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Preface

2014 5th International Conference on Manufacturing Science and Technology
(ICMST 2014) was held in Sarawak, Malaysia on 7-8, June, 2014. The
conference provides a platform to discuss Manufacturing Science and
Technology etc. with participants from all over the world, both from academia
and from industry. Its success is reflected in the papers received, with
participants coming from several countries, allowing a real multinational
multicultural exchange of experiences and ideas.

The present volumes collect accepted papers and represent an interesting
output of this conference. This book covers these topics: Acoustics and Noise
Control, Aerodynamics, Applied Mechanics, Automation, Mechatronics and
Robotics, Automobiles, Automotive Engineering, Ballistics, Biomechanics,
Biomedical Engineering, CAD/CAM/CIM, CFD, Composite and Smart
Materials, Compressible Flows, Computational Mechanics, Computational
Techniques, Dynamics and Vibration, Energy Engineering and Management,
Engineering Materials, Fatigue and Fracture, Fluid Dynamics, Fluid Mechanics
and Machinery, Fracture, Fuels and Combustion, General mechanics,
Geomechanics, Health and Safety, Heat and Mass Transfer, HVAC,
Instrumentation and Control, Internal Combustion Engines, Machinery and
Machine Design, Manufacturing and Production Processes, Marine System
Design, Material Engineering, Material Science and Processing, Mechanical
Design, Mechanical Power Engineering, Mechatronics, MEMS and Nano
Technology, Multibody Dynamics, Nanomaterial Engineering, New and
Renewable Energy, Noise and Vibration, Noise Control, Non-destructive
Evaluation, Nonlinear Dynamics, Oil and Gas Exploration, Operations
Management, PC guided design and manufacture, Plasticity Mechanics,
Pollution and Environmental Engineering, Precision mechanics, Mechatronics,
Production Technology, Quality assurance and environment protection,
Resistance and Propulsion, Robotic Automation and Control, Solid Mechanics,
Structural Dynamics, System Dynamics and Simulation, Textile and Leather
Technology, Transport Phenomena, Tribology, Turbulence and Vibrations.

This conference can only succeed as a team effort, so the editors want to
thank the international scientific committee and the reviewers for their
excellent work in reviewing the papers as well as their invaluable input and
advice.

Prof. Dr. Ashutosh Kumar Singh
Department of Computer Application
National Institute of Technology
Kurukshetra, India
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Properties and Growth Rate of Intermetallic Al-Fe Through Hot Dipped
Aluminizing

Zaifol Samsu™ %2, Norinsan Kamil Othman"®, Abd Razak Daud’,

Muhammad Daud? ¢,
'School of Applied Physics, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

“Material Technology Group, Industrial Technology Division, Malaysian Nuclear Agency, 43600
Bangi, Selangor, Malaysia

zaifolsamsu@nuclearmalaysia.gov.my?, insan@ukm.my®, mdaud@nuclearmalaysia.gov.my®
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Abstract. Hot dipped aluminizing is the one of the most famous and effective method of the surface
protection. The growth behavior in the intermetallic layer by introducing a different dipping time
and various of molten aluminium temperature had been detail investigated. The result showed that
the top portion of the coated steel substrate is compose of a thin layer of a- Al;O3, followed by
thicker Aluminium pure layer, thinner layer of FeAls, and then a much thicker of Fe;Als . The inter-
metallic layer is ‘thick’ and exhibits a finger-like growth into the steel. The thickness of Al-Fe
intermetallic layer on the steel base is increased with the increasing of hot dipping temperature and
time. The micro hardness testing result shown that increasing of the aluminizing temperature was
increased the hardness of the intermetallic layer.

Introduction

Hot dipped aluminizing process has been widely used for protection of carbon steel in high
temperature application. The process involves dipping of steel sheet into molten aluminium or its
alloy, at a fixed temperature for a certain period of time. The microstructure of the protective
coating on the hot-dipped aluminide steel is composed of an outer aluminum topcoat containing the
same composition as the aluminum bath and an Fe-Al intermetallic layer formed by Fe/Al inter-
diffusion during the hot-dip process. Shigeaki Kobayashi and Takao Yakou [1] showed that the
coating layers of hot dip aluminized steel consist mainly of aluminum and Fe,Als . Aluminized steel
exhibit excellent oxidation and corrosion resistance [2].

