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As aresult of extensive investigations into deformation mechanisms of titanium alloys, it has been
found that ductile and brittle behavior occurs during diamond cutting of the alloys. Other than
implementing ductile regime machining for improving machining performances, in this study, an
application of magnetic field in diamond cutting is proposed to enhance the machining performances
in both ductile and brittle deformations in diamond cutting of titanium alloys. Results from the
experiments showed that under the influence of a magnetic field, the cutting heat at the tool/titanium
interface decreased, and surface damages induced from the brittle deformation were remarkably
suppressed. The surface quality of both ductile and brittle deformation areas was enhancedin a
presence of the magnetic field, which the surface profiles were less distortive with fewer cracks and
defects in brittle deformation regions, and the cutting forces at the transition point became less
fluctuant and much smoother. This study contributes enhancements of machining performances in
ductile and brittle machining in diamond cutting of titanium alloys, increasing the precise level of
machined components made with titanium alloys.

Titanium alloys are used extensively in biomedical industries, especially for orthopedic and dental treatments,
because of their superior material properties such as excellent chemical resistance, biocompatibility, and fracture
resistance! . Medical components made with titanium alloys are required to be manufactured precisely in order
to produce a surface quality suitable for biomedical uses. Although titanium alloys have excellent material prop-
erties, they are difficult to cut. Titanium alloys have low thermal conductivity, which causes a localization of high
cutting temperature at the cutting zone, deteriorating the tool condition and surface integrity of the machined
surface. Also, titanium alloys have high yield strength and their flow stresses dramatically increase when the
strain rate is over 10°>s™! in some particular deformation conditions®~’. Therefore, the deformation regime and
mechanism of titanium alloys in machining are reported to be ultimately intricate and complicated, which have
led to in-depth investigations.

Machining is defined as a process in which a raw material is cut into a designed shape and size by using a man-
ageable material removal process with desired machining conditions. Once a process involves a cut or removal
of materials, deformation mechanisms of the material are raised and commonly they include ductile and brittle
deformation modes. Therefore, ductile and brittle deformation regimes are important in machining process as
they greatly affect the setting of machining parameters such as depth of cut, feedrate, spindle speed, and final
machining outcomes. In a machining process, an occurrence of brittle deformation is not desirable because it
deteriorates surface finishing, cracks and voids appear in a brittle region of the machined surface®-!!. Researchers
have reported that brittle materials display a response of plastic deformation when machining relatively small
depths of cut!>!. Therefore, in order to avoid brittle cracks from materializing on the machined surface, it is
recommended that materials be cut with a ductile regime machining at the condition of small cutting depth.

Ductile and brittle behavior is one of remarkable machining characteristics in diamond cutting of
ultra-precision machining, which regulates material deformation modes and fracture modes. Ductile and brittle
behavior happens simultaneously in machining and changes with different machining conditions, which one of
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their main deformation factors is temperature'®. Shimada et al.'® and Xiao et al.'” conducted molecular dynamic
simulations of brittle and ductile ultra-precision machining of silicon. As high cutting temperature and a small
diamond tool tip involved, they proposed that a thermal shock existed at the tool/workpiece interface, which
would cause crack propagations after critical machining values, leading to a brittle deformation on the machined
area. With the linkage of high cutting temperature in ultra-precision machining, the thermal gradient generated
in diamond cutting also affects the brittle and ductile deformations of metals. Gumbsch et al.'® reported that
different materials such as glass, refractory metals, steels and semiconductor crystal exhibited ductile and brittle
transition at characteristic temperature with a thermal gradient, which crack initiations were happened at the
beginning. Then, cracks generated inside a material propagated as brittle cracks with sharp crack front, further-
more, the materials near the crack tips displayed enough plasticity to slow down. The above literature described
the significant effect of temperature and temperature gradient on the tool/workpiece interface on the ductile to
brittle behavior of materials.

