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Abstract: Zr alloy is expected to decrease the artifact volume of magnetic resonance imaging
(MRI) due to its relatively small magnetic susceptibility. To improve the mechanical properties
of a Zr–1mass%Mo alloy that yielded a reduced artifact volume during MRI, the alloy was melted,
hot-forged, and cold-swaged with area reduction ratios of 30%, 50%, 60%, 70%, and 84%. The effects
of cold swaging on the microstructure, mechanical properties, and magnetic susceptibility of the alloy
were investigated. Before cold swaging, the microstructure consisted of laminated and layered
α- and β-phases; however, after cold swaging, the α- and β-phases were bent and distorted,
and the α-phase became oriented along the {1010} plane. The ultimate tensile strength and
elongation to fracture of the Zr–1Mo alloy after cold swaging with an 84% area reduction were
1001 MPa and 10.7%, respectively. The alloy only experienced work-hardening when subjected to
large deformations. On the other hand, the change in magnetic susceptibility with cold-swaging was
small, from 13.85 × 10−9 to 14.87 × 10−9 m3·kg−1. Thus, a good balance of mechanical properties and
low magnetic susceptibility in the Zr–1Mo alloy was obtained by cold swaging. Therefore, this alloy is
suitable for utilization in medical devices and is expected to decrease the artifact volume.
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1. Introduction

Magnetic resonance imaging (MRI) is widely used in surgical diagnosis because it does not
involve exposure to radiation, unlike X-ray imaging. However, MRI is affected by artifacts, e.g., defects
in the MR images caused by metallic devices implanted in the human body. These artifacts are
caused by the differences in magnetic susceptibility of the implanted metallic devices and the
surrounding human tissue. The artifact volume is related to the magnetic susceptibility of the
implanted metallic devices. Therefore, metallic implant materials with low magnetic susceptibilities
are required to reduce the artifact volume.

For 316L-type stainless steel and Co–Cr alloys, the artifact volume is relatively large because
the magnetic susceptibilities of the constituent elements, namely Fe, Ni, and Co, are quite high [1].
Ti alloys also show artifacts, despite the relatively low magnetic susceptibility of Ti. Zr is an attractive
metal for decreasing the artifact volume because of its low magnetic susceptibility. In addition, Zr has
a high corrosion resistance and low cytotoxicity [2]. However, the strength of commercially pure
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Zr is similar to that of pure Ti and much lower than Ti alloys, rendering Zr insufficient for use in
medical devices. Consequently, it is necessary to employ Zr in alloys containing additives with
low magnetic susceptibility, high safety, and good solid solution strengthening. Zr–Nb [3–9] and
Zr–Mo [2,10] alloys have been subject to extensive study because Nb and Mo both show low magnetic
susceptibilities and are non-cytotoxic. In recent years, the Zr–Cu alloy [11] and Zr–Ru alloy [12] have
been reported to have low magnetic susceptibility. The magnetic susceptibilities and mechanical
properties of these alloys are influenced by their crystal phases [10]. Zr alloys have multiple phases,
including two stable and three metastable phases. The stable phases are the α- and β-phases, while the
metastable phases are the α’-, α”-, andω-phases [13]. The magnetic susceptibility of theω-phase is the
lowest, despite its brittleness. While the mechanical properties of the β-phase are good, its magnetic
susceptibility is relatively high. The α-phase exhibits a good balance between mechanical properties
and magnetic susceptibility.

Previous studies have employed small, arc-melted ingots of Zr–Mo alloys with weights of
approximately 50 g, subjected to neither mechanical processing, nor heat treatment. Among the
Zr–Mo alloys, the Zr–1mass%Mo alloy was reported to show a good balance between mechanical
properties and low magnetic susceptibility [10]. It has also been reported that the Zr–1Mo alloy shows
a high corrosion resistance among Zr–1X (Ti, Nb, Mo, Cu, Au, Pd, Ag, Ru, Hf and Bi) alloys [14].
In our previous study, we performed large-scale melting using an industrial method and casting
to produce a large ingot of Zr–1Mo to investigate the possibility of producing highly homogeneous
ingots [15]. We succeeded in preparing a homogeneous ingot with the chemical composition of Zr–1Mo.
The microstructure comprised coarse colony-like structures of the plate-like α-phase and a thin β-phase.
Precipitation of theω-phase was observed in the β-phase. The elongation of the alloy was 23%, and its
magnetic susceptibility was 12.4 × 10−9 m3·kg−1. Thus, we confirmed the feasibility of producing
homogeneous large-scale ingots of Zr–1Mo alloy with high elongation and low magnetic susceptibility.
However, the tensile strength of the alloy was as low as 670 MPa. Therefore, it is necessary to apply
thermomechanical processing to strengthen the alloy. The processes of hot forging and cold swaging
have been reported for Ti alloys [16–18].

