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Abstract

As well as having corrosion resistance and mechanical properties, medical metallic bio-
materials used in metal implants must allow imaging by MRI for prognostic diagnosis.
Alloys based on Tij, Fe, Co, etc., have the disadvantage that those constituent elements have
higher magnetic susceptibility than the tissue surrounding the metallic implant, and this
condition results in defects and distortions (“artifacts”) in MR images during MRI imag-
ing. In consideration of this issue, MRI-compatible low-magnetic-susceptibility materials
are currently being researched and developed. In this study, microstructural control of
Zr-based alloys by alloy design and heat treatment was investigated. The problem with
pure Zr is its low corrosion resistance due to the a-phase of its hexagonal-close-packed
(HCP) structure. However, alloys that were alloyed and solution heat-treated to a 3-phase
(body-centered cubic (BCC) structure) showed high corrosion resistance. In particular,
when Zr-15Nb-5Ti-3Cr, which has relatively high corrosion resistance, was subjected to
aging heat treatment at 673 K for 1.8 ks, precipitation of fine w-phase in the 3-phase was
confirmed. The metallographic structure in which the w-phase precipitated in the 3-phase
provided high corrosion resistance [£1000 mV (vs. SHE)] derived from the -phase, as
well as low magnetic susceptibility (approximately 1.2 x 10~° cm3/g), due to the effect of
the w-phase. This study provides guidelines for microstructural control to achieve both
low magnetic susceptibility and high corrosion resistance in Zr-based metallic biomaterials
for medical use.

Keywords: metallic biomaterial; MRI (magnetic resonance imaging); artifact; Zr (zirconium);
pitting potential; magnetic susceptibility

1. Introduction

Traditionally, metallic biomaterials for medical use, such as stainless steel, cobalt—
chromium (Co-Cr) alloys, and titanium (Ti) alloys, have been used for devices such as
artificial joints and dental implants. Stainless steels and Co-Cr alloys, however, contain
elements such as chromium (Cr) and nickel (Ni), which, because they are cytotoxic, may
cause inflammatory reactions in the body [1]. Moreover, it is known that because the
Young’s modulus of a metal implant is higher than that of the surrounding bone tissue,
if the implant is left in the body for a long period of time, the load transmission around
the implant during the daily life of the implantee is hindered in a manner that causes the
surrounding bone to atrophy. On the contrary, having almost no cytotoxicity, titanium (Ti)

Metals 2025, 15, 1208

https://doi.org/10.3390/met15111208


https://doi.org/10.3390/met15111208
https://doi.org/10.3390/met15111208
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met15111208
https://www.mdpi.com/article/10.3390/met15111208?type=check_update&version=1

Metals 2025, 15, 1208

20f11

has a high affinity with bone and can integrate with bone after long-term implantation in
the body; accordingly, it has been mainly used for implanted devices that contact bone.
Moreover, the application of Ti alloys as metallic biomaterials for medical use has been
researched; for example, a low-elasticity 3-type Ti-29Nb-13Ta-4.6Zr alloy, which has a
Young’s modulus similar to that of bone, has been developed [2—4]. As for devices such
as bone-fixation screws that are removed from the body after healing, however, the high
affinity between Ti and bone can be an issue, and cases of re-fracture during removal
surgery have been reported [5,6].

In addition, if a metal implant is implanted in the body, the status of the implant must
be visually diagnosed by magnetic resonance imaging (MRI). MRI is a useful diagnostic
tool that can obtain cross-sectional views of the human body and diagnostic results non-
invasively. However, metal implants containing elements with high magnetic susceptibility
(such as Fe and Ti) become magnetized by the magnetic field applied during MRI imaging,
and that magnetization causes defects and distortions (“artifacts”) in the acquired MR
images. Such artifacts can distort MRI images of organs and tissues surrounding metal
implants and hinder accurate diagnosis [7-9]. To alleviate artifacts, it is necessary to
reduce the magnetic susceptibility of the medical metallic biomaterials used in metal
implants to the same level as that of the tissue surrounding the implant; consequently, it is
increasingly necessary to develop MRI-compatible low-magnetic-susceptibility materials.
From the perspective of low magnetic susceptibility, gold—niobium (Au-Nb) alloys [10]
and zirconium-niobium (Zr-Nb) alloys [11], which are mainly composed of Au and Zr,
respectively, and have lower magnetic susceptibility than Ti, are being developed. Of these
elements, Zr is expected to have the effect of suppressing bone fusion, so it is regarded as
promising as a new metallic biomaterial for medical use [12].

