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Abstract Stainless steel and titanium alloys are common materials for orthopaedic implants.
However there is a lack of information and studies on magnetic remanence of implants used in
clinical practice. The aims of this study are to investigate the composition and the presence of
magnetic remanence for these two orthopaedic implant materials. These two factors may cause
implant instability and heat problems as well as degradation of the images quality if the patients
undergo magnetic resonance imaging (MRI) examination. The magnetic hysteresis loop and
remanence status of stainless steel and titanium alloy orthopaedic implants were investigated with
a vibrating sample magnetometer (VSM). Both samples of stainless steel and titanium alloy had
been exposed to external magnetic fields up to 1 T (10000 G) and 1.4 T (14000 G), respectively.
The compositions of these two orthopaedic implant materials were studied using a scanning
electron microscope with energy dispersive X-ray analysis (SEM-EDX). The results of the study
demonstrated that ferrous and nickel compositions in stainless steel alloy orthopaedic implants
contributed to the residual magnetism, as shown in the hysteresis loop. The titanium alloy
orthopaedic implant sample does not contain any ferromagnetic elements. After exposure to a
magnetic field, the stainless steel values of retentivity, coercivity and magnetisation are
significantly higher compared to those of the titanium alloy. The stainless steel orthopaedic
implant sample demonstrates a typical hysteresis loop that suggests the existence of magnetic
remanence. In contrast, the titanium alloy orthopaedic implant sample showed no significant
remanence phenomenon. By considering the existence of magnetic remanence in the implant is
important as potential effect on the MRI image quality.

Keywords: magnetic hysteresis, magnetic remanence, stainless steel, titanium alloy, orthopaedic
implants.

Introduction

Orthopaedic implants are made from a range of materials which can be categorized as ferromagnetic
metals (stainless steel and cobalt chromium (CoCr) alloys), non-ferromagnetic metals (titanium alloy) or
non-metals (ceramics, polyethylene). Metal and alloys have been used for orthopaedic implants for
decades. This article focuses on magnetic remanence, one of the magnetic properties of the orthopaedic
implant materials that are underreported. Two commonly used metals for orthopaedic implants are
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surgical grade stainless steel and titanium alloys. Magnetic remanence or residual magnetism after an
extrinsic magnetic field was removed were investigated.

The majority of medical grade stainless steel is an alloy called 316L. Stainless steel was utilised in the
past and continues to be the preferred material for a wide range of orthopaedic implants. It is commonly
used in the manufacturing of orthopaedic screws, plates, sliding hip screws, some flexible nails, cerclage
cables, early generation rigid intramedullary nails and non-permanent implants, such as internal fixation
devices [1,2]. Clinically relevant mechanical properties of stainless steel include corrosion resistance,
poor fatigue strength and liability to sustain plastic deformation. Titanium is a common material in a
variety of orthopaedic implants, including total hip femoral stem, total shoulder arthroplasty components,
intramedullary rods and spine surgery implants [3,4]. Titanium alloy is widely use in orthopaedic implants
because of the advantages of the retained and predictable mechanics of the material, high
biocompatible, and long-term stability [4,5].