In this study, a large ingot of Zr–1Mo alloy was prepared by melting and then subjected to hot
forging and cold swaging in order to improve the strength of the alloy while maintaining a low
magnetic susceptibility. The effects of cold swaging on the mechanical properties and magnetic
susceptibility of the Zr–1Mo alloy were investigated.

2. Materials and Methods

2.1. Process and Materials

A Zr–1mass%Mo alloy was formed by melting a Zr crystal bar (99.8%) and a piece of Mo wire
(99.9%) in a cold-crucible induction melting furnace. The Mo wire was tightly wound around the Zr
bar and placed in the upper part of the crucible. Melting was performed at a power of 200 kW for at
least 15 min in an Ar atmosphere. After the first melting process, the ingot was flipped and re-melted
under identical conditions. This process was repeated at least three times to minimize segregation.
The resultant ingot had a diameter of 130 mm and weight of 11 kg. Subsequently, the ingot was
subjected to hot forging at 1050 ◦C to form a homogenized bar with a diameter of 50 mm; the oxidized
skin was then peeled off, decreasing the diameter to 40 mm. Cold swaging was performed at room
temperature with area reduction ratios of 30%, 50%, 60%, 70%, and 84%, as shown in Figure 1. The area
reduction ratios were measured based on the cross-sectional area.
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Figure 1. Processing history of the Zr–1Mo alloy used in this study.

2.2. Characterization of Microstructure

The phase configurations and microstructures of Zr–1Mo after hot forging and cold swaging were
characterized using an X-ray diffractometer (XRD; D8 ADVANCE, Bruker AXS, Karlsruhe, Germany)
and a transmission electron microscope (TEM; JEM-2100F, JEOL, Tokyo, Japan). For the XRD analysis,
rod-like specimens, 8 mm in diameter, were extracted using an electric discharge machine (ROBOCUT
α-C400iA, FANUC, Yamanashi, Japan) from the homogenized bars along the working direction or the
long-axis direction after swaging. In other words, the longitudinal direction of the rods was parallel
to the processing direction for both hot forging and cold swaging. Rod-like specimens were also
extracted in the direction normal to the long axis. The rod-like specimens were cut to disks of 1 mm in
thickness using a precision cutting machine. These specimens were metallographically polished with
SiC papers with grit numbers reaching #1000. The measured surface was normal to the processing
direction for the hot-forged and cold-swaged specimens and was parallel to the processing direction
for the cold-swaged specimen with an area reduction of 30%. The XRD measurements were performed
using Cu Kα radiation to give diffraction angles (2θ) of 25–80◦ at an accelerating voltage of 40 kV
and current of 40 mA. For TEM observations, the specimens were ground with SiC papers with grit
numbers reaching #1000 to a thickness of approximately 0.3 mm. Disks of 3 mm in diameter were then
punched from the specimens. These small disks were ground to a thickness of approximately 0.1 mm
and subjected to twin-jet electrochemical polishing in a solution containing 8 vol % perchloric acid,
57 vol % methanol, and 35 vol % butanol at 20–35 V and −30 ◦C. The acceleration voltage for TEM
imaging was 200 kV.

2.3. Evaluation of Mechanical Properties

The mechanical properties of the specimens were evaluated through tensile tests and Vickers
hardness tests. Dumbbell-type specimens (n = 3) with cylindrical necking parts with a gauge length of
15 mm and diameter of 3 mm (ISO 6871-1:1994) were prepared using an electric discharge machine
and a lathe from the bars before and after swaging. The longitudinal direction of the tensile specimens
was parallel to the processing direction during hot forging and cold swaging. The tensile tests were
performed using a tensile testing machine (Autograph AG-2000B, SHIMADZU, Kyoto, Japan) at
an initial strain rate of 1 × 10−3 s−1. At least five specimens were tested for each area reduction ratio.
The Vickers hardness test was performed under a load of 300 g for a test period of 15 s. The test was
performed radially every 5 mm from the center to the edge of the specimen, and the average value
was calculated from the midsection of the specimen disk.
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2.4. Measurement of Magnetic Susceptibility

Rod-like specimens (3 mm in diameter and 25 mm in length) were produced from the swaged
bars by electrical discharge machining. The longitudinal direction of the test rods was parallel to the
processing direction for hot forging and cold swaging. To confirm the anisotropy of the specimens,
rod-like specimens with longitudinal directions normal to the processing direction were prepared from
the 30% swaged bar. The magnetic susceptibilities of the specimens were measured using a magnetic
balance (MSB-MKI, Sherwood Scientific, Cambridge, UK) under a magnetic field of 0.35 T at room
temperature. The direction of the applied magnetic field was normal to the longitudinal direction of
the test rods. Each specimen was subjected to at least six measurements.

