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Preface 

This book is a compilation of selected papers from the symposium Characteriza-
tion of Minerals, Metals, and Materials 2024: Process–Structure–Property Relations 
and New Technologies at the TMS 2024 153rd Annual Meeting & Exhibition held 
in Orlando, Florida, USA in 2024. The symposium aimed to provide an interna-
tional intellectual platform for people to present the state-of-the-art research results 
in characterization of minerals, metals, and materials and applications of the results 
on the processing of these materials. It covered a broad range of areas, including, 
for example, novel methods and techniques for characterizing materials across a 
spectrum of systems and processes, characterization of mechanical, thermal, elec-
trical, optical, dielectric, magnetic, physical, and other properties of metals, poly-
mers, and ceramics, characterization of structural, morphological, and topographical 
natures of materials at micro- and nanoscales, characterization of extraction and 
processing including process development and analysis, and advances in instrument 
developments for microstructure analysis and performance evaluation of materials, 
such as computer tomography, X-ray and neutron diffraction, electron microscopy, 
spectroscopy, and modeling. At the TMS 2024 Annual Meeting & Exhibition, the 
symposium received 132 abstracts from all over the world, of which 67 abstracts were 
accepted for submitting manuscripts for publication in the book after peer reviewing. 

This book provides a valuable guide and a collection of new and exciting insights 
for characterization of various minerals, metals, and materials. Scientists, engineers, 
educators, and students worldwide will enjoy the diverse topics that reflect the 
authors’ brilliant achievements in clarifying the process-structure-property relations 
and developing novel characterization technologies.

v
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The editors of this book wish to extend their sincere appreciation to all the authors 
and reviewers for their invaluable contributions. They would also like to thank the 
Materials Characterization Committee and Extraction and Processing Division of 
TMS for sponsoring the symposium and the publisher, Springer, for its great efforts 
in making this publication possible. 
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Effect of Si on Microstructural 
and Magnetic Behaviour of Heat-Treated 
High Carbon Steel 

Negin Sarmadi, Farshid Pahlevani, Sanjith Udayakumar, Smitirupa Biswal, 
Clemens Ulrich, and Veena Sahajwalla 

Abstract Silicon (Si) is a versatile alloying element that can enhance the perfor-
mance of high carbon steel by contributing to deoxidation, grain refinement, harden-
ability, strength, and toughness. The study investigates the influence of Si (0.8–3.6%) 
on the microstructural and magnetic properties of high carbon steel. The arrange-
ment and density of magnetic moments, which are affected by the microstructure 
determines the saturation magnetisation of the material. Industrial-grade high carbon 
steel samples with varying silica were microstructurally tailored to obtain multi-
phase steel microstructures. The optical and SEM analyses revealed a combination 
of cementite and plate martensite, wherein the martensitic structures became finer 
with higher Si content. The evolution of martensitic microstructures along with mild 
oxidation of Si inclusions in the grain boundaries of the surface were observed using 
Confocal microscopy. An increase in the cementite with an accompanied decrease 
in the martensitic fraction was determined by the quantitative analysis of the X-
ray diffractograms. The saturation magnetisation (MS) of the samples witnessed a 
gradual decrease with increase in the Si content. Silicon’s role in high carbon steel 
is quite notable, therefore, the nature of heat treatment and level of Si addition can 
be adjusted to limit the formation of cementite and increase the ferritic martensite or 
austenite in the microstructure. 
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Introduction 

Steel stands as humanity’s most vital structural resource, finding utility across all 
aspects of our daily existence and within the realms of industry. Its prevalence 
throughout various applications has led to its growing significance over time, estab-
lishing it as an indispensable alloy [1]. Dual-phase steels represent a recent category 
of steels. Their defining feature is a structure comprising tough martensite particles 
evenly spread within a pliable, soft matrix. The descriptor “dual phase” highlights 
the prevalence of two main components in the structure [2, 3]. High carbon dual-
phase steel usually encompasses martensite and retained austenite phases, providing 
remarkable toughness, hardness, and resistance to abrasion. These characteristics 
make it well-suited for use in extreme operating conditions and environments [4]. 

Silicon (Si) is an important alloying element for the enhancement of properties in 
various grades of steel. Si generally enhances steel’s strength and hardness, though 
it’s less effective than manganese in this regard. It improves acid resistance, promotes 
larger grain sizes for higher magnetic permeability, aids crystal orientations in elec-
trical steels, and bolsters oxidation resistance in high-temperature service steels [5]. 
High carbon steel with increased Si content can be quenched to form martensite 
more easily, resulting in greater hardness and wear resistance. Introducing Si raises 
the strength of dual-phase steels following annealing and gradual cooling, owing 
to the formation of a substantial amount of uniformly distributed, easily harden-
able austenite. This process results in a significant presence of martensite within 
the final structure [6]. In recent advancements in high-strength steel development, 
a notable emphasis has been placed on incorporating retained austenite into the 
microstructure of martensitic steels. The objective is to elevate the ductility of the 
steel without excessively compromising its strength. Si is recognized for its capacity 
to hinder the development of cementite, likely attributed to its notably limited solu-
bility within cementite. Theoretically, by impeding the precipitation of carbides, a 
greater quantity of carbon becomes accessible for allocation into retained austenite. 
Consequently, the introduction of Si has been documented to augment the ultimate 
proportions of retained austenite or elevate the carbon content within carbon and low-
alloy steels [7–10]. However, high carbon steel typically contains cementite (Fe3C) 
in its microstructure, which contributes to its hardness. Excessive Si can lead to the 
formation of excess cementite, which can affect the steel’s properties. Moreover, Si 
is ineffective in retarding the precipitation of cementite if the parent phase is highly 
supersaturated with carbon [11] 