Over the last few years, the number of patients with orthopaedic implants has increased substantially [6].
Metal artefacts are common in medical imaging and very common in computed tomographic (CT) and
magnetic resonance imaging (MRI). Artefacts arising from metallic orthopaedic implants can degrade CT
and MRI images, restricting their clinical diagnostic usage. One study reported that metal artefacts
occurred in 18% of MRI examinations [7]. Both ferromagnetic and non-ferromagnetic materials induce
artefacts [8]. Beam hardening is one of the significant artefacts in CT images due to the polychromatic
nature of X-ray energy. As the beam passes through an object, it becomes “harder,” which means energy
increases, because the lower energy photons are absorbed more rapidly than the higher-energy photons.
The mismatch created by this large variation in the attenuation coefficient causes CT scans of patients
with metal implants to manifest streaking artefacts on an image that result in obscuration of anatomical
information [9-11]. Metal artefacts in CT images are not only caused by beam hardening. Other physical
effects, such as scattered radiation, noise and nonlinear partial volume, also result in CT image artefacts
[12]. MRI metal artefacts have four main effects: signal loss, geometric distortion, signal pile-up and
failure of fat suppression. All these effects are worse with higher field strength, and with ferromagnetic
alloys rather than titanium [13,14]. Artefacts on MRI images obtained in patients with metallic implants
are also produced by the large differences between the magnetic properties of human soft tissues and
those of the implanted metals. When an object is placed within a homogeneous magnet, the object
produces inhomogeneities in the local magnetic field that interrupt the imaging gradient field. The
resultant imaging distortions are called magnetic susceptibility effects [13,15-19]. Despite increasing
discussion of CT and MRI artefacts, a dearth of reports on the magnetic remanence aspect of
orthopaedic metallic materials could be found. To achieve better understanding of orthopaedic implants
causing MRI artefacts, this study will take one step backward to investigate the magnetic remanence of
two commonly used metallic orthopaedic materials.

Remanence or residual magnetism is the magnetic flux that is left behind in a substance after an external
magnetic field is removed. Magnetic hysteresis exists when an external magnetic field is applied to
ferromagnetic material in one direction and the atomic dipoles align themselves with it. Even when the
magnetic field is withdrawn, part of the alignment are maintained, and the material has become
magnetised. It must be driven back to zero or demagnetised by a magnetic field in the reverse direction.
If an alternating magnetic field is applied to the material, such as changing the magnetic field and gradient
during MRI scan averaging, echo-planar imaging, frequency encoding and phase encoding, its
magnetization will create a hysteresis loop. The detectability of the magnetisation curve is the property
called hysteresis and it is related to the presence of magnetic domains in the material. Once the magnetic
domains are reoriented, it requires some energy to return them to the original state. The term retentivity
is used for magnetic remanence measured in units of magnetic flux density [20-22]. Remanence Br is a
measurement for the magnetic flux density that remains in the sample after an external magnet field is
removed. T (Tesla) is used as the unit of measurement for magnetic induction and, magnetic flux density.
The unit of measurement previously used was the G (Gauss) [23]. 1 T is equal to 10,000 G.
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Figure 1. A magnetic hysteresis loop shows the relationship between the induced magnetic flux B and
the magnetising force H (Adapted from https://www.nde-ed.org/Physics/Magnetism/Demagnetization.
xhtml)

The hyteresis loop provides the value of rentivity and coercivity of a material is demonstrated in Figure
1. It is produced by measuring the magnetic flux of material while the magnetising force is switched. The
material that has never been previously magnetised or has been completely demagnetised will follow the
dotted line as H is increased. As the line exhibits, the larger the amount of current applied (H+), the
stronger the magnetic field in the component (B+). At point "a" almost all of the magnetic domains are
aligned and this is called saturation point. Further increase in the magnetising force will generate very
little rise in magnetic flux.It should be noted that saturation magnetisation is an intrinsic property of a
material, which does not depend on the shape or size of the material [24]. When H is decreased to zero,
the curve will move from point "a" to point "b." At this point, it can be seen that some magnetic flux
remains in the material even though the magnetising force is zero. This is referred to as the point of
retentivity on the graph and indicates the remanence or level of residual magnetism in the material. Some
of the magnetic domains continue aligned but some have lost their alignment. As the magnetizing force
is reversed, the curve moves to point "c", where the flux has been decreased to zero. This is called the
point of coercivity on the curve. The reversed magnetising force has flipped enough of the domains so
that the net flux within the stainless steel is zero. The force required to eliminate the residual magnetism
from the material is called the coercive force or coercivity of the material. As the magnetising force is
increased in the negative direction, the material again became magnetically saturated but in the opposite
direction (point "d"). Decreasing H to zero brings the curve to point "e." It has a level of residual
magnetism equal to that achieved in the other direction. Increasing H back in the positive direction will
return B to zero. The curve did not go back to the origin of the graph because some force is required to
eliminate the residual magnetism. The curve take a different path from point "f" back to the saturation
point where it with complete the loop [25].