3. Results and Discussion

3.1. Microstructure

Figure 2 shows the XRD patterns of the specimens before (0%) and after cold swaging (30%, 50%,
60%, 70%, and 84%). The primary phase of the Zr–1Mo alloy is the α-phase. A small peak from the
β-phase also appeared, based on the shoulder of the α (1011) peak. However, no peak related to the
ω-phase was detected. If theω-phase was present, its volume fraction was small. The intensity of the
α (1010) peak increased with an increase in the area reduction ratio, while the intensities of the other
peaks decreased. With an area reduction ratio of 84%, all peaks except those attributable to α (1010) and
α (2020) almost vanished. The deformation of Zr occurred primarily through prismatic {1010} <1210>
slip [19]. These changes in the XRD patterns after swaging indicate that the crystal structure of the alloy
samples in the longitudinal direction is oriented along the α {1010} plane. Meanwhile, the intensities
of the α (1011) peak and α (0002) peak decreased sharply for the sample with an area reduction ratio
of 70%, suggesting that the microstructure of the Zr–1Mo alloy changes abruptly for area reductions of
approximately 60–70%.

Figure 2. XRD profiles of Zr–1Mo alloy specimens extracted parallel to the processing direction and
with area reductions of 0–84%.

Figure 3 shows the XRD patterns of the specimen before swaging (0%), as well as those of
specimens extracted along the processing direction and along the direction normal to the processing
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direction after 30% cold swaging. In both directions, the intensity of the α (1011) peak was the largest.
However, despite equal reductions in area, the XRD profiles of the samples extracted in the directions
parallel and normal to the processing direction were markedly different. In the former case, the intensity
of the prismatic α (101 0) peak was greater than that of the basal α (0002) peak. Meanwhile, in the latter
case, the intensity of the α (0002) peak was greater than that of the α (1010) peak. In addition, the XRD
pattern of the specimen obtained in the direction normal to the processing direction was similar to that
of the non-swaged specimen. These results reveal that the microstructure of the post-swaging alloy is
anisotropic, with texture generally developing along the processing direction.

Figure 3. XRD profiles of Zr–1Mo alloy specimens extracted parallel and normal to the processing
direction with an area reduction of 30%, compared to the profile of an unswaged Zr–1Mo specimen.

Figure 4 shows TEM images recorded both before and after cold swaging with area reductions
of 50% and 84%. Before cold swaging, or just after hot forging, the microstructure of Zr–1Mo
comprised lamellar layers of plate-like α- and thin β-phases. The widths of the α- and β-phases
were 0.08–0.1 µm and 0.01 µm, respectively, and remained almost constant after cold swaging.
However, the post-swaging microstructure contained distorted and bentα- andβ-phases for the sample
with 50% area reduction. This distortion and bending was much more severe for the sample with
an area reduction of 84%. Similarly, distorted and bent structures have been reported in cold-swaged
Ti–Nb–Ta–Zr–O alloys [16] and hot-extruded Zr alloys [20]. Many dislocations in the α-plates appeared
after cold swaging, and the number increased as the area reduction ratio increased. This confirms
the accumulation of dislocations during the swaging process. Deformation from swaging therefore
likely occurs through the distortion and bending of the colonies of the laminated and layered phases,
with preferential orientation along the α {1010} plane in the deformed α-plates.
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Figure 4. TEM images (a) before and after cold swaging of specimens, corresponding to area reduction
ratios of (b) 50% and (c) 84%.

3.2. Mechanical Properties

The Vickers hardness values of the Zr–1Mo alloy specimens before and after cold swaging are
shown in Figure 5. The hardness before cold swaging was 203 HV. As the area reduction ratio increased
from 0% to 60%, the Vickers hardness remained almost unchanged, but increased notably when the area
reduction ratio increased from 70% to 84%. The hardness was 209 HV with an area reduction of 70%,
and the maximum value of 240 HV was achieved with an area reduction of 84%. These results indicate
that the Zr–1Mo alloy does not undergo significant hardening in the initial stages of cold working.

