
HAL Id: hal-04414550
https://hal.univ-lille.fr/hal-04414550

Submitted on 1 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Utilizing Iron as Reinforcement to Enhance Ambient
Mechanical Response and Impression Creep Response of

Magnesium
Subramanian Jayalakshmi, Seetharaman Sankaranarayanan, Ramachandra

Arvind Singh, Rajashekhara Shabadi, Manoj Gupta

To cite this version:
Subramanian Jayalakshmi, Seetharaman Sankaranarayanan, Ramachandra Arvind Singh, Ra-
jashekhara Shabadi, Manoj Gupta. Utilizing Iron as Reinforcement to Enhance Ambient Mechan-
ical Response and Impression Creep Response of Magnesium. Metals, 2021, Metals, 11 (9), pp.1448.
�10.3390/met11091448�. �hal-04414550�

https://hal.univ-lille.fr/hal-04414550
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


metals

Article

Utilizing Iron as Reinforcement to Enhance Ambient
Mechanical Response and Impression Creep Response
of Magnesium

Subramanian Jayalakshmi 1 , Seetharaman Sankaranarayanan 2,†, Ramachandra Arvind Singh 1,*,
Rajashekhara Shabadi 3,* and Manoj Gupta 2,*

����������
�������

Citation: Jayalakshmi, S.;

Sankaranarayanan, S.; Arvind Singh,

R.; Shabadi, R.; Gupta, M. Utilizing

Iron as Reinforcement to Enhance

Ambient Mechanical Response and

Impression Creep Response of

Magnesium. Metals 2021, 11, 1448.

https://doi.org/10.3390/

met11091448

Academic Editor: Christine Borchers

Received: 14 August 2021

Accepted: 9 September 2021

Published: 13 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Mechanical and Electrical Engineering, Wenzhou University, Wenzhou 325035, China;
jayalakshmi.subramanian@gmail.com

2 Department of Mechanical Engineering, National University of Singapore (NUS),
Singapore 117576, Singapore; ssnseetharaman@yahoo.com

3 UMET—Unité Matériaux et Transformations, CNRS, UMR 8207, Université de Lille, 59000 Lille, France
* Correspondence: r.arvindsingh@gmail.com (R.A.S.); rajashekhara.shabadi@univ-lille.fr (R.S.);

mpegm@nus.edu.sg (M.G.)
† Current address at Advanced Remanufacturing Technology Centre, ASTAR, Singapore 637143, Singapore.

Abstract: To realize light-weight materials with high strength and ductility, an effective route is to
incorporate strong and stiff metallic elements in light-weight matrices. Based on this approach, in this
work, magnesium–iron (Mg-Fe) composites were designed and characterized for their microstructure
and mechanical properties. The Mg-Fe binary system has extremely low solubility of Fe in the
Mg-rich region. Pure magnesium was incorporated with 5, 10, and 15 wt.% Fe particles to form
Mg-Fe metal–metal composites by the disintegrated melt deposition technique, followed by hot
extrusion. Results showed that the iron content influences (i) the distribution of Fe particles in the
Mg matrix, (ii) grain refinement, and (iii) change in crystallographic orientation. Mechanical testing
showed that amongst the composites, Mg-5Fe had the highest hardness, strength, and ductility due
to (a) the uniform distribution of Fe particles in the Mg matrix, (b) grain refinement, (c) texture
randomization, (d) Fe particles acting as effective reinforcement, and (e) absence of deleterious
interfacial reactions. Under impression creep, the Mg-5Fe composite had a creep rate similar to those
of commercial creep-resistant AE42 alloys and Mg ceramic composites at 473 K. Factors influencing
the performance of Mg-5Fe and other Mg metal–metal composites having molybdenum, niobium,
and titanium (elements with low solubility in Mg) are presented and discussed.

Keywords: magnesium composites; iron particles; microstructure; mechanical properties

1. Introduction

Magnesium (Mg) alloys and Mg composites are prospective materials for automotive
and aerospace industries [1,2], as they can significantly reduce the weight of structures
due to their low density and high strength-to-weight ratio. Al, Zn, Zr, Mn, and rare earth
metals are the elements commonly used for alloying Mg. To make Mg composites, usually
ceramic particles (micron to nano-scale sizes) such as alumina, silicon carbide, boron
carbide, boron nitride, and carbonaceous materials (e.g., carbon nanotubes and graphene)
are incorporated as reinforcement to Mg matrices [3,4]. To achieve both high strength and
ductility, metals that are strong, are stiff, and have a high melting point (e.g., Ti, Mo, Fe, Cr,
and Nb) are potential reinforcements to make Mg-based composites, due in part to their
limited solubility or no solid solubility with magnesium [5–10]. For example, incorporation
of titanium in pure Mg to form Mg-5.6Ti improves tensile strength and ductility by 60%
and 50% [5,6]. The addition of niobium and molybdenum to pure Mg has shown similar
properties of improvement [6–9]. Sintered Mg-Ti composites have shown retention of their
mechanical properties even at high temperatures [10].
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Iron (Fe) is a low cost, high strength, and high melting point element. Iron has low
solubility in magnesium, and the formation of magnesium–iron intermetallic compounds
is absent [11,12]. There exists a eutectic reaction on the Mg-rich side at a temperature very
close to the melting point of Mg; however, the composition of the eutectic point lies at
<0.025 wt.% of Fe [12,13]. In the past, the presence of Fe in Mg (caused due to melting Mg
in iron and steel crucibles) was considered as an impurity, as it drastically reduced the
corrosion resistance of Mg [14]. However, a recent investigation [15] has found that Fe
content even up to 25% in Mg-Fe does not lead to severe corrosion. Recent research has
revealed that the addition of Fe to Mg is beneficial for applications related to biomedical
implants [16,17], hydrogen sensing and storage [18,19], and electromagnetic shielding [20].