Studies on Zr alloys for biomedical applications are, however, fewer than those on Ti
alloys. The reason for this situation is explained as follows. Zirconium has a hexagonal-
close-packed (HCP) structure («x-phase Zr) at room temperature, in which the amount
of solid solution of added elements is much smaller compared to that in Ti. As a result,
when Zr is alloyed, intermetallic compounds (which act as the initiation points of pitting
corrosion) precipitate, and that precipitation decreases pitting potential [13].

In contrast, the high-temperature phase of Zr, namely, the 3-phase, has a body-centered
cubic (BCC) structure with a higher solid solubility limit than that of the x-phase; it is
therefore expected that the pitting potential will be increased by reducing the amount of
intermetallic compounds. In addition to having the a-phase and (-phase, Zr also has a
thermodynamically non-equilibrium phase, called the w-phase, which is produced during
the transformation from the (3-phase to the o-phase. There are two types of w-phases:
athermal w-phase and isothermal w-phase. In particular, the latter isothermal w-phase
is produced by aging heat treatment (“aging” hereafter) of the 3-phase at 373 to 723 K,
and it has been reported that the relationship between each phase in terms of magnetic
susceptibility x is expressed as Xg > X« > Xw; that is, the w-phase has lower magnetic
susceptibility than the 3-phase and o-phase [11,14]. In other words, it is possible to reduce
the magnetic susceptibility of Zr alloys by controlling the phase as well as the composition
of the alloy.

From the above, we thought that Zr alloys could achieve both high corrosion resistance
and low magnetic susceptibility by appropriate phase control through additive elements
and heat treatment. This will contribute significantly to the application of Zr in MRI-
compatible metallic biomaterials for medical use. In this study, aiming to develop Zr-
based metallic biomaterials with artifact-resistant properties for medical applications, we
investigated alloy design and microstructure control by heat treatment to achieve both low
magnetic susceptibility and high corrosion resistance.
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2. Materials and Methods
2.1. Alloy Design

We designed four metastable 3-type Zr alloys—for achieving both low magnetic
susceptibility and high corrosion resistance—by adding (to Zr) all-3-phase solid-solution
Nb and Ti and f3-eutectoid Cr. The chemical compositions of the four composed Zr-Nb-Ti-Cr
alloys are listed in Table 1.

Table 1. Composition of the designed alloys.

Alloys Nb Ti Cr Sn 7t
Zr-15Nb-10Ti 1?5 117?5 8 8 67;0
Zr-15Nb-10Ti-3Cr 11;3 11792 4?’7 8 6358
Zr-15Nb-5Ti-3Cr 1132 9?0 4?9 8 7273
Zr-15Nb-10Ti-55n 1?7 117?7 8 3?6 67590

Top and bottom amounts show wt.% and at.%, respectively.

The purpose of the added elements in each designed alloy is explained as follows.

Nb: The phase diagram of Zr-Nb shows an all-f-phase solid solution, and the addition
of Nb expands the region in which the (3-phase is stable toward the low-temperature
side. By rapid cooling from a temperature above the 3-phase transformation point, the
-phase (which is in a non-equilibrium state at room temperature) is fixed in a manner that
produces a metastable Zr alloy. It has been previously reported that 3-Zr-based alloys can
be obtained by adding 20 to 40 wt.% of Nb to the base metal (Zr) [11]. And the addition of
about 30 wt.% Nb increases pitting potential [13]. However, since Nb has a higher magnetic
susceptibility than Zr, the Nb addition in this study was limited to 15 wt.% or less.