Ductile machining denoted as a feasibility to machine a material mainly by a plastic flow using single point
diamond tool, which the machined area is crack free with mirror grade surface; a material displays a transition
from ductile to brittle machining regime on the machined surface when the cutting distance increases above the
critical cutting thickness or distance'®. On the other hand, the brittle and ductile behavior of titanium alloys has
rarely been investigated. Yip and To* investigated the brittle and ductile deformation mode of titanium alloys in
diamond cutting and reported the discovery of clear transition point, brittle and ductile regions on the machined
area of titanium alloys in diamond cutting. Also, the ductile deformation region appeared when the cutting dis-
tance was below the critical cutting value. Therefore, in order to implement ductile regime machining of titanium
alloys, the machining parameters should be set at a relatively small depth of cut and cutting distance which does
not go above the critical cutting value. Some researchers applied ductile machining of materials by controlling the
cutting distance in machining processes. Blackley and Scattergood?®! investigated optimum machining parameters
for ductile machining and found that the ductile regime material removal process was highly related to depth of
cut, which meant that ductile machining could be achieved by setting a relatively small cutting thickness. Zhang
et al.® applied an ultrasonic assisted cutting technique to shorten the cutting distance in diamond cutting, and
attained ductile machining by reducing the contact distance in an instantaneous cutting area. Generally, how-
ever, machining parameters in mechanical machining processes of industrial fields normally are set as various
values for components with complicated shapes, especially depth of cut and cutting distance. This leads to larger
values of those machining parameters than the critical values in practical cutting practices. Therefore, ductile
machining sometime is not workable for practical applications. For this reason, apart from conducting machining
processes with limited depth of cut and cutting distance, another adaptable approach is to suppress or minimize
the machining characteristics of brittle deformation in machining in order to lower its negative effects on the
machined surface. Another machining strategy is to enhance the smooth cutting area in ductile deformation
thereby uplift machined surface integrity at both the ductile and brittle deformation regions.

In this study, single point diamond cutting assisted by a magnetic field is proposed to enhance the machining
performance of both ductile and brittle deformation in diamond cutting of titanium alloys. In experiments, a
magnetic field is superimposed into the diamond cutting process to show the effectiveness of the magnetic influ-
ences on ductile and brittle deformation behavior in diamond cutting of titanium alloys.

Thermal conductivity of titanium alloys/tool interface under a magnetic field

Titanium alloys actually contain magnetic elements reacting to a magnetic field positively, which the magnetic
elements include titanium and iron, the magnetic particles discussed in this study would refer to these two ele-
ments. According to the material source book?, titanium alloys are paramagnetic materials, they show a positive
reaction toward a magnetic field as long as a magnetic field is present, meaning the magnetic particles inside
titanium alloys are able to align under the influence of a magnetic field and form aggreged structures with highly
conductive properties.

Researchers have reported that magnetic particles inside magnetic materials would be aggerated and aligned
with the direction of an external magnetic field. This phenomenon is clarified by magnetic filler interactions of
magnetic particles in a presence of a magnetic field®. In the condition of zero magnetic field intensity, magnetic
particles may move randomly to other particles because of the van der Waals forces. In a presence of magnetic
field, magnetic dipolar energy is large enough to overcome the thermal energy so that magnetic particles tend
to align with the direction of the external field. After that, the aligned particles become linear chains, which are
highly conductive paths for transferring heat*?* and therefore the thermal conductivity of magnetic materi-
als are enhanced in a presence of magnetic field. Previous research also identified an enhancement of thermal
conductivity of materials under the influence of a magnetic field. Vuppu et al.?® applied an unidirectional mag-
netic field using permeant magnets, and discovered that paramagnetic particles were aggregated and formed as a
chain structure. Chains initially grew from the static condition, and the length of chains decreased as drag forces
increased. Boudenne et al.”’ fabricated a thermally conductive silicone rubber filling with nickel particles under
a magnetic field and discovered that nickel particles were aligned inside a polymeric matrix. They confirmed that
the thermal conductivity of polyermeric matrix prepared within a magnetic field increased about 100% in com-
parison to the same sample with a random distribution of particles. Using the same logic in this study, in increase
in the thermal conductivity induced from highly conductive magnetic chains under the influence of a magnetic
field could be applied into diamond cutting of titanium alloys. The thermal conductivity of titanium alloys in
a cutting process is enhanced under the magnetic field influence for quickly dissipating the cutting heat. The
thermal conductivity at the titanium alloys/tool interface was enhanced under the influence of a magnetic field.
In response to the improved performance of heat transference, the degree of machining characteristic of brittle
deformation decreased at relatively low deformation temperatures, and also, the deformation area by ductile
machining is improved because of lowering cutting temperature at the tool/workpiece interface. Therefore, the
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Area A: Ductile deformation region
Area B: Ductile and brittle transition point
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Figure 2. Locations of area A, B, and C on the machined groove of MFSs and NMFSs.