For high temperature performance such as creep resistance, the high temperature
stability of materials is essential [4,21–23]. High temperature stability is important for
powertrain components in automobile applications, e.g., engine components. At high
operating temperatures, the coefficient of thermal expansion (CTE) is of concern as it affects
the dimensional stability of components during service [24–26]. Mg-Al commercial alloys
have better high temperature stability only for an Al content ≤3% [21]. An increase in
Al content increases the formation of Mg17Al12 intermetallic, and this phase degrades
at temperatures >170 ◦C (443 K), thus deteriorating mechanical performance [21–23]. A
better elevated temperature performance of Mg materials has been achieved via making
Al-free Mg alloys, by using rare earth (RE) metals as alloying elements, and by making Mg
composites [23,27,28].

The Mg-Fe system does not form intermetallics, and Fe is inherently a high strength
metal and has a high melting point (1811 K); hence, it is considered for investigation in
the present work to assess its efficacy for applications that require high strength, high
ductility, and high temperature stability. In this work, Mg-Fe metal–metal composites
(Fe = 5, 10, and 15 wt.%) were synthesized by the disintegrated melt deposition technique
and investigated for their microstructural characteristics and mechanical properties. A
discussion on the performance of the composite that showed the best properties with
those of Mg metal–metal composites containing other metallic elements such as titanium,
niobium, and molybdenum [5–9] is also presented.

2. Experimental Details
2.1. Materials

Magnesium ingots of 99.8% purity (supplied by Tokyo Magnesium Company Limited,
Yokohama, Japan) and iron particles of size 75 microns (98% purity, supplied by Alfa Aesar,
Singapore) were used as the matrix and reinforcing materials, respectively.

2.2. Processing

Mg-Fe materials used in this study were synthesized through the liquid metallurgy
route based disintegrated melt deposition (DMD) technique [1]. Mg turnings and Fe
particles were heated in a graphite crucible to 750 ◦C in an electrical resistance furnace
under inert argon gas protective atmosphere. The superheated molten slurry was stirred at
465 rpm using a twin blade (pitch 45◦) mild steel impeller (coated with Zirtex 25) for 5 min
so as to facilitate uniform distribution of the Fe particles in molten Mg. The molten slurry
was then bottom poured into a steel mould after disintegration by two jets of argon gas
oriented normal to the melt stream. Following deposition, an ingot of 40 mm in diameter
was obtained, which was then machined to a 36 mm diameter and soaked at 400 ◦C for
60 min. Hot extrusion was conducted using a 150 T hydraulic press at 350 ◦C with an
extrusion ratio of 20.25:1, to obtain rods of 8 mm in diameter.

Synthesis of pure Mg was carried out using the steps mentioned above except that no
reinforcement particles were added.
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2.3. Testing and Characterization
2.3.1. Density Measurements

Density measurements were conducted on polished samples taken from the extruded
rods using Archimedes’ principle. Distilled water was used as the immersion fluid. Weight
measurements were made using an electronic balance (A&D HM-202, A&D Company, Lim-
ited, Tokyo, Japan) with an accuracy of ±0.1 mg. Theoretical densities of composites were
calculated using rule of mixtures. To determine their porosity, experimentally measured
densities were compared with those of their theoretically estimated values. Porosity was cal-
culated using the formula Porosity (%) = [(ρTheoretical − ρExperimental)/(ρTheoretical − ρair)] × 100,
where ρair at 20 ◦C, and 1 atm is 0.0012 g/cm3.

2.3.2. X-ray Diffraction

X-ray diffraction (XRD) analyses on the polished samples from extruded rods were
performed using an automated Shimadzu LAB-XRD-6000 X-ray diffractometer (Shimadzu,
Columbia, SC, USA) (Cu, Kα = 1.54056 Ǻ), with a scanning speed of 2◦/min. Phase identi-
fication was carried out by matching the Bragg angle and the intensity of the peaks with
the standard peaks of Mg, Fe, and other related phases. X-ray measurements were con-
ducted on extruded samples, both in the transverse (i.e., sample cross-sectioned direction)
and longitudinal directions to obtain information on bulk texture (i.e., crystallographic
orientation) of Mg matrix.

2.3.3. Microstructural Characterization

Microstructural characterization was conducted on the extruded pure Mg and Mg-Fe
materials to examine the morphology of the grains and Fe particle distribution. Optical
microscope (Olympus, Singapore, Singapore), Jeol JSM-5800 LV scanning electron micro-
scope (Jeol SEM, JEOL Ltd., Tokyo, Japan), and field emission scanning electron microscope
(Hitachi FESEM-S4300, Hitachi High-Technologies Corporation, Tokyo, Japan) coupled
with energy dispersion analysis (EDS) were used for the characterization. Specimens for
optical microscopy were sectioned, polished, and etched with citral (4.2 g of citric acid
monohydrate in 100 mL of water) for 5 s at room temperature. Scion image analysis
software was used to identify the average grain size and aspect ratio.