In this study, a scanning electron microscope (SEM-EDX) was used to study the detailed composition of
stainless steel and titanium alloy orthopaedic implant samples. Then a vibrating sample magnetometer
(VSM) was used to measures the magnetic properties. The objectives of this study are to determine the
magnetic hysteresis loop and remanence status of two common orthopaedic implant materials, stainless
steel and titanium alloy, using VSM. Detailed composition and remanence status of orthopaedic implants
will provide more information on the magnetic material properties of orthopaedic implants. This will assist
in the selection decision of the type of materials to use, particularly if the patients require MRI
examinations after surgery.
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Materials and methods

Samples

Two samples of orthopaedic implant materials which are commonly used in the Orthopaedic Department,
Hospital University Sains Malaysia, titanium alloy and stainless steel, were selected for this study. Among
all titanium alloy and stainless steel orthopaedic implants available in the institution, the cannulated screw
was chosen because it is small and commonly use in multiple orthopaedic surgical procedures.
Orthopaedic screws from titanium alloy and stainless steel were used in this study as shown in Figure 2
(a) and (b), respectively. Each cannulated screw was cut to approximately 4 mm x 4 mm x 3 mm (length
x width x thickness) in size as in Figure 2(c). The stainless steel and titanium alloy samples were weighted
0.34 g and 0.19 g respectively. Each sample was then analysed with VSM and SEM-EDX at room
temperature.

(b)

Figure 2. (a) and (b) Titanium alloy and stainless steel orthopaedic screw. (c) A small piece of each
sample analyse using SEM-EDX and VSM.

Elemental composition analysis

A FEI ESEM Quanta 450 model with an EDX spectrometer was used for elemental composition analysis.
SEM-EDX imaging was performed in high vacuum mode as the samples are metallic. Both samples were
bombarded with an electron beam at 15 kilovolts (kV). The working distance between the sample to the
SEM lens was set at 10 mm.

Magnetic remanence experiment

The experiment utilizing VSM to determine the remanence status of stainless steel and titanium alloy
orthopaedic implant materials was carried out. The system recorded magnetization curves at the room

temperature within the magnetic field range of 0 to 1.4 T. Time constant setting for each measurement
point was set at 10 second/point. One loop analysis was conducted. The instrument used was a 7404-S
Lake Shore, Cryotronics with maximum 1.5 T magnetic field source. The system application software
was IDEAS VSM for system operation, data acquisition, and analysis. Both samples were exposed to a
magnetic force until saturation magnetic flux was reached. This indicated by after the saturation point,
any additional external magnetic field will produce very little increase in magnetic flux .Therefore after
saturation, the magnetic force exposure was terminated. Then, the magnetic force was reversed and
increased in the negative direction until saturation was reached. The magnetic force was then re-exposed
in the positive direction until saturation was reached again. The measurement was conducted one time
on each sample. The maximum uncertainty for the setting 10 second/point to be 100 nemu (0.1 x 10®
emu). The data were analysed and plotted into graphs using the IDEAS VSM software, and the hysteresis
loop was generated by measuring the magnetic flux of a ferromagnetic material while the magnetising
force was changed.
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Jae-Woong et al reported 410 Martensitic Stainless steel measures magnetic hysteresis loops by using
VSM before and after proton irradiation, the saturation magnetic field was measured 0.1 T [26]. Previous
study also reported the magnetisation curves of the Ti-6Al-4V specimens before and after exposure, at
high magnetic field intensity 0.9 T (more than 7X10% A/m) almost become straight lines [27].

Results and discussion

Elemental Composition of Stainless-Steel and Titanium Alloy Orthopaedic Implants

The two samples of stainless steel and titanium alloy cannulated screw orthopaedic implants were
analysed by SEM (model FEI ESEM Quanta 450) with an EDX spectrometer for elemental composition
analysis, as shown in Figures 3 and 4, respectively. Both SEM images of the samples shown within the
figures were obtained at 500X magnification levels. The peaks from1 till 9 keV in both spectra are due to
the emission of the K-edge characteristic X-ray as a result of the incident electron beam energy on the
sample. It must be noted that the emitted energy of the X-rays is highly specific to individual elements.
Therefore, the elements within the sample could be identified by the EDX method.