Ti and Cr: The phase diagram of Zr-Ti shows an all-B3-phase solid solution similar to
that of Zr-Nb, while that of Zr-Cr shows a 3-phase eutectoid; therefore, the addition of Ti
and Cr stabilizes the 3-phase. It has also been reported that the addition of about 2.5 wt.%
Ti increases the pitting potential [13]. Furthermore, the combined addition of Ti and Cr is
expected to stabilize the -phase further by suppressing martensitic transformation due
to lattice contraction caused by the negative lattice distortion of Cr and the strong bond
formed by Ti with Cr [15,16]. In this study, the amount of added Cr was set at an upper
limit of approximately 3 wt.%, which is the solid solution limit according to the phase
diagram. Moreover, so that Ti can interact with Cr, Ti must exist at the nearest lattice point
of Cr in the BCC structure. When Cr is placed at an arbitrary lattice point, there are eight
nearest lattice points of Cr, so the minimum amount of added Ti is 12 at.% or more. In
this study, in consideration of the effect of Ti in increasing pitting corrosion potential, the
amount of added Ti was set to 10 wt.% (20 at.%) or less [13].

Sn (tin): It can be assumed that the magnetic susceptibility of an alloy depends on
the magnetic susceptibility and content of the added elements. The addition of 3-phase
stabilizing elements, including Nb, Ti, and Cr, which have higher magnetic susceptibility
than pure Zr, may increase the magnetic susceptibility of the alloy. Therefore, we aimed
to reduce the alloy’s magnetic susceptibility by adding elements with lower magnetic
susceptibility than that of Zr. It has been reported that the addition of antimagnetic elements
such as copper (Cu) and Sn to zirconium reduces the alloy’s magnetic susceptibility [17,18].
In this study, we studied the addition of Sn, which also contributes to the stabilization of
the B-phase [18]. On the other hand, excessive addition of Sn may decrease the pitting
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potential due to the precipitation of intermetallic compounds; therefore, the Sn addition
was set to 5wt.%.

2.2. Alloy Preparation and Heat Treatment Conditions

To obtain the chemical compositions of each of the four alloys listed in Table 1, 40 g of
high-purity element powder or billet (Kojundo Chemical Laboratory Co., Ltd., Sakado-shi,
Saitama-ken, Japan) was weighed out and melted into button-shaped ingots in a high-
purity argon gas atmosphere (purity 5N) by using a non-consumable electrode automatic
arc-melting furnace (DAIVAC, Ltd., Yachiyo-shi, Chiba-ken, Japan). The heat treatment
diagram of the alloys is shown in Figure 1. The melted ingots were subjected to solution
treatment at 1273 K, which is 130 K higher than the (3-transus temperature of Zr (approxi-
mately 1143 K), for 1.8 ks, and then water-quenched. Moreover, some of the solution-treated
ingots were subjected to aging at 673 K for 0.6 to 10.8 ks. Since all heat treatment steps
were performed in air, we expected the formation of the oxide film on the sample surface.
Therefore, the oxide film (with a thickness of about 1 mm) was removed from the surface
of the ingots by mechanical polishing before their various properties were evaluated.

ST:1273 K, 1.8ks

[ transus
(1143 K)

AG:673 K, 0.6 to 10.8ks

WQ e
/NN

\ 4

Figure 1. Heat-treatment diagram.

2.3. Characterization of the Designed and Aged Alloys

The crystal structure of the samples was evaluated by X-ray diffraction using Cu-K«
radiation in the 20 range of 30° to 70° at a scanning speed of 0.6° /min. The microstructure
was evaluated by bright-field TEM and electron-beam diffraction using a transmission
electron microscope (TEM; Hitachi High-Technologies Corporation, Minato-ku, Tokyo,
Japan, HE-2100 Cold FE-TEM).