2.3.4. Microhardness

Microhardness measurements were made on polished extruded samples using Mat-
suzawa MXT 50 automatic digital micro-hardness tester (Matsuzawa Co. Ltd., Tokyo,
Japan). Tests were conducted in accordance with ASTM standard E3 84–99 using a Vickers
indenter (test load: 25 gf; dwell time: 15 s). Three samples were tested for each composition.
Ten to fifteen readings were taken, and the average values are reported.

2.3.5. Tensile and Compressive Properties

Tensile and compression properties of the as-extruded pure Mg and Mg-Fe sam-
ples were evaluated using a fully automated servo-hydraulic mechanical testing machine
(Model-MTS 810) (MTS Systems, Eden Prairie, MN, USA). For tensile tests, smooth bar
tensile specimens with diameter 5 mm and gauge length 25 mm (in accordance with
ASTM test method E8M-96) were used. The crosshead speed was set at 0.254 mm/min
(1.69 × 10−4 s−1). For compression tests, samples with diameter of 8 mm and length to
diameter ratio of l/d ~1 obtained from the extruded rods were used as test specimens. The
crosshead speed was set at 0.040 mm/s (8.3 × 10−5 s−1). For each composition, 5 tests
were conducted, and the average values are reported.

2.3.6. Fractography

Fracture surfaces of the tensile and compression tested samples were investigated
using FESEM to identify the failure modes of the samples.
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2.3.7. Coefficient of Thermal Expansion

Thermal expansion coefficient (CTE) of the extruded pure Mg and Mg-5Fe samples
was conducted using an LINSEIS TMA PT 1000LT thermo-mechanical analyser (Linseis,
Selb, Germany) at a heating rate of 5 ◦C/min. Argon gas flow rate was 100 ccm/min.
Displacement of the test samples (each 5 mm long) as a function of temperature in the
range 323 to 673 K was recorded using an alumina probe and was used to determine
the CTE.

2.3.8. Impression Creep Tests

For impression creep tests, cylindrical samples with 6 mm diameter and 6 mm height
were prepared from the extruded rods. Impression creep tests were carried out using
an impression creep testing machine (Spranktronics, Bangalore, India), which contains
constant-load equipment, a temperature controller, and a computer-controlled data ac-
quisition system. In this method, by the application of a constant load (stress) at specific
temperatures, the indenter is impressed on the sample. A tungsten carbide cylindrical
punch (diameter: 1.5 mm) was used as the indenter. Indentation creep tests were performed
under a load of 160 MPa and temperature of 473 K for dwell times up to 10,800 s (up to
3 h). During the load application, the impression depth was acquired as a function of time.
Impression creep tests were performed on pure Mg and Mg-5Fe. For comparative study,
impression creep tests were also conducted on Mg-5.6Ti and Mg-5.6Nb materials that were
prepared by DMD method followed by hot extrusion [6,7].

3. Results and Discussion
3.1. Density and Porosity

The measured values and theoretical estimates of the density of pure Mg and Mg-Fe
composites are given in Table 1. The porosities of Mg-Fe materials are higher than that of
pure Mg. The porosity of the composites increased relative to the increase in Fe addition.
The overall porosity for all the composites, however, remained <2%, indicating the near
net shape forming capability of the processing methodology used in the present study.

Table 1. Density, porosity, and grain size of pure Mg and Mg-Fe composites.

Material

Density Measurements
Grain Size

(µm)
Theoretical

Density
(g/cm3)

Experimental
Density
(g/cm3)

Porosity
(%)

Pure Mg 1.7400 1.7393 ± 0.01 0.04 28 ± 9
Mg-5Fe 1.8274 1.8263 ± 0.01 0.06 13 ± 4

Mg-10Fe 1.9264 1.9195 ± 0.02 0.35 18 ± 3
Mg-15Fe 2.0368 2.0155 ± 0.03 1.04 20 ± 5

3.2. Microstructure and Phase Analysis

X-ray diffraction patterns for pure Mg and Mg-Fe materials, taken along the transverse
and longitudinal directions of the extruded rods, are shown in Figures 1 and 2. Diffrac-
tograms show the presence of Mg peaks for the pure Mg sample and Mg and Fe peaks for
Mg-Fe composites. No intermetallic phases and magnesium oxide peaks were identified.
The absence of magnesium oxide peaks shows the capability of the fluxless and SF6-free
DMD technique to mitigate the oxide formation solely using argon gas. The absence of
intermetallic phase formation is due to the lack of solubility of Fe in Mg, as can be inferred
from the Mg-Fe phase diagram [11–13].
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(b) longitudinal sections.

