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Effect of 1.5-T and 3.0-T magnetic resonance imaging on the
ceramic adhesion and physical properties of prosthetic

substructures
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ABSTRACT
Statement of problem. Magnetic resonance imaging (MRI) is a cross-sectional imaging technique
that is widely used in the detection of pathologies in the head and neck region. However,
information is lacking about the effect of MRI imaging on the clinical success of fixed partial
dentures (FPDs).

Purpose. The purpose of this in vitro study was to analyze the effect of MRI on the physical
properties and ceramic adhesion of FPD substructure materials.

Material and methods. Three hundred disk (12×1 mm) and 255 rectangular (4×2×2 mm) specimens
were prepared with different fabrication techniques for 5 experimental groups: direct metal laser
sintering (DMLS) with Co-Cr and Ti; casting with Co-Cr and Ni-Cr; and milling with ZrO2. After
ceramic application, the disk specimens were subjected to aging and divided into 3 subgroups
(n=20) with exposure to 1.5-T and 3.0-T MRI brain scans for 30 minutes and no exposure (control).
The shear bond strength (SBS) of the specimens was measured by using a universal testing
machine. The rectangular specimens were exposed to MRI with the same procedure, and the
nanostructure of the specimens was analyzed with the small-angle X-ray scattering (SAXS) method
to detect the nanoscale structural effects of MRI. The average surface roughness (Ra) and Vickers
microhardness (Vh) were also measured for complementary analyses. SBS, Ra, and Vh values were
statistically analyzed by 1-way ANOVA and the Tukey honestly significant difference test (a=.05).

Results. The SBS (MPa) of casting groups (P<.001) and DMLS with the Co-Cr group (P<.05) were
significantly affected by MRI exposures. The significant differences were seen on the Ra of
casting (P<.001) and DMLS with Co-Cr (P<.05) and Ti (P<.01) groups. Also, the Vh of the casting
with Co-Cr (P<.001) and Ni-Cr (P<.01) groups showed significant differences. The SAXS analysis
indicated that the physical properties of materials were influenced by MRI exposure.

Conclusions. The results indicated that MRI applications affected the metal-ceramic adhesion of
Co-Cr and Ni-Cr dental alloys produced by casting and the DMLS technique. (J Prosthet Dent
2020;-:---)
Metal-ceramic restorations
have been popular because of
their long-term clinical suc-
cess,1-6 although base metal
alloys such as Co-Cr, Ni-Cr,
and Ti have replaced precious
alloys.2,3,7 Co-Cr alloys are the
most popular because of their
high biocompatibility, high
corrosion resistance, and low
allergenicity.3,5,6 Ti is an
attractive metal for dentistry
because of its low density, high
durability, high corrosion
resistance, and excellent
biocompatibility.8-10 If metal-
ceramic restorations cannot
meet the esthetic requirements,
ceramic systems, particularly
zirconia and lithium disilicate,
are alternatives.4,11

For fixed partial dentures
(FPDs), adequate bonding be-
tween the substructure and
veneering ceramic is essential
and is achieved by micro-

mechanical forces and chemical bonding.1,2,5,12 Various
manufacturing techniques have been developed to improve
the bond.13 However, failures of the metal-ceramic
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Clinical Implications
MRI applications may affect the metal-ceramic
adhesion and nanostructure of dental alloys with
ferromagnetic properties, depending on the
strength of the magnetic field.
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substructure, improperly designed substructures, and inap-
propriate firing conditions have been reported.4,5,11 Also, the
magnetic field and nonionized radio waves from magnetic
resonance imaging (MRI) application have led to bonding
failures.2