levels of both brittle and ductile deformations in diamond cutting of titanium alloys are reduced and upgraded,
respectively.

Method

Two-phase titanium alloys, Ti6Al4V (TC4), were used as workpiece materials for the experiments. In the exper-
iments, a straight line was cut on the titanium alloy’s surface using a single point diamond tool in a presence of
a magnetic field, while a comparative test was conducted by implementing diamond cutting in an absence of
a magnetic field. Depth of cut (DOC) was adjusted by five values from 3 pm to 7 um with 1 um interval value.
Therefore, five straight lines would be cut individually on the machined surface of the two samples. The samples
processed the diamond cutting tests in the presence and the absence of a magnetic field, which were named as
MFS (magnetic field sample) and NMFS (non-magnetic field sample) respectively. The cutting velocity and tool
radius were 150 mm/min and 1.494 mm respectively. A magnetic field was provided by two permanent magnets
with a magnetic field intensity of 0.03 T. Titanium alloys were placed at the center of two permanent magnets to
expose them to a magnetic field. The experimental setup is shown in Fig. 1. A Moore Nanotech 350FG (4 axis
ultra-precision machine) was used as the diamond cutting equipment. Surface roughness, cutting radius and
depth of cut of the samples were measured by the Wyko NT8000 Optical Profiling System, which is an optical
profiler using non-contact measurement.

Results

Machined groove surface and profile. In order to evaluate the effectiveness of a magnetic field on sup-
pressing surface damages in a brittle deformation, the machined surfaces and profiles of MFSs and NMFSs were
measured. The three areas, A, B, and C, of machined groove were measured and the locations of corresponding
areas are shown in Fig. 2. Applications of diamond tool with small size and extremely small DOC cause unique
cutting mechanism of ultra-precision machining. In ultra-precision machining of titanium alloys, because of the
integral effect of an increase in cutting depth/cutting distance and low thermal conductivity of materials, there
exists a high thermal gradient between the cutting area at the diamond tool tip and the surrounding materials
near the top surface. This high thermal gradient between small cutting area and the its surrounding materials
causes thermal shock. The ductile area at the tool tip and relatively brittle area near the surrounding materials
lead an appearance of crack initiation at the cutting area, which starts the transition from a ductile deformation to
a brittle deformation. The areas, A, B, and C of NMFSs and MFSs generated under all ranges of DOC are shown
in Figs 3 and 4 respectively. According to the results of microscopic views of machined groove at relatively low
DOC (3-4pm), the surface quality of area C was the worst, while the surface quality of area A was the best among
all three areas, these proved that ductile deformations were happened at areas A and brittle deformations were
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Figure 3. Machined groove surfaces of NMFSs generated at DOC 3-7 pm.

happened at areas C. On the other hand, sharp and clear fractural surfaces were displayed at areas B, therefore
ductile to brittle transition point was located at area B. For relatively high DOC 5-7 um, as much higher cutting
heat was trapped at the small diamond tool/workpiece interface, brittle fractures were disappeared at all three
areas A, B and C. The fully brittle deformation regime was occupied during entire cutting.

