grain boundary, 

Hydrogen. 

1 INTRODUCTION 

In recent decades, there has been a growing global urgency to transition toward 

renewable energy sources. With the increase in world population and mobilization, this 

shift is critical in ensuring the sustainability of energy sources and reducing carbon 

emissions, including in Indonesia. In 2022, Indonesia's greenhouse gas emissions 

totaled more than 2 billion tons of carbon dioxide equivalents, making it the fifth-largest 

carbon dioxide polluter in the world [1]. This issue leads to the acceleration of research 

and regulation in the renewable energy transition, whereby Indonesian government  
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aims for the Net Zero Emission (NZE) in 2060. One of the solutions to decarbonize 
included in the transition plan is hydrogen utilization. 

Hydrogen fuel offers a clean and effective way of energy generation in various 
applications, ranging from transportation to the power industry. When used as a fuel, 
hydrogen produces only water as a byproduct, resulting in zero tailpipe emissions from 
the system. However, the source of hydrogen is mainly from an emissions-intensive 
process, in which the total emissions are higher than the conventional fossil fuel [2]. 
The need to address this issue has prompted increased research in green hydrogen 
production, where the energy source for the production process is renewable energy. 
This process relies on the water-splitting reaction in many methods, such as electrolysis 
[3], thermolysis, thermal decomposition [4], and photocatalysis [5]. Among these 
various methods, photocatalysis has shown a promising way to green hydrogen 
synthesis. Photocatalysis is a surface reaction that occurs when light irradiates an 
engineered material, activating a photogenerated electron and hole. These free electrons 
then react with water, causing it to split into oxygen and hydrogen [5]. The efficiency 
of this system, however, is still very low. 

The addition of metal nanoparticles to photocatalysis, known as plasmonic catalysis, 
is a promising approach to enhance the reaction rate. This method allows for a wider 
range of light spectra to be used for the reaction. This mechanism is driven by the heat 
generated from the absorbed light, which reduces the activation barrier and enhances 
the reaction rate. However, the thermal effect has limitations as light-induced 
nanoparticle heating is only effective under strict thermal conditions, such as high-
intensity light and thermally insulated nanoparticles. This requires careful 
consideration in designing plasmonic catalysis materials. Recently, gold and silver have 
been widely investigated as metal nanoparticles to enhance the catalytic reactions due 
to their low bandgap and high stability [6]. However, these requires high cost and 
consequently difficult in maintenance. 

It is crucial to investigate other metallic material options to design materials that can 
accommodate the strict thermal considerations of plasmonic catalysis, i.e. thermal and 
electric conductivity. One of the cheap yet powerful option is steel. For semiconductor, 
altering its thermal behavior could be conducted in several ways, from changing the 
solid-state [7], adding other substances [8], to changing its grain structure [9]. The latter 
methods have been also conducted in other applications and modelling [10]. However, 
the exact correlation between the grain characteristics of copper and its thermal 
conductivity is still very limited. This study aims to observe thermal conductivity of 
steel on various heat treatment. The results are expected to be a guideline for future 
study on low-cost plasmonic catalysis materials. 

2 METHODOLOGY 

The study was conducted experimentally. The test samples undergo an annealing 
process, a heat treatment method in which the material is placed in an oven at specific 
temperatures, namely 700°C and 800°C, for a duration of 10 minutes and 5 minutes, 
respectively. After this heat treatment, the steel plate was allowed to cool naturally, 
resulting in the formation of austenite. The heat-treated steel plate was then fabricated 
carefully by CNC machining, ensuring that there was no additional heat treatment due 
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to friction or overheating. The test sample dimensions and images are presented in 
Figure 1. 

 
Fig. 1. (a) dimensions and (b) images of the fabricated test samples for thermal conductivity 

experiments. 

Thermal conductivity test was conducted in an experimental facility as presented in 
Figure 2. The test was conducted following the ASTM C177, a standard test method 
for assessing the thermal conductivity properties of materials, were followed. 
Cylindrical samples with a consistent 40 mm diameter, available in two thicknesses: 2 
mm and 4 mm, were carefully chosen to comply with the standard's requirements, 
ensuring that measurements adhered to the specified parameters. The ASTM C177 
method involves placing the test sample between a hot plate and a cold plate, with 
known temperature differentials, to measure the rate of heat transfer through the 
material. This approach allowed the accurate determination of the thermal conductivity 
of the materials, providing valuable insights into their heat transfer characteristics. 

 
Fig. 2. Thermal conductivity experimental facility (a) image and (b) schematic diagram and 

sensor location. 

Thermal conductivity was then estimated by following Fourier’s law of heat 
conduction. For each test sample, average thermal conductivity (k’) is calculated by 
comparing the temperature difference on the specimen i (ΔTi) and the standard copper 
cylinder (ΔTR), for which the thermal conductivity is known, by the following equation: 
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  (1) 
In this equation, ki’ is the average thermal conductivity of sample i, L is the 

thickness of the test sample i, LR is the thickness of the standard cylinder, and kR is the 
thermal conductivity of the copper. Note that in this estimation, k’ is the average 
thermal conductivity of the test sample, meaning that the contact resistance between 
the sample and the standard cylinder is still included. To calculate the thermal 
conductivity of the test sample (k), the result from both 2 mm and 4 mm test samples 
should be compared by the following equation : 

  (2) 
where a and b indicate the value from 2 mm and 4 mm specimen, respectively. 