Reinforcements and second phases can change the orientation (i.e., texture) of Mg
matrices [29–31]. To understand the effect of Fe addition on the crystallographic orienta-
tion of the Mg matrix, X-ray analysis along the transverse and longitudinal sections was
considered. Mg peaks observed at 2θ = 32◦, 34◦, and 36◦ diffraction patterns correspond
to the (1 0–1 0) prism, (0 0 0 2) basal, and (1 0–1 1) pyramidal planes of the HCP Mg
crystal (Figure 1). Along the transverse direction, the prismatic plane intensity (2θ = 32◦) is
maximum for pure Mg and Mg-15Fe (Figure 2a), which is indicative of fibre texture (basal
texture). This implies that the preferred alignment of prismatic planes in pure Mg and
Mg-15Fe is in the direction perpendicular to their extrusion direction. Mg-5Fe and Mg-10Fe
showed a maximum Mg peak intensity at 36◦, which corresponds to the pyramidal planes
(Figure 2a). For Mg-10Fe, the intensity of basal planes (2θ = 34◦) was found to be equally
prominent as those of pyramidal planes. Along the longitudinal section, the intensity of
basal planes (2θ = 34◦) is maximum for pure Mg, Mg-10Fe, and Mg-15Fe, whereas the
intensity of pyramidal planes (2θ = 36◦) is maximum for Mg-5Fe. This observation shows a
change in the bulk crystallographic orientation of Mg grains, caused by Fe addition, such
that (i) the bulk texture change was not directly proportional to the amount of Fe addition
and that (ii) pure Mg and Mg-15Fe have a fibre texture, whereas Mg-5Fe and Mg-10Fe have
a randomized texture.
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The measured grain size values of the test materials are given in Table 1. By the
addition of Fe to Mg, the grain size decreased. As an example, the average grain size of
Mg-5Fe decreased by >50% when compared to pure Mg (Figure 3). Grain refinement is due
to Fe particles that act as obstacles and hinder grain growth via restricting the migration of
grain boundaries during hot extrusion. The average grain size increases with increasing Fe
content but still remains smaller than that of pure Mg.
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The distribution of Fe particles in the Mg matrix is shown in Figure 4. Mg-Fe compos-
ites showed no interfacial reaction products and no interfacial debonding (e.g., Mg-5Fe,
Figure 4a). In the Mg-5Fe composite, a uniform distribution of Fe particles was observed
(Figure 4b). However, in Mg-10 Fe and Mg-15 Fe composites, Fe particles were found to be
clustered (Figure 4c,d). The clustering of reinforcement particles in metal–metal composites
has been observed earlier [6–9]. In the present work, the clustering of Fe particles in the
Mg matrix (i) indicates that beyond a certain limit of Fe addition (in the present case 5%),
agglomeration occurs due to the low solubility of Fe in Mg; (ii) leads to an increase in the
porosity level (cluster-associated porosity due to inefficient packing of Fe particles, Table 1);
and (iii) does not effectively enable grain nucleation and, thereby, the relatively larger grain
sizes seen in Mg-10 Fe and Mg-15 Fe when compared to Mg-5Fe (Table 1).
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3.3. Mechanical Properties
3.3.1. Microhardness

Microhardness values of pure Mg and Mg-Fe materials are given in Table 2. All Mg-Fe
materials have a higher hardness than pure Mg, which is due to Fe particles. Fe has a
hardness value of ≈150 Hv [32], which is almost four times that of Mg (42.4 Hv, Table 2).
Fe can be considered as metallic reinforcement to Mg, as it does not form any intermetallic
phase with Mg and increases the hardness. The presence of hard Fe particles in the Mg
matrix causes a higher constraint to localized matrix deformation during indentation,
resulting in a higher hardness [33,34]. However, it is seen that the percentage increase in
hardness value of Mg-Fe composites decreases with the increase in Fe content, such that
(i) a 5% addition of Fe increased the hardness value by >50%, (ii) a 10% addition of Fe
increased the hardness value by >30%, and (iii) a 15% addition of Fe increased the hardness
value by >10%, when compared to pure Mg. This decreasing trend in hardness with an
increase in Fe content is attributed to (a) an increase in porosity level in the composites with
an increase in Fe content (Table 1) and (b) non-uniform matrix hardening due to clustering
of Fe particles in Mg-10Fe and Mg-15Fe composites (Figure 4). Amongst Mg-Fe composites,
the Mg-5Fe composite displayed the highest microhardness.

Table 2. Microhardness values of pure Mg and Mg-Fe composites.

Material Microhardness (Hv)

Pure Mg 42.4 ± 1.8
Mg-5Fe 64.4 ± 2.8
Mg-10Fe 56.0 ± 3.4
Mg-15Fe 49.4 ± 3.6

3.3.2. Tensile Properties

The tensile properties of pure Mg and Mg-Fe composites are given in Table 3. Engi-
neering stress–strain curves of pure Mg and Mg-Fe composites under tensile loading are
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shown in Figure 5. All Mg-Fe composites have a higher tensile yield strength (TYS), higher
ultimate tensile strength (UTS), and higher% elongation (except for Mg-15Fe) than pure Mg,
which is due to the presence of Fe particles. Fe particles act as metallic reinforcement and
provide strengthening by efficient load transfer from the matrix to reinforcement [35,36].
The tensile properties and ductility of Mg-Fe composites in comparison to those of pure
Mg were such that (i) for Mg-5Fe, yield strength and ultimate strength increased by 28%
and 34%, respectively, and ductility by 57%; (ii) for Mg-10Fe, yield strength and ultimate
strength increased by 12% and 28%, respectively, and ductility by 25%; and (iii) for Mg-15Fe,
yield strength increased by 7.5%, and ultimate tensile strength was retained, whereas the
ductility decreased by 60%. Mg-5Fe displayed the highest tensile properties.