The magnetization of the samples was evaluated using a vibrating-sample magnetome-
ter (VSM, Riken Denshi Co., Ltd., Meguro-ku, Tokyo, Japan) with a maximum magnetic
field of 10,000 Oe and a magnetic field sweep rate of 5 min/loop. The mass magnetic
susceptibility of the samples was calculated by determining the magnetic susceptibility
from the slope of the magnetization curve and dividing it by the sample weight. The test
specimens for magnetization measurement were prepared by taking a rectangular prism
(with dimensions of approximately 9 x 9 x 6 mm?) from each ingot and polishing all six
faces with waterproof abrasive paper with roughness/grade up to #220.

The corrosion resistance of the samples was evaluated by measuring the pitting poten-
tial in physiological saline (0.9 mass% NaCl) to simulate corrosion conditions in the human
body. A corrosion-monitoring system (manufactured by Toho Technical Research Co., Ltd.,
Yokohama-shi, Kanagawa-ken, Japan) was used for the measurements. The corrosion test
conditions (excluding surface area) were in accordance with the JIST 0302 method for eval-
uating the corrosion resistance of metallic biomaterials by anodic polarization testing [19]
at a liquid temperature of 37 °C and a potential sweep rate of 40 mV/min under a nitrogen
atmosphere. The physiological saline was prepared from 99.5% NaCl (Wako Pure Chemical
Industries, Ltd., Osaka-shi, Osaka-fu, Japan) and ultrapure water. A stainless-steel wire
was soldered to each test piece, and a cold-mounting resin (manufactured by Marumoto
Struers Co., Ltd., Shinagawa-ku, Tokyo, Japan) was used to make a rectangular test piece
measuring approximately 10 x 15 x 20 mm?®. The surface roughness of the specimens
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was adjusted by polishing with grit size #1200 with water-resistant abrasive paper, and
single-component RTV rubber (manufactured by Shin-Etsu Silicone, Chiyoda-ku, Tokyo,
Japan) was applied to the interface between the specimen and the resin to prevent crevice
corrosion. The pitting potential of each sample was measured once, and the highest value
of the potential corresponding to a current value of 100 wA/cm? in the anodic polarization
curve was taken as the pitting potential.

3. Results
3.1. Phase Structure of Designed Alloys

The measured X-ray diffraction patterns of the designed alloys after solution treatment
(and pure Zr for comparison) are shown in Figure 2. For pure Zr, only the o-Zr diffraction
peak was observed [Figure 2a]. For Zr-15Nb-10Tij, the x-Zr diffraction peak disappeared,
and only the 3-Zr diffraction peak was observed [Figure 2b]. And similar to the Zr-15Nb-
10Ti alloy, the alloys containing Cr and Sn, in addition to Nb and Ti, also showed a single
-phase [Figure 2c—e]. It can be inferred from these XRD patterns that the addition of Nb
and Ti and the solution heat treatment created alloys with the 3-phase only. Moreover, if the
(110) peak at approximately 36° is focused on, the observed 3-Zr diffraction peak is shifted
to the higher-angle side compared to the calculated diffraction peak position (vertical dotted
yellow line). This peak shift can be interpreted as the result of negative lattice distortion
(i.e., contraction of the unit lattice) caused by the addition of a substitutional element with
a smaller atomic radius than that of Zr. For all the designed alloys, no diffraction peaks
from phases other than the 3-phase were observed [Figure 2b—e].
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Figure 2. X-ray-diffraction patterns of the designed alloys after solution treatment: (a) pure Zr,
(b) Zr-15Nb-10Ti, (c) Zr-15Nb-10Ti-3Cr, (d) Zr-15Nb-5Ti-3Cr, and (e) Zr-15Nb-10Ti-5Sn.

3.2. Measurements of Magnetization

The magnetic susceptibility of each designed alloy is listed in Table 2. The magnetic
susceptibility of all the designed alloys is approximately 2.0 x 107¢ cm®/g, which is about
1.0 x 107% cm3/g lower than that (approximately 3.0 x 107¢ cm3/g) of the Ti-6Al-4V alloy,
namely, a typical alloy used as a medical metallic biomaterial [11]; however, all the designed
alloys had higher magnetic susceptibility than that of pure Zr (1.29 x 107¢ cm3/g). It is
presumed that this higher magnetic susceptibility than that of pure Zr is due to the addition
of Cr, Nb, and Ti, which are elements with higher magnetic susceptibility than that of
Zr. Moreover, for Zr-15Nb-10Ti-55n, to which a diamagnetic element (Sn) was added,
the magnetic susceptibility was reduced by about 0.2 x 107% cm?®/g compared to that
of Zr-15Nb-10Ti. This result confirms that the addition of diamagnetic elements reduces
magnetic susceptibility.
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Table 2. Magnetic susceptibility of each designed alloy.