In contrast to NMFSs, MESs displayed superior surface quality at all ranges of DOC. At DOC 3-4pum, in
comparison to NFMSs, smoother groove edges were shown on areas A of MFSs and there was no obvious crack
point generated on areas B and C. Especially for DOC 4 um, a smooth and straight machined groove was gen-
erated, with nearly no transition crack at the area B and an extremely low level of uncut surface in the area C. At
DOC 5-7 um, although the fully brittle deformation mode had existed in MFSs too, the machined groove surface
and edge of MFSs displayed almost no crack and fissure, which an unswerving and linear groove was formed in
the fully brittle deformation regime in diamond cutting of titanium alloys. The above results conclusively verify
improvements of machined areas generated by the ductile and brittle deformation regimes under the magnetic
field influence, which suppressed the surface damages of brittle deformation and facilitated smooth cutting of
ductile deformation in diamond cutting of titanium alloys.

The groove profiles of both MFSs and NMFSs are shown in Fig. 5. According to Fig. 5(a), all the groove profiles
of NMFSs were distorted to the right-hand side, showing the wavy surface at groove edges especially at the left
edges. For DOC 3-4um, clear transition cracks displayed at the left sides of the groove edges in area B, which
these results were consistent with the results of microscopic of machined surface above and area B was denoted
the ductile and brittle transition point. In contrast to NMFSs, for MFSs generated at DOC 3-7 um as shown in
Fig. 5(b), the groove profiles of MFSs showed even shapes with less wavy and fewer cracked surfaces near the
edges; the grooves formed as arc curves which were similar to the shape of diamond tool. Even at DOC 3-4 pm,
the transition points on the groove crack were blurred and unclear, providing the evidences of the suppression of
surface damages in the brittle deformation mode in diamond cutting of titanium alloys.
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Surface roughness and surface quality. Surface roughness of areas A, B, and C of MFSs and NMFSs at
DOC 3-7pm is shown in Table 1. Because of the transition points and brittle facture deformations at areas B and
C respectively, surface roughness of these two areas showed higher than that of area A for all samples. On the
other hand, surface roughness of areas A, B, and C of NMFSs was much higher than that of MFSs at all range of
DOC cutting.

The side views of entire machined groove of both MFSs and NMSs were observed under an optical profiler
and are shown in Fig. 6(a,b). The ragged surfaces located obviously in the middle part of machined grooves for
NMESs at DOC 3-4 um, showing the sharp transition points of ductile to brittle area for NMFSs. For DOC
5pm, the side view of brittle deformation machined area displayed uneven height, which was caused by the
brittle fracture in the brittle deformation mode. Conversely, the machined groove sides of MFSs at DOC 3-7 um
showed relatively flat and glossy. No sharp transition point was located at the middle location of the grooves.
Also, the machined surfaces with even and stable height were formed at the end part of machined grooves, which
were defined as the brittle deformation areas of MFSs. Above information again proves improvements of surface
quality and precise level of machined surface generated at both ductile and brittle deformation areas under the
influence of magnetic field.

Cutting force analysis. Figure 7(a,b) show thrust forces of both MFSs and NMFSs generated at DOC
3-7pm. The thrust forces in diamond turning are denoted as signaling an occurrence of material swelling of
the machined surface?®-3°, which means that the deformation mode of the machined surface could be reviewed
through an observation of the change in thrust forces. For the purpose of observation of change in force trend
in diamond cutting tests, therefore the magnitude (y axis) of thrust force can be ignored in this case. According
to Fig. 7, the increasing/decreasing patterns of thrust force of MFSs were similar with NMFSs at DOC 3-7 pm.
For the thrust forces generated under DOC 3-4 pum, the thrust forces of both MFSs and NMFSs decreased at the
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Figure 5. Machined groove profiles of (a) NMFSs and (b) MFSs generated at DOC 3-7 pm.