Table 3. Tensile properties of pure Mg and Mg-Fe composites.

Material 0.2 Tensile Yield
Strength (MPa)

Ultimate Tensile
Strength (MPa) Elongation (%)

Pure Mg 120 ± 9 160 ± 11 6.4 ± 0.7
Mg-5Fe 154 ± 3 215 ± 6 10.1 ± 0.7

Mg-10Fe 135 ± 8 205 ± 5 8.04 ± 0.2
Mg-15Fe 129 ± 9 161 ± 15 2.6 ± 0.6
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Despite the lack of solid solubility between Mg and Fe, the ductility (i.e., strain
to failure, % elongation) improvement in the composites can be attributed to (i) good
mechanical bonding between Fe particles and the Mg matrix and (ii) the dissipation of
stress concentration present at the crack front by Fe particles [37,38]. However, a drastic
reduction in ductility of Mg-15Fe is mainly due to the severe clustering of Fe particles in the
composite (Figure 4d). Such clustering of particles aids void nucleation and growth [39], as
clusters have a high-volume fraction of particles when compared to the surrounding zones.
A high localised volume fraction of particles leads to increased stress concentration in the
clustered zone and thereby voids initiate under tensile loading conditions and propagate
as cracks. For uniform deformation to occur, the high stress concentration regions activate
additional slip systems to accommodate the same amount of deformation vis à vis the
surrounding matrix, which causes fracture at particle clusters, thereby leading to the
premature failure of material [40,41]. Furthermore, the high porosity level in Mg-15Fe
(Table 1) accelerates failure. As seen from Figure 5, for all the materials, the engineering
stress–strain curves after their yield points show low work hardening until fracture. This
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behaviour of higher yield stress and low work hardening is primarily due to basal slip [5,42],
and activation of non-basal slip systems as twinning is not favoured under tension [42,43].
The deformation behaviour under tension is hence slip dominant.

3.3.3. Compressive Properties

The compressive strength properties of pure Mg and Mg-Fe composites are given
in Table 4. Engineering stress–strain curves of pure Mg and Mg-Fe composites under
compressive loading are shown in Figure 6. All Mg-Fe composites have a higher compres-
sive yield strength (CYS) and a higher ultimate compressive strength (CTS) than pure Mg,
which is due to the presence of Fe particles. The compressive strength properties of Mg-Fe
composites in comparison to those of pure Mg were such that (i) for Mg-5Fe, the yield
strength and ultimate strength increased by 53% and 32%, respectively; (ii) for Mg-10Fe,
the yield strength and ultimate strength increased by 23% and 5.5%, respectively; and (iii)
for Mg-15Fe, the yield strength increased by 12%, and the ultimate compressive strength
was retained. The compressive ductility of Mg-5Fe increased slightly by 4%, whereas for
Mg-10Fe and Mg-15Fe, the compressive ductility decreased by 11% and 22%, respectively.
Amongst the Mg-Fe composites, the Mg-5Fe composite displayed the highest compressive
properties. As seen from Figure 6, for all the materials, the engineering stress–strain curves
have a sigmoidal shape with an initial upward concave profile (after their yield points)
and a subsequent convex profile. As opposed to under tension, significant work hardening
under compression in extruded Mg materials is due to deformation by twinning [42,43].
Furthermore, the activation of non-basal slip systems also contributes to work harden-
ing [42], and as a result, the overall compressive strength (with large strains) increases.

Table 4. Compression properties of pure Mg and Mg-Fe composites.

Material 0.2 Compressive
Yield Strength (MPa)

Ultimate
Compressvie

Strength (MPa)
Failure Strain (%)

Pure Mg 65 ± 1 305 ± 5 19.5 ± 7.2
Mg-5Fe 100 ± 4 403 ± 23 20.3 ± 8.2

Mg-10Fe 80 ± 3 322 ± 29 17.1 ± 2.3
Mg-15Fe 73 ± 2 310 ± 38 15.1 ± 3.8
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3.3.4. Fractography

Fractography of tensile tested samples (Figure 7) indicates the failure mode of sam-
ples. Dominant ductile fracture features were observed in Mg-5Fe (Figure 7a), which
showed high ductility (Figure 5). Mixed mode fracture with ductile and brittle features
was observed for Mg-10Fe (Figure 7b). Fe particles remained intact in the Mg matrix,
and debonding from the Mg matrix was not observed for composites (e.g., Mg-10Fe,
Figure 7c). In Mg-15Fe, particle cracking was observed, with dominant brittle fracture
features (Figure 7d).
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SEM micrographs of fractured compression test samples are shown in Figure 8a–d.
For all the samples, fracture occurred at ~45◦ angle with respect to the compression test
axis. The presence of shear bands indicates that all composites experienced shear failure.
Mg-10Fe and Mg-15Fe (Figure 8b,c) show rough fracture surfaces with a mixed mode of
shear and brittle features. Scoring marks on Mg-15Fe (shown by arrows) caused by Fe
particle clusters during matrix shearing can be seen in Figure 8d.
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3.4. Coefficient of Thermal Expansion