It was reported [3,4,5] that composition of aluminizing metal and carbon content of steel
substrate and its dipping time intensely affect the growth rate of the intermetallic layer, but
aluminizing temperature [6] of the substrate does not affect it significantly. Since, previously the
effect of the aluminizing temperature on the growth rate of the intermetallic layer was examined in
a very short range 775-850 °C [6] and most of the researchers conducted hot-dipping tests above
750 °C in pure Al and Al-Si alloys [7]. As a result, they concluded that aluminizing temperature
does not affect the growth rate of intermetallic layer.

Then, the study of aluminizing was re examined by extending the temperature range between
675°C and 950°C of was conducted with width range of aluminizing temperature. It was reported
that the growth intermetallic layer was increased for the aluminizing temperature in the range
675°C-775°C but the thickness did not increase further when the aluminizing temperature increased
in the range 775°C-950°C [8]. However, the results of the present study were found different from
the preceding one. This study reveal that the variation in the aluminizing temperature and dipping
time have a profound effect on the growth kinetics and hardness of the intermetallic layer

Experimental

Material and Method. A commercial AISI 1005 steel was used as the substrate material in this
study. The chemical composition of the adopted steel is Fe-0.047C-0.137Mn-0.035P-0.01S (%wt).
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Rectangular specimen with dimension of 20mm x 10mm x 2mm was cut using a water cooled
cutting machine. Laboratory grade pure aluminium with a purity of 99.9% was used as the molten
aluminium bath. The surfaces of the steel specimens for aluminizing were finished by grinding with
a #1000 SiC paper. Then the specimen was degreased in acetone and finally cleaned ultrasonically
in acetone. A hole of its diameter approximately 3mm was drilled at one end of the specimen to
facilitate its hanging into molten aluminium.

Hot Dipping. The aluminium granular was heated to the temperatures of range between 700°C
until 850°C in a graphite crucible using a resistance furnace. The temperature of the molten
aluminium bath was controlled to be within £10°C. The specimen was dipped in the molten
aluminium for the time period of 3 min until 9 min. These temperatures were maintain throughout
the required range of dipping time and were controlled by using a K-type thermocouple. The
specimens were gently shaken inside the bath to ensure good wet ability. After dipping for the
specified duration, the specimens were withdrawn and cooled in air. These test were conducted to
examine the effect of varying aluminizing temperature and dipping time on the growth and
morphology of intermetallic layer

Micro Hardness Measurement. Micro-hardness of the aluminised sample was also measured
with a Vickers micro hardometer (Shimadzu HMV 2000). The hardness test was performed under
an indentation load of 25gf for 10s. Analysis points were spaced so that to eliminate the effect of
neighbouring indentations. The sample was separate with the three layers consist of aluminium
layer, intermetallic layer and substrate layer. The micro hardness was evaluated by taking ten
indentations on each layer and was averaged.

Analysis of Samples. The aluminized specimens were sectioned carefully with a slow water
cooled cutting machine. For microstructure observation and analysis, the specimen was carefully
mounted, ground and polished to protect the edges. The specimen was etched with a 2% Nital
solution to reveal the coating layer microstructure. The thickness of the layer was then measured at
least five times at different places on the section.

Analysis of the chemical composition of substrate was performed using spark emission
spectroscopy. The microstructures of the aluminized specimens were examined by using an optical
microscope. Scanning electron microscope (SEM) attached with EDX (energy dispersive X-ray)
facility was employed to analyze elemental concentration of the phases formed in the outer coating
and in the intermetallic layer. X-ray diffraction (XRD) technique was also used to identify the
phases formed in the outer coating as well as in the intermetallic layer.

Result and Discussion

The Growth of Intermetallic Layer During Hot Dipping. Cross sectional micrograph of mild
steel hot dipped in pure Al in Fig. 1. The analysis of the microstructure and composition of the
specimen shown that the diffusion layer are divided into three major layer that consist of aluminium
layer, intermetallic layer and substrate. The aluminide layer is composed of an outer aluminium
topcoat and an inner Fe-Al intermetallic layer. This suggested that the formation of the aluminide
layer was mainly due to the outward diffusion of iron, while the inward diffusion of Al contributed
to the growth of the aluminide layer.

FeaAls

Substrate

Fig. 1. SEM Micrographs of cross section of specimens after aluminizing
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Fig. 2. X ray diffraction pattern of a specimen aluminized in Al pure melt obtained from (a) the
outer coating and (b) intermetallic layer

X-ray diffraction analysis confirmed the presence of the phases identified by the scanning
electron microscopy in the outer coating as well as in the intermetallic layer. The XRD pattern
illustrates the phases formed in the outer coating of the steel specimen aluminized in the Al pure
melt as given in Fig. 2(a). The diffraction pattern in the intermetallic layer shows the presence of
thin layer of FeAl; and thick layer of Fe,Als layer as shown in Fig 2(b). It means that intermetallic
layer of Fe,Als was a major layer for protection of steel after aluminizing.