Alloys

Zr Zr-15Nb-10Ti Zr-15Nb-10Ti-3Cr Zr-15Nb-5Ti-3Cr Zr-15Nb-10Ti-5Sn

Mass magnetic

susceptibility [x 1076 cm3/ gl

1.29 2.13 217 1.79 191

3.3. Measurement of Pitting Potential by the Anodic Polarization Test

To verify that the pitting potential is raised by adding 3-phase and additional elements,
we measured the pitting potential of the four designed alloys in physiological saline. The
pitting potential of Zr-15Nb-10Ti, to which Nb and Ti were added, was shifted to the
more-noble (higher potential) direction by about 400 mV compared with that of pure
Zr. Furthermore, the Cr-added alloys, Zr-15Nb-10Ti-3Cr and Zr-15Nb-5Ti-3Cr, like Zr-
15Nb-10Ti, showed a higher pitting potential than pure Zr. While the pitting corrosion
mechanism of Zr in chloride environments is still unknown, it has been reported that this
is caused not by a single factor but by the interaction of various factors, including the
type and concentration of additive elements, phase composition, heat treatment conditions,
precipitates, localized segregation of impurity elements, and surface condition [13,20,21].
At present, we speculate that the pitting corrosion mechanism in the designed alloys
is caused by galvanic corrosion due to localized segregation of precipitates and additive
elements [22]. In other words, these results indicate that galvanic corrosion is suppressed by
forming an all 3-phase (phase composition), which is effective in suppressing precipitates,
and adding Nb and Ti (alloy elements), which exhibit superior resistance to localized
corrosion caused by chlorides. On the contrary, the pitting potential of the Sn-added alloy
(Zr-15Nb-10Ti-55n) was shifted to the less-noble direction (lower potential) compared to
those of the other designed alloys, even though the alloy was transformed into the 3-phase,
and the value was equivalent to that of pure Zr. This negative potential shift is thought
to be due to the precipitation of Zr-5n intermetallic compounds that could not fully form
a solid solution in the 3-phase, and these high Sn concentration precipitates caused the
occurrence of pitting corrosion [21] (Table 3, Figure 3).

Table 3. Pitting potential of each designed alloy.

Alloys Zr Zr-15Nb-10Ti Zr-15Nb-10Ti-3Cr Zr-15Nb-5Ti-3Cr Zr-15Nb-10Ti-5Sn
Pitting potential
[mV (vs. SHE)] 622 1045 1219 905 647
10000
&71000
g
% 100
=
= 10f
2 L
% r
£ 01 —:Zr-15Nb-10Ti
g —:Zr-15Nb-10Ti-3Cr
5 0.01 —:Zr-15Nb-5Ti-3Cr
o —:Zr-15Nb-10Ti-5Sn
0.001 ' 1

-500 0 500 1000 1500
Potential [mV (vs. SHE)]

Figure 3. Anodic polarization curves of each designed alloy.
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4. Discussion
4.1. Change in Magnetic Susceptibility Due to Aging Heat Treatment