MRI is a cross-sectional imaging method that allows
imaging on different planes without radiation.14-17 This
imaging technique is widely used in the detection of head
and neck pathologies, neurological disorders, ophthalmic
and pediatric diseases, and brain tumors.14-17 The energy
used by MRI is radio waves, and a strong and uniform static
magnetic field is formed.14-17 MRI devices work with the
created magnetic fields in the range of 0.2-7.0 T. The earth’s
magnetic field is in the range of 0.25 to 0.65 gauss (G)
(average 0.5 G) at its surface (1 T=10000 G). Therefore, a
magnetic field of about 20 000 times bigger than that of the
earth’s magnetic field is used in an MRI device,16,17 which
may affect dental materials.2,14,17,18 Materials behave in 1 of
3 ways, depending on their sensitivity to the magnetic field.
Materials that do not exhibit magnetism in the magnetic
field are diamagnetic; substances with unpaired electrons
are paramagnetic and become demagnetized when the
effect of the magnetic field disappears; substances that are
strongly attracted by the magnetic field are ferromagnetic.
Iron (Fe), nickel (Ni), and cobalt (Co) are ferromagnetic
materials in dental alloys; titanium (Ti) and zirconium (Zr)
have paramagnetic properties.1,2,14,16,17 Dental materials
with magnetic properties lead to unfavorable effects such as
artifact formation,17-20 heat generation,14,15,21 and me-
chanical displacement.17 Therefore, the MRI technique has
drawbacks for patients with metal dental restorations, or-
thodontic appliances, and implants.2,14,15,17-22

In the present study, the effect of 1.5-T and 3.0-T MRI
applications was investigated on the bond strength of
ceramic to cast Co-Cr, directmetal laser sintered (DMLS)Co-
Cr, cast Ni-Cr, DMLS Ti, and milled zirconia substructures,
and changes in the physical properties of the materials were
also examined. The null hypothesis was that the physical
properties of the materials and metal-ceramic bond would
not be affected by exposure to the magnetic field and the
nonionized radiofrequency waves of MRI applications.

MATERIAL AND METHODS

The main groups and materials used in the present study
are listed in Table 1. Three hundred disk specimens (r=12
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mm, h=1 mm) were prepared for 15 experimental groups
(n=20) to analyze the shear bond strength (SBS). Addi-
tionally, 255 rectangular specimens (4×2×2 mm) were
prepared for 15 experimental groups (n=15) to analyze
nanostructure. The specimens in this group were pro-
duced in a size suitable for the small-angle X-ray scat-
tering (SAXS) device.

To produce casting disk specimens in a standard
dimension, a 2-piece aluminum mold was designed
(Fig. 1) to produce wax patterns (Cavex Set Up Regular;
Cavex), which were invested (Bellavest SH; Bego) and
cast by using an induction casting machine (Fornax;
Bego) from Ni-Cr (Remanium CSe; Dentaurum) and Co-
Cr (Remanium star; Dentaurum) alloys according to the
manufacturers’ instructions. A mold (Fig. 2) was also
designed and used to prepare rectangular specimens. A
liquid silicone (Platsil 73-29; Polytek Development Corp)
was used to obtain a mold with negative spaces to pre-
pare casting wax patterns (Kronenwachs; Bego). The Ni-
Cr and Co-Cr rectangular specimens were cast by using
the same procedure as the disk specimens.

In the DMLS groups, the shape of the 3D specimens
was digitized with a design software program (DWOS
software; Dental Wings Inc, 2018). First, Co-Cr (Rema-
nium star CL; Dentaurum) and then Ti powders
(Cl41TiEli; GE Additive Co) were laser sintered by means
of a laser metal sintering machine (M2 Cusing; Concept
Laser GmbH) according to the digital design (200 W
ytterbium (Yb)-fiber optical laser, scanning speed of 7 m/
s, and layer thickness of 30 mm). The specimens were
annealed in a furnace (XD 1600A; Zhengzhou Brother
Furnace Co) in an argon atmosphere (temperature range
of Co-Cr alloy: 300 �C to 1150 �C and Ti alloy: 500 �C to
840 �C).

To prepare zirconia specimens from semisintered
yttrium stabilized ZrO2 blocks (Nacera Pearl; Doceram)
on a computer numerical control (CNC) milling machine
(Yenadent D43; Yenadent), the same 3D program was
used. The specimens were sintered at 1500 �C in a
furnace (Tegra MP1500; Teknik Dental).

After the fabrication process, 1 surface of the rectan-
gular specimens was finished with 300- and 600-grit
abrasive paper (Water Proof Paper; Atlas English Abra-
sives). All rectangular and disk specimens were then
airborne-particle abraded with110-mm Al2O3 particles
(Korax; Bego) under 0.5-MPa air pressure for 10 seconds
at a 2-cm distance, steam cleaned, and ultrasonically
cleaned in distilled water for 5 minutes. Before ceramic
application, the specimens were stored in trichloroethy-
lene solution for 5 seconds to remove the Al2O3 particles.