Fig. 3 and 4 illustrate the different micrograph of the variation in the aluminizing temperature
and dipping time on the growth and the morphology of the intermetallic layer respectively. These
depict that with increasing the aluminizing temperature of the specimen in the range 700 — 850, the
intermetallic layer increased as shown in graphical Fig. 3. The same situations are happen when the
dipping time of the aluminizing increased and as a result the intermetallic layer also increased as
shown in graphical Fig. 4. These micrograph shown that the pattern growth was changing when the
aluminizing temperature and dipping time were increased.

.

Fig. 3. Cross sectional view of aluminized carbon steel sheets which were hot dipped in melt pure
Al at different temperature (a) 700°C (b) 750°C (c) 800°C (d) 850°C

Fig. 4. Cross sectional view of aluminized carbon steel sheets which were hot dipped in melt pure
Al at 750°C with various dipping time (a) 3 min (b) 6 min (c) 9 min

Based on the characterization of microstructure (Fig. 1) and phase constitution (Fig 2(b) in the
intermetallic layer, the tongue-like morphology of the Fe,Als phase is formed by the non-uniform
growth of the columnar grains.

In the hot dipping process, the specimen dipped in the molten aluminum bath and the steel
substrate started to dissolve into the molten aluminum bath . As a result, molten aluminium was
diffused into the steel substrate to form an Fe—Al intermetallic layer. The crystalline defects of
Fe;Als with the orthorhombic structure offered a rapid diffusion path to increase the growth rate of
Fe,Als [7], resulting in columnar Fe;Als and the corresponding residual steel substrate. As the
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immersion time increased, the columnar grains grew at a fast rate toward the steel substrate,
whereas they grew at a slow rate in the lateral direction of the columnar grains. Finally, the
consumption of the outer residual steel substrate due to the growth of the columnar FeAl; + Fe;Als
caused the tongue-like morphology. Moreover, the slow lateral growth of the columnar Fe,Als
provided a pathway for the formation of crystal nuclei of Fe,Als in the lateral direction, resulting in
fine grains clustered in a strip-shaped form around the peaks of the serration-like steel substrate, the
original locations of the outer residual steel substrate.

The gradual increase in thickness of the intermetallic layer lead to the possibility that the phases
of the steel substrate like ferrite, pearlite and austenite might have affected its growth rate. These
phases could have appeared at the outer skin of the steel substrate during the hot-dip aluminizing
process at a particular temperature or in a range of temperatures.. As a result the increasing of the
intermetallic layer at a range of temperature was due to the ferrite phase for the rapid growth of the
intermetallic layer, while both the pearlite and the austenite hampered the growth of the
intermetallic layer. As long as the ferrite was present with the pearlite or the austenite in the range
of temperature, there was some increase in the intermetallic layer positively.

Micro hardness Analysis. Fig. 5 summarize graphically the effect of aluminizing temperature
and dipping time to the hardness of the specimens. The trend of the graph shown that the hardness
of the intermetallic layer was increase with increasing the aluminizing temperature. the changes of
hardness were come after aluminizing temperature reach to the 800°C and above. The gradual
increase of intermetallic layer hardness lead to the possibility that the phase have ferrite, pealite and
more austenite during aluminizing process. There were no significant effect to the hardness of
aluminium and steel layer.
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Fig. 5. Microhardness measurement in the cross section of the sample after aluminising at different
aluminizing temperature and various of dipping time.

Conclusion

The growth of the intermetallic layer formed in aluminide mild steel by different aluminizing
temperature and various of dipping time has been characterized. SEM micrograph shown that the
tongue-like morphology of Fe;Als observed from the cross section of the specimen. The thickness
of the intermetallic was increased when increasing the dipping time at various aluminizing
temperature. XRD studies shown that the formation of the intermetallic phase for all specimens.
The inter metallic layer consisted of thin layer of FeAl; and thick layer Fe,Als layer. The crystalline
defects of Fe,Als along the diffusion direction causing Fe-Als to grow at a rapid rate, resulting in
columnar Fe>Als and corresponding residual steel substrate. The columnar Fe;Als had a fast growth
rate along the diffusion direction, but it grew slowly in the lateral direction of the columns.
Microhardness testing shown that the specimen become more harden and probably brittle when the
aluminizing temperature was increased.
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