The weight fraction of each element in the stainless steel and titanium alloy samples are presented in
Table 1. The stainless steel alloy sample consists of 26Fe, 2Cr, 28Ni, 6C and 0. The main elements
which are primarily used as an alloy element, such as iron (*Fe), chromium (?*Cr) and nickel (?®Ni)
appear in the stainless steel sample [28,29]. Beside iron, nickel is known to have magnetic properties
[30,31]. Chromium has unique magnetic properties because it is the only solid element which
demonstrates antiferromagnetic effects at and below room temperature. Above 38 °C, chromium
changes its magnetic properties to paramagnetic [32].

The titanium alloy sample consists of three main elements, 6C (4.35%), 80 (28.15%) and 22Ti (67.50%).
The sample has no elements with magnetic properties, so it will not be affected by an external magnetic
field. However, if the titanium alloy has %Fe, it may exhibit a hysteresis loop [33]. Neither samples
contains aluminium. Current orthopaedic implants are developed with no aluminium or vanadium, which
are known to be toxic to human soft tissues [34,35].

0.2mm

cps/eV

Figure 3. Elemental analysis from an EDX spectrum of a stainless-steel sample. The inset is an SEM
image of the sample.
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Figure 4. Elemental analysis from an EDX spectrum of a titanium sample. The inset is an SEM image of
the sample.

Table 1. Weight percentages of elements in stainless-steel and titanium samples

Weight Fraction (%)

Element
Stainless Steel Titanium
6C 6.87 4.35
80 6.87 28.15
22Tj 0 67.50
2ACr 15.60 0
2Fg 62.29 0
28N 8.37 0

Remanence Phenomenon (Hysteresis loop)

The hysteresis loops from the two samples were obtained using the VSM technique, which is used widely
for ferromagnetic materials to examine the magnetic properties of various materials when exposed to a
strong external magnetic field. Differentiation of the hysteresis curves and the size of the area inside the
hysteresis loop give information on magnetic remanence.

In the measurements, both samples were exposed to a strong magnetic field up to 1.4 Tesla (T), which
induces magnetisation in the sample. The loop is generated by measuring the magnetic flux of a material
while the magnetizing force is changed. The hysteresis curve for the stainless-steel and titanium samples
are shown in Figure 5 (a) and (b), respectively.

The form of this loop informs the properties of the material. The area inside the hystereseis loop shows
the energy loss due to the change of the magnetization. The energy is converted into heat. The
parameters of saturation, rententivity and coercivity indicate important magnetization properties of
material. Rententivity and coercivity indicate how easily the material can be magnetized or
demagnetized. Saturation shows the amount of magnetization it can store. In Figure 5, the hysteresis
and saturation from both samples are shown. The magnetic remanence, based on the size of the area
within the hysteresis curves, is significantly different between the samples. The stainless steel sample
(a) is characterized by a high remanence, indicating that it will remain magnetized even after an external
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magnetic field is removed. When an external magnetic field is applied to stainless steel in one direction
result in the atomic dipoles align themselves with it. Even when the magnetic field is withdrawn, part of
the alignment are maintained, and the material has become magnetised. While the titanium alloy (b)
shows a consistent decrease of the magnetic flux with a reversal process.

200.0
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Figure 5. Hysteresis loop for the stainless steel (a) and titanium alloy (b) samples.

The result is correspond to the ferromagnetic elements composition within stainless steel which are 2°Fe
and 28Ni (Table 1). Hysteresis loop of stainless steel sample is wide indicate that it retain magnetism and
is difficult to demagnetize. It also has high coercivity and therefore a wide hysteresis loop. Titanium alloy
sample has low coercivity and therefore hysteresis loop was not able to be plotted in this study. This
indicate titanium alloy is easy to magnetise and demagnetize. Stainless steel magnetic hysteresis loop
indicate this material can be easily magnetised and at 1.0 T the magnetisation no further significant
increase in magnetisation occur.This called as saturation magnetisation. Gradual reduction of applied
external magnetic field, the magnetisation of the stainless steel does not decrease by its original path,
but at a slower rate [24].