The ceramic was applied to the disk specimens (h=4
mm, r=6 mm) by using custom-made molds (Figs. 3),
according to the manufacturer’s instructions. Ceramics
that were used for each group are shown in Table 2. To
standardize the dimension of the ceramic, the disk
Baysal et al



Figure 1. Aluminum molds for disk specimens.

Figure 2. Aluminum and silicone molds for rectangular specimens.

Table 1.Group names, manufacturer, composition, and fabrication process of materials used. C; cast, L; laser, M; milled

Material Manufacturer Composition Process

Co-Cr_C Remanium star; Dentaurum Co 60.5%, Cr 28%, W 9%, Si 1.5%, others: <1%: Mn, N, Nb Lost-wax casting

Co-Cr_L Remanium star CL; Dentaurum Co 60.5%, Cr 28%, W 9%, Si 1.5%, others: <1%: Mn, N, Nb, Fe Direct metal laser sintering

Ni-Cr_C Remanium CSe; Dentaurum Ni 61%, Cr 26%, Mo 11%, Si 1.5%, others: <1% Co, Fe, Al, Ce Lost-wax casting

Ti_L (grade 23) CL41TIELI; GE Additive Company Ti 90%, Al 5.5-6.5%, V 3.5-4.5%, Fe 0.25%, C 0.08%, N 0.05%, O 0.13%,
H 0.012%

Direct metal laser sintering

ZrO2_M Nacera Pearl; Doceram ZrO2, Y2O3, HfO2, Al2O3 CAD-CAM milling

C, cast; L, laser; M, milled.
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specimens were placed on a gypsum cast and ground by
using a fine grain diamond rotary instrument (SRD 07;
Syndent Tools Co) at 15 000 rpm with the handpiece in a
parallelometer (AF350; Amann Girrbach AG). Thickness
was measured by using digital calipers (Digital ABS AOS
Caliper; Mitutoyo Corp). The specimens were subjected
to an aging procedure consisting of exposure to ultravi-
olet (UV) light and water spray in a weathering machine
(Xenotest 150 S+; Atlas Material Testing Technology) for
200 hours. The temperature of the weathering machine
varied between 70 �C (light) and 38 �C (dark), and a
humidity of between 50% (light) and 95% (dark). The
testing cycle consisted of 40 minutes of light only, 20
minutes of light with front water spray, 60 minutes of
light only, and 60 minutes of dark with back water spray
(66 cycles). In the weathering machine, the dry bulb
temperature of the air was 38 �C (dark), and 47 �C (light),
and the water temperature was 50 �C.

To see the effect of MRI, the disk specimens of 5
different study groups were assigned to 3 subgroups,
exposed 30 minutes to 1.5 T (Philips Achieva 1.5-T X-
Series; Royal Philips Electronics), exposed 30 minutes to
3.0 T (Philips Achieva 3.0-T X-Series; Royal Philips
Electronics), and the control unexposed to MRI. The
specimens were put in sterile plastic cups filled with sa-
line solution (Isolyte 1000 mL; Eczacıbaşı-Baxter), and
the cups were placed in a larger plastic container. By
using a standard head and neck coil, the plastic con-
tainers were placed on the bench of the1.5-T and 3.0-T
MRI devices. The brain MRI sequences were applied to
Baysal et al
the specimens, which were scanned with T2-weighted
(T2W) turbo spin echo (TSE) in the axial and coronal
planes and T1W inversion recovery (IR) TSE-based
sequencing in the axial plane. The radiofrequency (RF)
power output gain was adjusted manually. The exposure
to the MRI was in the following sequence: T2W-axial,
T2W-flair axial, T1-axial, diffusion, T2W-coronal, T1-
3D-sagittal.14,15,18

For the shear test, the disk specimens were embedded
in autopolymerizing acrylic resin (Panacryl; _Inci Dental)
by using plastic molds (15×15×15 mm). Shear force was
applied to the metal-ceramic interface in a universal
testing machine (LRX Plus; Lloyd Instruments) with a
shearing blade at a crosshead speed of 1 mm/min. Peak
force values (N) at failure were recorded and divided by
the surface area to obtain the bond strength values
(MPa).