The coefficient of thermal expansion is (CTE) is a thermo-physical property that
influences the dimensional stability of materials at elevated temperatures. The measured
thermal expansion coefficient values of pure Mg and the Mg-5Fe composite are given
in Table 5. The composite has a lower CTE value than pure Mg, which implies that the
Mg-5Fe composite can retain better dimensional stability at elevated temperatures. The
lower CTE value of the composite is primarily due to the contribution by Fe particles
that have a lower CTE value (CTE value of Fe: 11.8 × 10−6/K) than pure Mg (CTE value
of Mg: 28.4 × 10−6/K) [44]. The Mg-5Fe composite has a lower CTE value than those
of some of the existing high temperature resistant Mg alloys such as QE22, AS21, EZ33,
Mg-Sn, and other Mg metal–metal systems such as Mg-5.6Ti and Mg-3.6Mo [5,7,26,44–46]
(Table 5). Although Ti and Mo have CTE values lower than Fe, the CTE values of Mg-5.6Ti
and Mg-3.6Mo composites are slightly higher than that of Mg-5Fe, probably due to the
clustering of Ti and Mo particles [6,7].

Table 5. Coefficient of thermal expansion values of pure Mg, Mg-5Fe, Mg-Ti, Mg-Mo, and high
temperature resistant Mg alloys [6,7,26,45,46].

Material Coefficient of Thermal Expansion, CTE
(×10−6/K)

Pure Mg 28.52 ± 0.12
Mg-5Fe (Present Work) 26.71 ± 0.37

Mg-5.6Ti [6] 27.22
Mg-3.6Mo [7] 27.8
Mg-5Sn [45] 27.4

QE22 [46] 26.7
AS21 [46] 27.0
EZ33 [46] 26.8



Metals 2021, 11, 1448 12 of 18

3.5. Impression Creep Behaviour

Impression creep curves of Mg-5Fe at 160 MPa and at 473 K are shown in Figure 9.
The figure also shows creep curves for pure Mg, Mg-5.6Ti, and Mg-5Nb. Impression depth
as a function of time is shown for the materials in Figure 9a. These materials experience
primary creep, i.e., an increase in creep with time, followed by secondary creep, wherein
their creep reached steady state. Fracture of samples (i.e., tertiary creep) does not occur in
impression creep tests. During the creep process, materials experience work hardening and
recovery [21]. Steady state is attained when an equilibrium is reached between these two
competing mechanisms [21]. As can be seen from Figure 9a, the impression depth with
respect to time is relatively lower for Mg-5Fe than that of pure Mg. Furthermore, Mg-Ti
has the least penetration depth, and Mg-Nb has the highest penetration depth.
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The impression velocity of the materials (change in impression depth with time,
Vimp = dh/dt) as a function of impression depth is shown in Figure 9b. Steady states are
reached when Vimp for the materials becomes constant with depth. Steady state creep
rate values are obtained by plotting Vimp/2a (minimum creep rate), where Vimp is the
impression velocity, and 2a is the diameter of the indenter (Figure 9c) [47,48]. From the
figure, it is seen that the steady state creep rate of Mg-5Fe is relatively lower than that of
pure Mg. Contradictory results on the enhancement of creep resistance of Mg composites
with ceramic reinforcements have been reported earlier. While Mg-SiC particle composites
and AE42 hybrid composites have shown higher creep resistance (i.e., lower creep rate) than
their unreinforced counterparts [27,49], QE22-SiC composites had lower creep resistance
than the alloy, due to increased grain boundary sliding and particle/matrix interfacial
sliding in the composites [50,51]. In the present case, the steady state creep rate of Mg-5Fe
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is slightly lower than pure Mg. Mg-5.6Ti has a lower creep rate than that of Mg-5Fe, and
the creep rate of Mg-5Nb is 3.25 times higher than that of Mg-5Fe.

Mg materials have lower creep rates (i.e., higher creep resistance) than Al materials.
Lower creep rates in Mg materials are due to the high internal stress of the hcp. structure
(with only two independent basal slip systems), when compared to the fcc. structure of
Al materials [52]. Pure Mg is known to creep by lattice self-diffusion [53]. Studies on the
impression creep behaviour of creep resistant Mg alloys and Mg composites have reported
that the materials undergo creep via dislocation climb controlled by a pipe diffusion
mechanism (at the temperature and applied stress as used in the present work; 473 K and
160 MPa) [27,48,49,54]. In Mg-5Fe, Fe is a strong, stiff, and high melting point element and
thus can impede dislocation motion in the Mg matrix. For dislocation motion to continue,
dislocations have to overcome obstacles. At a high temperature, this occurs by dislocation
climb via changing of slip planes assisted by vacancy transport [55,56]. In the present work,
the test temperature of 473 K is >0.5 Tm of the Mg matrix, which would facilitate vacancy
movement and transport, and thereby dislocations climb over obstacles (here, Fe particles).
It is hence reasonable to suggest that the creep mechanism in Mg-5Fe would predominantly
occur by dislocation climb controlled by pipe diffusion.