3 181 56 214 63 192 61
4 184 62 221 74 196 70
5 200 76 226 80 216 81
6 206 78 231 82 220 82
7 301 82 312 84 306 89

Table 1. Surface roughness of NMFSs and MFSs at areas A, B and C.

beginning and then increased in the following cutting distance, leading to an appearance of the lowest points
in between of decreasing and increasing of thrust forces, which was defined as the transition point of ductile to
brittle deformation. The changing pattern of decreasing and increasing of thrust forces at a single cut provided an
evidence of two different deformation modes when cutting at a constant depth of cut®. Similarly, the thrust forces
showed a decreasing trend at the beginning region in the experimental results of diamond cutting of titanium
alloys, which was the evidence of ductile machining. On the other hand, the brittle fracture deformation gener-
ated cracks and fractures on the machined surface consumed higher forces as well as cutting energy. Therefore,
the machined surface generated by an increasing thrust force on the deformation area was generated by brittle
deformation regime. The ductile and brittle deformations happened at DOC 3-4 pm, while the fully brittle defor-
mation happened at DOC 5-7 um.

Although the MFSs and NMFSs behaved similar in the deformation modes at all values of DOC, the level and
degree of the particular deformation mode (brittle/ductile) were significantly different. For the thrust forces gen-
erated at DOC 3-4 pum, the increasing/decreasing slopes of thrust forces generated for MFSs were much gentler
than that of NMFSs; the decreasing and increasing slopes for MFSs were smaller than that of NMFSs. Also, the
transition points in between the decreasing and increasing forces generated in MFSs were blurred and unclear.
Especially for the thrust force at DOC 4 um, the transition point nearly disappeared and showed as a smooth
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Figure 6. Side view of machined groove of (a) MFSs and (b) NMFSs generated at DOC 3-7 um.

connection line. On the other hand, as the heat transference under the magnetic field influence increased, the
end part of thrust force of MFS at DOC 4 um was totally dissimilar from that of the NMFS. The thrust force at the
end part for the MFS did not increase as same as that of NMFS but rather displayed as a smooth flat line during
the remaining part of diamond cutting, while the thrust force of NMF showed a dramatic increase and created
a clear transition point. The above implies that the brittle deformation mode in diamond cutting of titanium
alloys is relieved and minimized under the influence of magnetic field. The underlying reason was possibility an
enhancement of thermal conductivity of titanium alloys in a presence of a magnetic field, which it decreased the
thermal gradient between the tool/workpiece interface and the surrounding materials, and therefore the crack
initiation was suppressed.

Ductile and brittle deformations happen in diamond cutting of titanium alloys. In some practical situations,
diamond cutting processes with parameters over the critical values of cutting depth and cutting distance are una-
voidably performed, which they make ductile machining unfeasible. In this study, an application of magnetic field
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Figure 7. Thrust forces of (a) MFSs and (b) NMFSs generated at DOC 3-7 pm.

into diamond cutting of titanium alloys was proposed to deliver the feasibility of alternative approach. By employ-
ing a magnetic field to diamond cutting of titanium alloys, the surface damages and fractural cracks in the brittle
deformation region were minimized, also, the surface quality in the ductile machining region were enhanced.

Data Availability
The datasets generated during and/or analyzed during this study are available from the corresponding author on
reasonable request.

References
1. Long, M. & Rack, H. J. Titanium alloys in total joint replacement - a materials science perspective. Biomaterials 19, 1621-1639
(1998).
2. Bhadra, C. M. et al. Antibacterial titanium nano-patterned arrays inspired by dragonfly wings. Sci. Rep. 5, 16817 (2015).
3. Eger, M, Sterer, N., Liron, T., Kohavi, D. & Gabet, Y. Scaling of titanium implants entrains inflammation-induced osteolysis. Sci. Rep.
7,39612 (2017).
4. Rezaei, M., Tamjid, E. & Dinari, A. Enhanced cell attachment and hemocompatibility of titanium by nanoscale surface modification
through severe plastic integration of magnesium-rich islands and porosification. Sci. Rep. 7, 12965 (2017).
5. Khorev, A. I. High-strength titanium alloy VT23 and its applications in advanced welded and brazed structures. Weld. Int. 24,
276-281 (2010).
6. Wulf, G. L. High strain rate compression of titanium and some titanium alloys. Int. J. Mech. Sci. 21, 713-718 (1979).
7. Follansbee, P. S. & Gray, G. T. An analysis of the low temperature, low and high strain-rate deformation of Ti- 6Al- 4V. Metall. Trans.
A 20, 863-874 (1989).
8. Zhang, J., Suzuki, N., Wang, Y. & Shamoto, E. Fundamental investigation of ultra-precision ductile machining of tungsten carbide
by applying elliptical vibration cutting with single crystal diamond. J. Mater. Process. Technol. 214, 2644-2659 (2014).
9. Mukaida, M. & Yan, J. Ductile machining of single-crystal silicon for microlens arrays by ultraprecision diamond turning using a
slow tool servo. Int. . Mach. Tools Manuf. 115, 2-14 (2017).
10. Meng, B., Zhang, E & Li, Z. Deformation and removal characteristics in nanoscratching of 6H-SiC with Berkovich indenter. Mater.
Sci. Semicond. Process. 31, 160-165 (2015).
11. Choi, D.-H. et al. Study on ductile mode machining of single-crystal silicon by mechanical machining. Int. J. Mach. Tools Manuf.
113,1-9 (2017).