Rectangular specimens of each alloy type were
divided into 3 subgroups. After MRI exposure, 5 speci-
mens were selected from each group, and average surface
roughness (Ra) was determined by using a contact pro-
filometer (TR100 Surface Roughness Tester; Checkline
Europe BV) over evaluation lengths of 4 mm and cutoff
value as 0.25 mm from 3 readings per group (measuring
range Ra: 0.05 to 15.0 mm).

The microhardness of 5 specimens from each group
was measured, and 3 measurements were performed per
group by using a digital Vickers microhardness (Vh)
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 3. Silicone and metal molds for application of ceramic.

Table 2. Ceramic materials for specimen groups used

Specimen Groups Ceramic Materials

Co-Cr_C, Co-Cr_L, Ni-Cr_C Ceramco 3 Dentin; Dentsply Sirona

Ti_L Super Porcelain TI-22; Noritake Dental Supply Co

ZrO2_M Ceramco PFZ Dentin; Dentsply Sirona
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tester (Model FM-7; Future Tech). The measurement was
carried out with a diamond pyramid tip with a square
cross-section and at a peak angle of 136 degrees with 9.8
N per 5 seconds. An additional 5 rectangular specimens
from each group were selected for analysis with the
HECUS SAXS system3 (Hecus X-ray systems; Bruker
Austria GmbH) method to detect nanoscale structural
effects from exposure to MRI.7

Statistical analysis was performed by using a software
program (R version 3.6.1/2019; R Foundation). The re-
sults of the SBS, Ra, and Vh were statistically analyzed
with 1-way ANOVA and the Tukey honestly significant
difference (HSD) test (a=.05)

RESULTS

The results of the 1-way ANOVA test for estimating the
effect of 1.5-T and 3.0-T MRI application on the SBS, Ra,
and Vh of the experimental groups are summarized in
Table 3. The descriptive statistics and mean values of
SBS, Ra, and Vh are shown in Table 4.

According to the Tukey HSD test results (Table 4), the
SBS of the Co-Cr_Ca and Ni-Cr_Cb groups increased
and that of the Co-Cr_Cb and Ni-Cr_Ca groups
decreased significantly compared with their control
groups (P<.001). Additionally, the Co-Cr_La group
showed a higher bond strength value than the Co-Cr_Lb
group (P<.05). The Ra of the Co-Cr_Cb (P<.001) and
Ti_La (P=.005) groups increased while it decreased for
the Co-Cr_La (P=.023) group with respect to their control
groups. The Vh values of the casting groups showed
significant differences. The Vh of the Co-Cr_Cb group
decreased compared with that of the Co-Cr_Cc and Co-
Cr_Ca groups (P<.001) and that of the Ni-Cr_Cb group
increased compared with that of the Ni-Cr_Cc and Ni-
Cr_Ca groups (P<.01). No significant differences were
seen in the ZrO2_M group (P>.05).

Figure 4 demonstrates the SAXS results of the Co-
Cr_C, Ni-Cr_C, and Co-Cr_L groups. A, D, and G
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present the small angle data (q=scattering vector) of the
experimental groups. The scattering patterns of the
specimens provided information about the overall size
and shape of their nanostructure. The pair distance dis-
tributions (PDDs) (Fig. 4B, 4E, 4H) provided information
about the distances between particles, and the data from
these analyses provided information about the homo-
geneity of the material examined. The scattering data in
the SAXS analyses were obtained from electrons in the
structure of the matter examined. The radial electron
densities (rho(r)) (Fig. 4C, 4F, 4I) provided information
about the electron densities of the experimental groups.
DISCUSSION

Based on the findings, the null hypothesis that the
physical properties of the materials and metal-ceramic
bond would not be affected by exposure to the mag-
netic field and nonionized radiofrequency waves of MRI
applications was rejected for Co-Cr_C, Ni-Cr_C, and Co-
Cr_L specimens. The ZrO2 _M and Ti-L were not
affected significantly except for the Ra of Ti_L.