The experiment was conducted in a steady state. For each data collection, the system 
was observed for 30 minutes, ensuring a steady and stable result. On the hot side, the 
heater was controlled to fit the targeted temperature of 50 °C, 80 °C, 110 °C, and 140 
°C. On the other hand, cooling water was pumped on the cold side to be at around room 
temperature. The thermocouple then took temperature distribution in 11 locations along 
the standard cylinder. The overall experiment was conducted twice to ensure the 
repeatability of the data and suppressing data uncertainties. 

3 RESULTS AND DISCUSSIONS 

Temperature distribution in various test samples is presented in Figure 3. In these 
graphs, the red and blue lines indicate the location of 4 mm and 2 mm specimen, 
respectively. In all cases, the temperature plot shows linear decreasing trend, meaning 
that the heat conduction is dominated by 1-D direction along the axis of the standard 
cylinder. This linear trend also proves that there is no heat generation or loss in the 
system, confirming that there is no significant leakage in the insulation system. 
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Fig. 3. Cylider temperature distribution for hot side temperature of (a) 50 °C, (b) 80 °C, (c) 110 

°C, and (d) 140 °C. 

Temperatures measured at the copper cylinder show small discrepancies between 
the two test samples, especially at the location close to the heater and water cooler. This 
result is expected since the effect of the heat flux has not reached the point of various 
thermal resistance due to contact resistance and different materials of test samples. 
However, distinctive temperature differences are observed in the middle of the cylinder, 
confirming the effect of different thermal conductivity between both experiments. The 
result demonstrates a drop in temperature as the heat flows through the test sample. For 
instance, from Figure 3(a) to (d), the temperature drops on 4 mm specimen are 
measured at around 8 °C, 20 °C, 32 °C, and 43 °C for 700 °C annealing test sample, 
and 7 °C, 16 °C, 25 °C, and 34 °C for 800 °C annealing test sample. the Since the 
thermal conductivity is represented by the steepness of the plot, this significant drop 
proves that the thermal conductivity of the test sample is much lower than the standard 
test cylinder (copper, 372.16 W/m·°C). 
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Fig. 4. Thermal conductivity estimation at different test samples and temperatures. 

To quantify the result, thermal conductivity is calculated following the steps 
described in the previous section and is depicted in Figure 4. The plot shows a slight 
quadratic trend, whereby the thermal conductivity increases faster as the temperature 
rises. Test samples under 700 °C annealing shows an increase of thermal conductivity 
from 3.18 W/m·°C at 50 °C to 11.96 W/m·°C (276% increase). Meanwhile, test sample 
under 800 °C annealing has an increase from 3.70 W/m·°C to 13.91 W/m·°C at the 
similar temperature. On average, thermal conductivity of material undergoing 700 °C 
annealing is 9.01 W/m·°C, whilst another test sample is measured at 8.44 W/m·°C or 
more than 6% reduce. 

This slight reduction is caused by the change in the grain size and shape of the 
microstructure. While undergoing the annealing process at different temperatures and 
times, grain size tends to change. According to literature [11,12], increasing annealing 
temperature reduces the average grain size, hence increasing the total length of the grain 
boundary. While the grain size is still in the order of micro-meter, the effect of thermal 
conductivity reduction due to phonon-phonon scattering is still negligible. This is due 
to the phonon mean free path (PMFP) of such a material is much lower (order of 
nanometer) [13], allowing the phonon to move freely regardless of the grain size and 
boundary. Meanwhile, the grain boundary length increases the scattering most likely 
due to boundary resistance, altering the direction of the heat flow due to phonon 
movement [13]. This phenomenon is described by Zhan et al. [13] whereby the 
effective thermal conductivity is the function of grain size and boundary, which support 
the finding in this study. 
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4 CONCLUSION 

An experimental study was conducted to measure the thermal conductivity of iron 
steel under different heat treatment temperatures and times, hence altering the grain 
size and boundary. Some key findings in this study are as follows: 
1. Temperature difference is observed larger at the location further from the hot and 

cold side. This result is a result of the installation of the test samples, whereby the 
discrepancy of the distribution is observed at the location between two specimens. 
The temperature gradient in test sample under 700 °C annealing shows steeper 
plot up to 43 °C compared to 34 °C in another test sample at the highest set 
temperature. 

2. The test sample under 800 °C annealing shows a 6% reduction in thermal 
conductivity. For both test cases, the thermal conductivity shows a quadratic 
increase from 3.18 W/m·°C to 11.96 W/m·°C and 3.70 W/m·°C to 13.91 W/m·°C 
for annealing under 700 °C and 800·°C, respectively. 

3. The reduction is caused by the smaller grain size, hence longer grain boundary. 
This boundary act as an additional internal resistance, increasing the phonon 
scattering. Meanwhile, phonon-phonon scattering due to cut-off of PMFP is 
negligible due to its relatively large grain size of the annealing process. 
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