Figure 5. Vickers hardness values of Zr–1Mo alloy specimens with area reductions of 0–84%.

The stress-strain curves, ultimate tensile strengths (UTS), 0.2% proof stress, and elongation
to fracture values of the Zr–1Mo alloy specimens before and after cold swaging are shown in
Figures 6–8, respectively. The UTS, 0.2% proof stress, and elongation to fracture before cold swaging
were 584 MPa, 479 MPa, and 17%, respectively. The UTS and 0.2% proof stress increased to 1001 MPa
and 856 MPa, and the elongation decreased to 10.7% after cold swaging for the specimen with an area
reduction of 84%; these properties are comparable to those of the Ti–6Al–4V alloy [21]. The increase
in the UTS was consistent with the decrease in the elongation, and the changes were small for area
reduction ratios reaching 60%, but large for the ratio of 84%. This tendency is consistent with that
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observed for the Vickers hardness. These results indicated that the Zr–1Mo alloy does not undergo
significant hardening in the initial stages of cold working.

Figure 6. Stress-strain curves of the Zr–1Mo alloy specimens: (a) before cold swaging and after cold
swaging at area reduction ratios of (b) 30%, (c) 50%, (d) 60%, (e) 70%, and (f) 84%.

Figure 7. Ultimate tensile strengths (UTS) and 0.2% proof stress values of Zr–1Mo alloy specimens
with area reductions of 0–84%.

Figure 8. Elongation to fracture values of Zr–1Mo alloy specimens with area reductions of 0–84%.
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3.3. Magnetic Susceptibility

The magnetic susceptibilities of the Zr–1Mo alloy specimens before and after cold swaging are
shown in Figure 9. The magnetic susceptibility of the specimen whose longitudinal direction was
normal to the processing direction and whose area was reduced by 30% is also shown (Figure 9b).
A slight change in the magnetic susceptibility was observed with cold swaging, with the value
falling between 13.85 × 10−9 and 14.87 × 10−9 m3·kg−1 (volume susceptibility, χ: 90.65 × 10−6

and 97.33 × 10−6). The magnetic susceptibility of the specimen extracted parallel to the processing
direction with an area reduction of 30% was 14.13 × 10−9 m3·kg−1 (χ = 92.48 × 10−6), slightly larger
than that of 13.95 × 10−9 m3·kg−1 (χ = 91.31 × 10−6) for the specimen extracted normal to the
processing direction. It has previously been reported that the crystallographic orientation and phase
constitution of Zr alloys affect their magnetic susceptibility [3,22]. In this study, the phase configuration
was unchanged, but the orientation to the α {1010} plane during cold swaging was confirmed from the
XRD results. Therefore, the small change in magnetic susceptibility due to cold swaging is suggested
to have arisen from the changed crystal orientation. However, the value of 14.87 × 10−9 m3·kg−1 after
the 84% reduction was smaller than those of 16.84 × 10−9 m3·kg−1 (χ = 109.8 × 10−6) for pure Zr [23]
and 39.84 × 10−9 m3·kg−1 (χ = 175.7 × 10−6) for the Ti–6Al–4V alloy [10]. Thus, cold swaging does
not affect the magnetic susceptibility.

Figure 9. Magnetic susceptibilities of Zr–1Mo alloy specimens extracted (a) parallel to the processing
direction, with area reductions of 0–84%, and (b) normal to the processing direction, with an area
reduction of 30%.

4. Conclusions

In this study, the effects of hot forging and cold swaging on the microstructure, mechanical
properties, and magnetic susceptibility of Zr–1Mo were investigated. The Zr–1Mo alloy showed the
unique characteristic of avoiding significant work-hardening in the initial stages of cold working.
The microstructure consisted of laminated and layered α- and β-phases before cold swaging,
but distorted and bent α- and β-phases appeared with the orientation to α {1010} after cold swaging.
A high strength of 1001 MPa and large elongation of 10.7% were achieved after cold swaging with
an area reduction of 84%. In addition, a low magnetic susceptibility of 14.87 × 10−9 m3·kg−1 was
retained after a reduction of 84% by cold swaging. Thus, a good balance of mechanical properties and
low magnetic susceptibility of the Zr–1Mo alloy can be achieved by cold swaging; the alloy should
yield a low artifact volume, regardless of the fabrication processes employed.
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