Several factors, including the oxide layer thickness of
the metal,5,8-10,12 production technique of the framework
material,13 alloy type,23 aging,6,11 mechanical loading
applications,6,10 and MRI applications,2 have been re-
ported to influence bond strength. In the present study, a
1-week aging process that corresponded to 1 year of
clinical use was performed. Then, 30 minutes of MR brain
imaging sequences were exposed with 1.5-T and 3.0-T
MRI devices. As a result of these applications, the SBS
of the Co-Cr_Ca and Ni-Cr_Cb groups showed an in-
crease, whereas the Co-Cr_Cb, Ni-Cr_Ca, and Co-Cr_Lb
groups showed a decrease compared with the control
groups. Co-Cr and Ni-Cr are MRI-incompatible18,22 al-
loys, and the differences in SBS are considered to be from
changes in the metal-ceramic interfaces and physical
properties of the specimens.

El-Bediwi et al2 reported that the Ra of Ti and Ni-Cr
alloys increased after MRI exposure. In the present study,
the Ra of the Ti_La and Co-Cr_Cb groups increased and
that of the Co-Cr-La group decreased compared with the
control groups. The differences in magnetic field strength
could affect the materials in different ways, which is
supported by the results of the SAXS analysis. The rho(r)
images of the SAXS analysis show that differences were
found in the electron densities of specimens after MRI
application (Fig. 4C, 4F, 4I), probably from differences in
radial electron densities.
Baysal et al



Table 4.Descriptive statistics for SBS (MPa), surface roughness (Ra), and
Vickers microhardness (Vh) of experimental groups