3.6. Factors Influencing Performance of Mg Composites
3.6.1. Microstructure

Distribution of reinforcement particles in the matrix is an important microstructural
feature that determines load transfer from the matrix to particles. In the Mg-Fe compos-
ites, for Fe content > 5 wt.%, clustering of particles occurred that reduced their strength
properties. Furthermore, a change in crystal orientation with increasing Fe content was
identified using XRD analysis (Figure 2). Mg materials deform by basal slip which is the
dominant deformation mechanism based on the lower critical resolved shear stress (CRSS)
value at room temperature [30,31,43]. Pure Mg and Mg-15Fe have a characteristic fibre
texture with {0002} planes perpendicular to the extrusion direction, which reduces their
ductility. Texture randomization (i.e., weakening) in Mg-5Fe and Mg-10Fe composites is
favourable for slip transition to occur (basal to non-basal/cross slip), which improves their
ductility. However, due to clustering of Fe particles in Mg-10Fe, its ductility was lower
than that of Mg-5Fe.

3.6.2. Reinforcing Metallic Elements

Nature (i.e., ceramic or metallic) and morphology (i.e., shape and size) of the re-
inforcing phase in the Mg matrix influence the material response to externally applied
loading conditions. Ceramic reinforcements usually cause interfacial reactions at the re-
inforcement/matrix interface [3,57] that drastically reduce ductility. Reinforcing metallic
particles with no or minimal solubility in Mg shows no interfacial products, as seen in
Mg-Fe (Figure 4a), Mg-Ti, Mg-Nb, and Mg-Mo composites [5–9]. The absence of any
deleterious interfacial products leads to efficient load transfer from the matrix to reinforce-
ment, thereby enhancing strength and ductility (Tables 3 and 4). Hardness, tensile, and
compressive properties of Mg-5Fe (the composite that has shown the best performance)
and Mg composites having other metallic reinforcements are given in Tables 6 and 7. On a
comparative note, the Mg-5Fe outperforms Mg metal–metal composites with other metallic
reinforcements in terms of strength and ductility improvement, the reasons being: (i) the
uniform distribution of Fe particles without clustering, (ii) random texture evolution, and
(iii) Fe particles with rounded corners (i.e., particle corners are not sharp). Some reasons
as to the relative lower performance of Mg metal–metal composites with other metallic
reinforcements are (i) Mg-5.6Ti, Mg-3.6Mo, and Mg-5Nb had clustered particles [6–8], and
(ii) Ti particles in Mg-5.6Ti were irregular in shape with sharp corners and were large in size
(<140 µm) [6]. Usually, irregularly shaped particles with sharp corners increase dislocation
density, which would contribute towards strength improvement. However, they would
also aid clustering, which would reduce the ductility of materials (as was observed in
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Mg-5.6Ti, [6]). In addition, (iii) the strong basal texture in Mg-5.6Ti was unfavourable in
terms of ductility [58]. Compared to the rest of the Mg metal–metal composites, Mg-5Nb
showed the highest ductility, as Nb is an inherently ductile metal (~50% elongation at room
temperature) [59].

Table 6. Hardness and tensile properties of Mg-5Fe and Mg composites having other metallic reinforcements [6–8].

Material
Micro

Hardness
HV

TYS
MPa

UTS
MPa

%
Elongation

Property Comparison of Mg-5Fe with Data in
the Literature [% Increase (+) or Decrease (−)]

Mg-5Fe
[Present Work] 64.4 154 215 10.1 −

Mg-5.6Ti [6] 71 158 226 8.0 (−) 9.5% Hv
(−) 2.5% TYS and 5.1% UTS (+) 26.5% Elongation

Mg-3.6Mo [7] 61.6 123 197 9 (+) 7% Hv
(+) 25% TYS and (+) 9% UTS, (+) 12% Elongation

Mg-5Nb [8] 45 129 186 13.0 (+) 42% Hv
(+) 19% TYS, (+) 15.5% UTS, (−) 28% Elongation

Table 7. Compression properties of Mg-5Fe and Mg composites having other metallic reinforcements [6,8].

Material CYS
MPa

UCS
MPa Ductility Property Comparison with Data in the Literature

[% Increase (+) or Decrease (−)]

Mg-5Fe
[Present Work] 100 403 20.3 −

Mg-5.6Ti [6] 80 360 13.6 (+) 25% CYS, (+) 11% UCS (+) 49% Ductility

Mg-5Nb [8] 75 290 22.4 (+) 33% CYS, (+) 38% UCS
(−) 10.3% Ductility

3.6.3. Strengthening Mechanisms

Strengthening effects that contribute towards the enhancement of the tensile and
compressive strength of Mg-Fe composites are [35,36,57,60–64]: (i) particle strengthening
by the presence of strong and stiff Fe particles, which increases load carrying capacity;
(ii) an increase in dislocation density due to thermal residual stresses, which arises due
to the difference in the CTE values of the matrix (Mg: 28.4 × 10−6/K) and particles
(Fe: 11.8 × 10−6/K) and increases yield strength; (iii) the Hall–Petch effect of increase in
yield strength due to grain refinement; (iv) Orowan strengthening due to the hindrance of
dislocation motion by Fe particles; and (v) texture randomization that activates non-basal
slip planes, which enhances the work hardening ability. These mechanisms also improve
tensile and compressive properties in other Mg metal–metal composite systems such as
Mg-Ti, Mg-Nb, and Mg-Mo [6–8].