The current work explores the effect of Si addition with variable amounts on the 
microstructural aspect of high carbon steel. The steel samples with varying Si content 
were subjected to heat treatment followed by quenching. Various characterisation 
techniques were employed to understand the evolution of microstructural phases 
along with magnetic behaviour with respect to Si content. Subsequently, the magnetic 
behaviour of the heat-treated steel was assessed, as the arrangement of magnetic 
moments within a material, and consequently, its saturation magnetization (MS), can 
be significantly influenced by the microstructural characteristics of the material.
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Materials and Methods 

The study was conducted for industrial-grade high carbon steel with a chemical 
composition of 1.0%C–1.0%Mn–0.4%Cr (in wt.%) with three different concentra-
tions of Si. The microstructure of these steels was initially a combination of marten-
site and a significant amount of retained austenite. The concentration of Si varied 
between 0.8 and 3.6 wt.%. The homogenised steel samples were subject to heat 
treatment, wherein the mode of heat treatment aimed to limit the microstructure to 
a dual-phase steel. The varying concentrations of Si in the high carbon steel may 
have both positive and negative effects on the desired microstructure. The sample 
composition, as determined using Laser-induced breakdown spectroscopy (LIBS) is 
provided in Table 1. 

Heat Treatment Using High-Temperature Confocal 
Microscopy (HTCM) 

The high carbon steel samples were first mirror polished and then subjected to heat 
treatment in an IR furnace SVF17-SP from Yonekura Corporation (Kanagawa, Japan) 
coupled with a confocal microscopy set-up—CSLM VL2000DX from Lasertec 
Corporation (Yokohama, Japan) for in-situ observations. To prevent the sample from 
undergoing oxidation at high temperatures during the experiment, the chamber was 
thoroughly purged of oxygen and moisture well in advance. This was accomplished 
by initially filling the chamber with purified argon gas, which had been filtered, 
for ~ 3 min. Subsequently, the chamber was evacuated for 3 min using an oil-sealed 
rotary vacuum pump. These procedures were iterated three times, resulting in oxygen 
and water concentrations of < 1.0 ppm. The samples were heated to 1100 °C in Ar 
atmosphere with a 15-min dwell period followed by rapid cooling with a rate of 
50 °C/s. The confocal images of the steel during the heat treatment were recorded 
using a laser beam having a wavelength of 408 nm at a frame rate of 30 fps and a 
resolution of 1024 × 1024 pixels.

Table 1 High carbon steel: sample name and composition 

Sample name Percentage (%) 

C Cr Mn Si 

Low-Si (L-Si) 1.1 0.4 1.0 0.8 

Medium-Si (M-Si) 2.0 

High-Si (H-Si) 3.6 
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Characterisation of Heat-Treated Samples 

Semi-quantitative analysis of the sample’s microstructure was conducted using X-
ray diffraction. This involved using Co-K radiation at 45 kV and 40 mA current, 
employing a step size of /θ = 0.0260°, and scanning the diffraction angle from 
30° to 130° for detection. To examine the surface morphology of the steel samples, 
we utilized a Hitachi S3400 scanning electron microscope equipped with energy-
dispersive X-ray spectroscopy (EDS) [15]. The steel samples used for XRD analysis 
were prepared in accordance with standards for bulk solid analysis. For quantitative 
phase analysis, Rietveld refinement fits were carried out using PANalytical X’Pert 
High Score Plus software. This allowed us to determine the volume fractions of both 
the original and newly transformed phases in the specimens subjected to various 
test conditions. A series of automated wet grinding and polishing procedures were 
performed for the metallographic examination of the heat-treated samples using 
Optical and Scanning Electron Microscopy (SEM). 

The magnetic characteristics (saturation magnetization, remanence, and coer-
civity) of the samples (1 mm × 5 mm) were assessed by advanced SQUID (Super-
conducting Quantum Interference Device) Quantum Design MPMS-3 magnetometer 
using the vibrating sample mode (VSM) to achieve highest sensitivity. The magnetic 
hysteresis loops were measured with a sensitivity control of magnetic field with ≤ 
10–8 emu at ambient temperature. 

Results and Discussion 

The samples subjected to heat treatment were characterised using metallographic, 
microscopic, and diffraction analyses. During the austenitization and quenching 
processes in the heat treatment of high carbon steel, Si plays an important role in 
influencing the transformation of the steel’s microstructure. The effects of Si addition 
in high carbon steel have been briefly discussed below. 

Optical and SEM Analysis 

The optical and SEM micrographs of the high carbon steel samples before and after 
heat treatment are shown in Figs. 1a, b and 2a, b. The optical micrographs of the 
Si-added samples before heat treatment were characterised by a pearlitic microstruc-
ture. Cementite grains were identified as dark black spots segregated at grain bound-
aries. A dominant martensitic microstructure was observed after heat treatment. The 
homogenised samples of Si-added steel exhibited mild surface oxidation, which 
increased with higher Si. From the SEM images, the sample morphology before
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heat treatment showed lamellar ferritic structures and cementite. After heat treat-
ment, the ferritic structures transformed into a combination of plate martensites. The 
martensitic structures evolved into a much finer structure with an increase in the Si 
content. The cementites were identified as small dark spots along the boundaries of 
the martensitic plates. 

Fig. 1 Optical microscopy images of the steel samples with different Si concentrations before and 
after heat treatment 

Fig. 2 SEM analysis of steel samples with different Si concentrations before and after heat 
treatment