Test Grouping N Mean ±SD Minimum Maximum

SBS Co-Cr_Cab,c 20 24.1 ±1.2 21.3 25.7

Co-Cr_Cba,c 20 19.4 ±0.9 17.5 20.8

Co-Cr_Cca,b 20 21.7 ±1.6 18.0 23.9

Co-Cr_Lab 20 20.4 ±2.5 13.8 26.3

Co-Cr_Lba 20 18.8 ±1.4 15.6 20.9

Co-Cr_Lc 20 19.0 ±1.7 16.6 22.9

Ni-Cr_Cab,c 20 18.1 ±2.5 14.6 24.5

Ni-Cr_Cba,c 20 28.0 ±2.1 24.0 31.2

Ni-Cr_Cca,b 20 21.2 ±2.7 18.6 28.3

Ti_La 20 19.7 ±3.0 13.0 25.2

Ti_Lb 20 17.9 ±2.2 14.2 22.4

Ti_Lc 20 19.4 ±3.0 12.4 23.9

Zr_Ma 20 16.7 ±2.9 11.1 19.7

Zr_Mb 20 16.3 ±2.5 12.3 23.1

Zr_Mc 20 16.2 ±3.7 11.2 22.4

Ra Co-Cr_Cab 5 1.9 ±0.1 1.8 2.1

Co-Cr_Cba,c 5 2.3 ±0.1 2.1 2.4

Co-Cr_Cca 5 1.7 ±0.2 1.5 2.0

Co-Cr_Lac 5 1.1 ±0.1 1.0 1.4

Co-Cr_Lb 5 1.3 ±0.2 1.2 1.7

Co-Cr_Lca 5 1.5 ±0.1 1.4 1.6

Ni-Cr_Ca 5 1.5 ±0.2 1.1 1.7

Ni-Cr_Cb 5 1.6 ±0.1 1.3 1.7

Ni-Cr_Cc 5 1.6 ±0.2 1.4 1.8

Ti_Lac 5 1.3 ±0.2 1.0 1.6

Ti_Lb 5 1.0 ±0.2 0.8 1.3

Ti_Lca 5 0.7 ±0.2 0.4 1.0

Zr_Ma 5 0.3 ±0.1 0.2 0.5

Zr_Mb 5 0.3 ±0.1 0.1 0.5

Zr_Mc 5 0.3 ±0.1 0.1 0.6

Vh Co-Cr_Cab 5 458.6 ±39.2 426 520

Co-Cr_Cba,c 5 333.6 ±34.3 304 381

Co-Cr_Ccb 5 438.4 ±34.1 399 481

Co-Cr_La 5 509.6 ±13.0 495 527

Co-Cr_Lb 5 500.6 ±22.4 477 533

Co-Cr_Lc 5 507.2 ±20.9 482 525

Ni-Cr_Caa 5 310.8 ±41.7 269 366

Ni-Cr_Cba,c 5 391 ±16.0 375 409

Ni-Cr_Ccb 5 327.6 ±26.6 284 354

Ti_La 5 401.8 ±19.3 383 433

Ti_Lb 5 393 ±7.1 383 399

Ti_Lc 5 398.8 ±18.6 377 425

Zr_Ma 5 1504.6 ±83.9 1388 1609

Zr_Mb 5 1491.4 ±75.3 1402 1583

Zr_Mc 5 1520.2 ±70.2 1468 1643

Different superscript letters represent significant differences (P<.05) among groups.
Subgroup names a, 30 minutes 1.5-T; b, 30 minutes 3.0-T; c, control; SD, standard
deviation.

Table 3.One-way ANOVA results for shear bond strength (MPa), Vickers
microhardness (Vh), and surface roughness (Ra) of specimen groups

Experimental
Treatments

Source of
Variation df SS MS F P

Shear bond
strength (SBS)

d

Group 1 Co-Cr_C Between groups 2 214.8 107.4 60.7 <.001

Within groups 57 100.8 1.7 d d

Group 2 Co-Cr_L Between groups 2 29.9 14.9 3.7 .029

Within groups 57 228.1 4.0 d d

Group 3 Ni-Cr_C Between groups 2 1016.9 508.4 81.2 <.001

Within groups 57 356.7 6.2 d d

Group 4 Ti_L Between groups 2 39.3 19.6 2.5 .090

Within groups 57 447.1 7.8 d d

Group 5 Zr_M Between groups 2 3.1 1.5 0.1 .850

Within groups 57 548.8 9.6 d d

Surface roughness (Ra) d

Group 1 Co-Cr_C Between groups 2 0.7 0.3 16.2 <.001

Within groups 12 0.2 0.0 d d

Group 2 Co-Cr_L Between groups 2 0.3 0.1 4.8 .028

Within groups 12 0.3 0.0 d d

Group 3 Ni-Cr_C Between groups 2 0.0 0.0 0.2 .805

Within groups 12 0.5 0.0 d d

Group 4 Ti_L Between groups 2 0.7 0.3 7.7 .006

Within groups 12 0.6 0.0 d d

Group 5 Zr_M Between groups 2 0.0 0.0 0.0 .998

Within groups 12 0.3 0.0 d d

Vickers microhardness
(Vh)