Among the designed alloys, Zr-15Nb-5Ti-3Cr, which had both a higher pitting poten-
tial than that of pure Zr and a lower magnetic susceptibility than that of the other designed
alloys, was subjected to aging at 673 K for 0.6 to 10.8 ks to evaluate the effect of aging
on magnetic susceptibility. As shown in Figure 4a, it was confirmed that the magnetic
susceptibility of the Zr-15Nb-5Ti-3Cr alloy was decreased by aging for 0.6 to 1.8 ks. In
particular, after aging for 1.8 ks, its magnetic susceptibility decreased to approximately
1.2 x 107 cm3/g. This value is approximately one-third that of the Ti-6Al-4V alloy (i.e., a
common medical metallic biomaterial). In standard MRI imaging, typical artifacts are
reported to occur with Ti-based alloys [23]. Therefore, the 1.8 ks aged Zr-15Nb-5Ti-3Cr
alloy is expected to reduce artifacts more than Ti-based alloys. However, after aging for
over 1.8 ks or more, the magnetic susceptibility was higher than that after aging for 1.8 ks.
Since the magnetic susceptibility x of an alloy with a certain composition depends on the
crystal structure, such that xg > X« > Xw [11,14], we speculate that (i) a transformation
from (-phase to w-phase occurs during aging for less than 1.8 ks and (ii) a transformation
from 3 /w-phase to a-phase occurs during aging for more than 1.8 ks. To evaluate the effect
of aging on pitting potential, pitting potential was measured, and the measurement results
are plotted in Figure 4b. The pitting potential of the as-solution-treated Zr-15Nb-5Ti-3Cr
alloy is about 900 mV, whereas that of the aged alloy is over 1400 mV, and the pitting
potential was not noticeably decreased by the aging.
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Figure 4. (a) Change in magnetic susceptibility of the Zr-15Nb-5Ti-3Cr alloy due to aging and
(b) anodic polarization curve of the Zr-15Nb-5Ti-3Cr alloy after 1.8 ks aging heat treatment.

4.2. Effect of Changes in Phase Composition on Magnetic Susceptibility

The phase structures of the as-solution-treated Zr-15Nb-5Ti-3Cr alloy, whose magnetic
susceptibility changed significantly due to aging, and the same alloy aged for 1.8 and 3.6 ks
were evaluated by XRD. The obtained XRD patterns are shown in Figure 5. Similar to the
as-solution-treated alloy, the 1.8 ks aged Zr-15Nb-5Ti-3Cr alloy showed only the diffraction
peaks of 3-Zr. However, it is supposed that since no other phases were identified, the
reason for the decrease in magnetic susceptibility due to 1.8 ks aging could not be identified
by XRD. On the contrary, when the alloy was aged for 3.6 ks, only the diffraction peaks of
a-Zr were observed. That result confirms that when an alloy that has already transformed
to B-phase is subjected to long-term aging, a phase transformation from 3-phase to x-phase
occurs through diffusion transformation. Moreover, the increase in magnetic susceptibility
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by aging for 1.8 to 3.6 ks is thought to be due to a change in the crystal structure caused by
the a-phase transformation [11,14].
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Figure 5. XRD patterns of the Zr-15Nb-5Ti-3Cr alloy specimen for two aging times.

XRD was able to identify the factor that increased magnetic susceptibility by aging
for 1.8 to 3.6 ks; however, it was unable to identify the cause of the decrease in magnetic
susceptibility by aging up to 1.8 ks. Accordingly, the microstructure of the 1.8 ks aged
Zr-15Nb-5Ti-3Cr alloy was observed by TEM, which enables higher-resolution observation
than XRD. The observed bright-field TEM image and [110]-incidence electron-diffraction
pattern in the same field are shown in Figure 6a and 6b, respectively. As shown in Figure 6a,
precipitates with a long-axis diameter of approximately 50-100 nm are homogeneously
dispersed in the matrix. As shown in Figure 6b, the observed diffraction peaks were
assigned to B-Zr (cubic)-phase [with a = 3.551 A] and w-Zr (hexagonal)-phase [with
a=5.021 A and c = 3.075 A]. These results confirm that the parent phase was 3-Zr and that
the precipitates within the 3-Zr-phase grains were w-phase [24-26]. The w-phase observed
consisted of two types, namely, a normal state (green, w) and a mirror state (yellow, w¥),
with (110)$ as the rotation axis. The formation pattern of the w-phase within the 3-phase
grains had mirror symmetry. Moreover, according to compositional analysis of the w-phase
by energy-dispersive X-ray spectroscopy (EDX), the Cr and Nb contents in the w-phase
were lower than those in the matrix 3-phase. This result suggests that an isothermal w-
phase formed with concentration changes of Zr, Cr, and Nb in the Zr-15Nb-5Ti-3Cr alloy

aged for 1.8 ks (Table 4).