Figure 10 shows steady state creep rate values of Mg-5Fe (shown by arrow) in com-
parison with those of Mg-5.6 Ti, Mg-5Nb, Mg alloys (AZ31, Mg-5Sn, AE42 [27,48]), Mg
composites with ceramic reinforcements (Mg-SiC [49]), and Al alloys (A356, A356 + Sc [65]).
Data for Mg alloys, Mg composites with ceramic reinforcements, and Al alloys were
referred to from published reports. The data referred to for these materials are from impres-
sion creep tests conducted at the same temperature and stress as used in the present work
(473 K; 160 MPa). Dominant creep strengthening mechanisms for the different material
systems are mentioned in the figure.
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Figure 10. Steady state creep rate of Mg-5Fe (shown by arrow), Mg-5.6 Ti, Mg-5Nb, Mg alloys [27,48],
Mg composites with ceramic reinforcements [49], and Al alloys [65]. Data for Mg alloys, Mg compos-
ites with ceramic reinforcements, and Al alloys were referred to from published reports. The data
referred to for these materials are from impression creep tests conducted at the same temperature
and stress as used in the present work (473 K; 160 MPa). Dominant creep strengthening mechanisms
for the different material systems are mentioned.

Mg materials inherently have lower creep rates when compared to Al materials [49]. In
most of the Mg alloys, creep strengthening occurs due to solid solution, precipitation, grain
boundaries, and dislocation hardening [21,27,48,52,53]. Solid solution strengthening is the
dominant mechanism in the commercial AZ31 alloy. In Mg-Al alloys, at a temperature
>443 K, Mg17Al12 precipitates undergo dissolution, and hence precipitation strengthening
is absent. Precipitation strengthening is the dominant creep strengthening mechanism in
creep resistant Mg alloys (Mg-5Sn and AE42), wherein the presence of thermally stable
precipitates such as the Mg2Sn phase in Mg-5Sn and the rare earth metal based precipitate
phase in the AE42 alloy improve their creep resistance [27,48]. In Mg composites, the major
strengthening mechanisms are: (i) the load bearing capacity by hard reinforcement particles
and (ii) substructural strengthening. Substructural features that provide strengthening
include: (i) grain refinement, (ii) type (e.g., fibre, particles) and distribution of reinforcement,
(iii) increase in dislocation density, and (iv) formation of twins. Dislocation hardening
arises due to CTE mismatch and due to the pinning of dislocations by reinforcements. For
example, in Mg-SiCp composites, strengthening predominantly occurs due to dislocation
hardening and grain boundary strengthening [49].

Solid solution strengthening and precipitation strengthening do not occur in Mg-5Fe,
Mg-5.6Ti, and Mg-5Nb, which is due to a lack of solubility between Mg and metallic
reinforcements. Rather, mechanisms that contribute to creep strengthening include:

(i) Load bearing effect, due to metallic reinforcements that are strong and thermally stable.
(ii) Dislocation hardening, due to CTE mismatch between Mg and its metallic reinforcements.
(iii) Particle strengthening, due to uniform distribution of Fe particles in Mg, for the

case of Mg-5Fe. In the case of Mg-Ti, the irregularly shaped and sharp-cornered
reinforcement Ti particles increase dislocation density in the matrix. Mg-5.6Ti has the
lowest creep rate amongst the Mg metal–metal composites.

(iv) Orowan strengthening, due to the effective pinning of dislocations by metallic reinforcements.
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In addition to the above-mentioned mechanisms, the interaction of twins with grain
boundaries would lead to back stress and pile-up within grains and also contributes to the
creep strengthening of the materials [66].

4. Conclusions

Magnesium composites containing iron particles (Fe = 5, 10 and 15 wt.%) were syn-
thesized using a disintegrated melt deposition technique followed by hot extrusion. Mi-
crostructure and mechanical properties were investigated. The following are the conclu-
sions that could be drawn from the present study:

• Addition of Fe particles to the Mg matrix resulted in a metal–metal composite, due to
a lack of solid solubility between Mg and Fe. Fe particles act as metallic reinforcement
in the Mg matrix.

• Fe content influences grain refinement, uniform distribution of Fe particles, and
crystallographic orientation of the Mg matrix.

• Addition of Fe to Mg significantly improves mechanical properties. Amongst the Mg-
Fe composites, Mg-5Fe showed the best hardness, tensile, and compression strength
properties, with significant improvement in ductility. Mg-5Fe has better dimensional
stability and a lower creep rate when compared to the commercial AE42 alloy and
Mg-SiC composite.

• Mg-5Fe showed the best mechanical performance due to (a) a uniform distribution of
Fe particles in the Mg matrix, (b) grain refinement, (c) texture randomization, (d) Fe
particles acting as effective reinforcement and contributing to various strengthening
mechanisms, and (e) the absence of deleterious interfacial reactions.

Mg-Fe composites, due to their high strength, ductility, and high temperature stability,
can be considered for aerospace, automotive, and biomedical applications. Compared
to other metallic reinforcement elements, such as Ti, Mo, Nb, etc., Fe is relatively less
expensive and would provide cost effectiveness for bulk manufacturing.
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