d

Group 1 Co-Cr_C Between groups 2 45 026.8 22 513.4 17.3 <.001

Within groups 12 15 537.6 1294.8 d d

Group 2 Co-Cr_L Between groups 2 217.2 108.6 0.2 .750

Within groups 12 4441.2 370.1 d d

Group 3 Ni-Cr_C Between groups 2 17 889.7 8944.8 9.8 .002

Within groups 12 10 852 904.3 d d

Group 4 Ti_L Between groups 2 200.1 100.0 0.3 .686

Within groups 12 3097.6 258.1 d d

Group 5 Zr_M Between groups 2 2078.4 1039.2 0.1 .840

Within groups 12 70 621.2 5885.1 d d
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Hardness is defined as the resistance of the material
surface to permanent shape change1,3 and is affected
by heat,7 which is increased during MRI
exposure.14,15,17,21,22 El-Bediwi et al2 reported that MRI
applications lead to a decrease in the Vh values of pure
Ti cast and Ni-Cr alloys and stated that this decrease
might be caused by heat increase. However, others have
reported that the heat increase of dental materials was
minimal (between 0.6 �C and 1.80 �C) after MRI ap-
plications.14,15,21,22 Therefore, it is unlikely these small
heat changes affect the hardness of the dental metals.
Only very high (such as 800 �C for Co-Cr) heat changes
have been reported to influence the hardness of dental
metals.24 Therefore, the differences in the hardness of
the alloys are probably a result of the magnetic fields
and nonionized radio waves of MRI applications
changing the nanostructure.
Baysal et al
Co-Cr_C, Ni-Cr_C, and Co-Cr_L specimens showed
differences in their SAXS profiles, PDDs, and rho(r)
(Fig. 4). The hardness of the alloys can be explained with
the peak intensity value (Å) of the hump-shaped distance
in PDDs (Fig. 4B, 4E, 4H). According to the control group’s
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 4. SAXS profiles: I (q)-q data. I, scattered intensity; PDDs, pair distance distributions show distances of nano-aggregations; q, scattering vector;
Ra, surface roughness; rho(r)-r, radial electron densities; SAXS, small-angle x-ray scattering; SBS, shear bond strength; Vh, Vickers hardness.
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nanoformations, the effect of magnetic field on 3D nano-
globular aggregations has appeared as shape differences.
The shape changed from spherical forms to the more cy-
lindrical morphologies as expected. For the Co-Cr_C
group, the most possible distance values between the
nanoglobules were equal to 118.9 Å (Co-Cr_Cc), 112.7 Å
(Co-Cr_Ca), and 125.0 Å (Co-Cr_Cb). The decrease in
PDD value indicated that the interactions between the
nanoglobules of the Co-Cr_Ca group increased and that
this led to the increase in the Vh of the Co-Cr_Ca (458.6
±39.2 HV1) group. The increase in PDD value of the Co-
Cr_Cb group indicated that the interaction between
nanoglobules decreased, so the Vh of this group (333.6
±34.3 HV1) also decreased. The most possible distance
values between the nanoglobules of the Ni-Cr_C group
were equal to 120.3 Å (Ni-Cr_Cc), 121.7 Å (Ni-Cr_Ca), and
112.1 Å (Ni-Cr_Cb). From these values, the increase in the
Vh of the Ni-Cr_Cb (391 ±16.0 HV1) group compared with
that of the Ni-Cr_Cc (327.6 ±26.6 HV1) and Ni-Cr_Ca
(310.8 ±41.7 HV1) groups can be explained by the in-
crease in interaction between nanoglobules. The Vh values
of the Co-Cr_L group were not as affected by the MRI
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application as the casting groups, probably a result of the
different production techniques. The DMLS technique
decreased the interparticle thickness and bilayer thickness
of the material and eliminated defects and production
errors.7,14

Ni and Co are ferromagnetic metals,1,17 so their
magnetic dipole moments can change directions from the
effect of an external magnetic field, affecting mechanical
properties. Co has a hexagonal crystallization form, and
Ni is cubic.1 Alloys made with these metals form rod-
shaped nanocrystals (Co) or globular or cylinder close
to globular (Ni).1,25 With the addition of Cr in this
structure, variations in these shapes may occur, and the
hardness may also increase or decrease depending on the
variations in the magnetic dipole orientations. The in-
crease in Ni-Cr hardness in a 3.0-T magnetic field may be
an indication that magnetic dipoles and globular ferro-
magnetic grains are oriented in parallel directions.
Additionally, the formation of intersite physicochemical
bonds and particle distances affected the mechanical
properties of the material.26 The regions and clusters
associated with nanoparticles also directly affect the
Baysal et al
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mechanical properties of metal alloys.1,3,26 The changes
in the production stages of metals also cause differences
in the physical properties of the materials.1,3,26 In future
studies, these findings can be evaluated by scanning
electron microscopy (SEM) and energy dispersion x-ray
spectrum (EDS) analyses, which allow for a more detailed
examination of the surfaces.

Considering the changes in nanostructural, physical,
and metal-ceramic bonding of the materials after MRI
applications, paramagnetic materials could be recom-
mended to protect the fixed partial restorations from MRI
signals. However, this aspect needs to be verified with
clinical studies.
CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. A 30-minute 1.5-T MRI application decreased the
metal-ceramic bond of Ni-Cr alloy but increased the
bond of cast and DMLS Co-Cr alloys. A 30-minute
3.0-T MRI application increased the metal-ceramic
bond of Ni-Cr alloy while decreasing the bond of
cast and DMLS Co-Cr alloys.

2. A 30-minute 1.5-T MRI application increased the
surface roughness of DMLS Ti but decreased the
roughness of DMLS Co-Cr alloy. A 30-minute 3.0-T
MRI application increased the surface roughness of
casting with Co-Cr alloy.

3. A 30-minute 3.0-T MRI application decreased the
Vickers microhardness of casting with Co-Cr alloy
but increased the microhardness of Ni-Cr alloy.

4. The MRI applications led to significant effects on the
metal-ceramic bond and physical properties of ferro-
magnetic substructure materials used in fixed partial
dentures as seen in SAXS profiles, PDDs, and rho(r).
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