Figure 6. TEM images of the Zr-15Nb-5Ti-3Cr alloy specimen after 1.8 ks aging: (a) bright-field image
and (b) [110]-incidence electron diffraction image.
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Table 4. Composition ratios of elements in 3-phase and w-phase for the Zr-15Nb-5Ti-3Cr alloy.

Zr [at.%] Cr [at.%] Nb [at.%]
-phase 76.0 2.80 11.24
w-phase 85.5 0.86 6.19

The change in magnetic susceptibility with aging time shown in Figure 4 can be
explained in terms of the relationship between the change in phase composition due to
aging and the magnetic susceptibility of each phase (expressed as xg > X« > Xw) as follows.
Under aging for up to 1.8 ks, the 3-phase transformed to the w-phase as the concentration
of Cr and Nb in the 3 matrix decreased, and the phase structure changed from a single
[-phase to a 3 + w-phase. Accordingly, the magnetic susceptibility of an alloy is thought to
be decreased by a transformation from xg to xg + Xw. When the aging time was between
1.8 and 3.6 ks, the w-phase to a-phase or 3-phase to x-phase transformations progressed
due to thermal diffusion, and the phase structure changed from 3 + w-phase to x-phase.
As the w-phase disappears and the a-phase appears, magnetic susceptibility increases
because it approaches x . It is presumed that under aging for 3.6 and 10.8 ks thereafter, the
3(w)-phase continues to transform to the x-phase, the phase structure approaches a single
a-phase, and magnetic susceptibility is thereby slightly decreased.

5. Conclusions

As a first step in the development of zirconium-based artifact-resistant alloys for
medical use, alloy design that can achieve both low magnetic susceptibility and high
corrosion resistance, as well as microstructural control by heat treatment, was investigated,
and the key results of the investigation are summarized as follows.

(1) The pitting potential of the alloys transformed to 3-phase by combined addition
of Nb, Ti, and Cr and solution heat treatment was shifted in the noble direction (higher
potential) compared to that of pure Zr; on the contrary, that of the alloy with added Sn
shifted to the less-noble direction (lower potential) despite the transformation to 3-phase.

(2) All of the designed alloys had lower magnetic susceptibility than that of Ti-6Al-4V.
However, in the case of all four designed alloys, it was approximately twice that of pure Zr,
indicating that the addition of high-magnetic-susceptibility elements such as Cr, Nb, and
Ti increases the magnetic susceptibility of pure Zr. On the contrary, the addition of Sn, a
low-magnetic-susceptibility element, slightly reduced the magnetic susceptibility.

(3) When the Zr-15Nb-5Ti-3Cr alloy was subjected to aging at 673 K for up to 1.8 ks,
its magnetic susceptibility decreased, but when the aging was applied from 1.8 to 3.6 ks, it
increased. Evaluation of the phase structure by XRD and TEM showed that the up to 1.8 ks
aged alloy underwent a transformation from 3-phase to w-phase, and the 1.8 to 3.6 ks aged
alloy underwent a transformation from {3(w)-phase to a-phase, which presumably caused
the increase in magnetic susceptibility. Moreover, no effect on the pitting potential due to
the precipitation of w-phase into 3-phase was confirmed.

In particular, the magnetic susceptibility of the 1.8 ks aged Zr-15Nb-5Ti-3Cr designed
alloy was approximately one-third that of the Ti-6Al-4V alloy (i.e., a common medical
metallic biomaterial), and its pitting potential exceeded 1000 mV. In light of these properties,
it can be considered useful as a metallic biomaterial for medical devices used under MRI
However, since w-phase precipitation may degrade mechanical properties, the authors
plan to evaluate the effect of w-phase precipitation on mechanical properties (in addition
to magnetic susceptibility and corrosion resistance) as a future study.
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