Table 2. Comparison of measured data of hysteresis loops for stainless steel and titanium alloy

Measured Data Stainless Steel Titanium Alloy
Retentivity 42,17 x 10 emu 0.11 x 10 emu
Coercivity 0.07T 0.02T
Saturation magnetisation 172.60 x 10 emu 6.88 x 10 emu
Saturation (mass) magnetisation ~ 507.65 x 10 emu/g 36.21 x 10 emu/g
Maximum field 1.00T 140T
Experiment time 648 sec 1695 sec

Table 2 summarizes the range of main parameters obtained in the hysteresis loop measurement. In the
experiment, both samples of stainless steel and titanium alloy had been exposed to external magnetic
fields up to 1.00 T and 1.40 T, respectively. The stainless steel shows a higher value of retentivity by a
factor 387 compared to titanium alloy. The value of coercivity for stainless steel is higher by a factor of 3
than titanium alloy. Both measured results indicate that the stainless steel will maintain the residual
magnetic field until the magnetising force of 1.00 T is removed after the saturation point has been
reached. The saturation point values of stainless steel and titanium alloy are 172.60 x 10-® emu and 6.88
x 103 emu, respectively. It must be noted that the stainless steel reached the saturation point in a shorter
time (648 second) than titanium alloy (1695 second) with 1.00 T and 1.40 T magnetic fields, respectively.
Thus, the application of both materials as orthopaedic implants and their impacts in magnetic resonance
image quality could be understood by considering these factors.
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Stainless steel is an iron-based alloy which is a ferromagnetic substance. There are two main types of
stainless steel, austenitic and ferritic, which display different atomic arrangements. Ferritic stainless
steels are generally magnetic, while austenitic stainless steels are usually not. A ferritic stainless steel
owes its magnetism to the high concentration of iron in its fundamental structure. Ferritic stainless steel
is typically unmagnetised. However, when exposed to a magnetic field, it will become magnetised and
remains magnetised to some degree even though the applied magnetic field is removed [36]. Titanium,
being a paramagnetic substance, is very weakly magnetised by an external magnetic field and loses that
magnetism when the external magnetic field is removed [37]. In addition, this study demonstrated that
titanium is preferred compared to stainless steel in avoiding the possibility of magnetic field artefacts in
MRI examinations. This finding is an important supportive evidence in deciding which orthopaedic implant
material is suitable, particularly for patients who are planning for MRI.

Conclusions

26Fe and 2Ni compositions in stainless steel alloy orthopaedic implants contribute to residual magnetism.
The titanium orthopaedic implant sample does not contain ferromagnetic elements, as proven by both
SEM-EDX and VSM analysis. The magnetic hysteresis curve obtained from the stainless steel
orthopaedic implant showed the occurrence of magnetic remanence. All the measurements of retentivity,
coercivity and magnetization values of stainless steel are significantly higher compared to titanium alloy.
No magnetic remanence was observed in the titanium alloy orthopaedic implant. This finding is an
important piece of evidence if the absence of magnetic remanence in an orthopaedic implant material
must be considered, particularly for patients who are planning for MRIs in the future. These findings will
lead to future studies on the relationship between magnetic remanence and the associated artefact that
may be seen in MR images in the vicinity of a stainless steel implant. It is hoped that the present results
will be useful in determining the origin of such artefacts. Based on our studies, the potential effects of
magnetic remanence to the surrounding human cells and soft tissues from metal orthopaedic implants
within the patients’ body after undergoing MRI examination have not yet been discussed. This is another
potential study on magnetic remanence, particularly in an era of increasing magnetic resonance imaging
usage in clinical practice and numbers of patients with orthopaedic implants worldwide.
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