SCIENTIFICREPORTS| (2019) 9:4056 | https://doi.org/10.1038/s41598-019-40702-7 8


https://doi.org/10.1038/s41598-019-40702-7

www.nature.com/scientificreports/

12. Lawn, B.R,, Jensen, T. & Arora, A. Brittleness as an indentation size effect. J. Mater. Sci. 11, 573-575 (1976).

13. Arif, M., Rahman, M. & San, W. Y. Analytical model to determine the critical conditions for the modes of material removal in the
milling process of brittle material. J. Mater. Process. Technol. 212, 1925-1933 (2012).

14. Foy, K., Wei, Z., Matsumura, T. & Huang, Y. Effect of tilt angle on cutting regime transition in glass micromilling. Int. J. Mach. Tools
Manuf. 49, 315-324 (2009).

15. Wang, B,, Liu, Z., Su, G., Song, Q. & Ai, X. Investigations of critical cutting speed and ductile-to-brittle transition mechanism for
workpiece material in ultra-high speed machining. Int. J. Mech. Sci. 104, 44-59 (2015).

16. Shimada, S. et al. Brittle-ductile transition phenomena in microindentation and micromachining. CIRP Ann. Technol. 44, 523-526
(1995).

17. Xiao, G., To, S. & Zhang, G. Molecular dynamics modelling of brittle-ductile cutting mode transition: case study on silicon carbide.
Int. J. Mach. tools Manuf. 88, 214-222 (2015).

18. Gumbsch, P, Riedle, J., Hartmaier, A. & Fischmeister, H. E. Controlling factors for the brittle-to-ductile transition in tungsten single
crystals. Science (80-.). 282, 1293-1295 (1998).

19. Fang, F. Z. & Chen, L.]. Ultra-precision cutting for ZKN7. glass. CIRP Ann. Technol. 49, 17-20 (2000).

20. Yip, W. S. & To, S. Ductile and brittle transition behavior of titanium alloys in ultra-precision machining. Sci. Rep. 8 (2018).

21. Blackley, W. S. & Scattergood, R. O. Ductile-regime machining model for diamond turning of brittle materials. Precis. Eng. 13,
95-103(1991).

22. Suenaga, M. A source book of titanium alloy superconductivity: by EW Collings; published by Plenum, New York, 1983; 512 pp.;
price, US $69.50. (1984).

23. Sorokin, V. V. et al. Experimental study of the magnetic field enhanced Payne effect in magnetorheological elastomers. Soft Matter
10, 8765-8776 (2014).

24. Philip, J., Shima, P. D. & Raj, B. Evidence for enhanced thermal conduction through percolating structures in nanofluids.
Nanotechnology 19, 305706 (2008).

25. Nkurikiyimfura, I., Wang, Y. & Pan, Z. Effect of chain-like magnetite nanoparticle aggregates on thermal conductivity of magnetic
nanofluid in magnetic field. Exp. Therm. Fluid Sci. 44, 607-612 (2013).

26. Vuppu, A. K., Garcia, A. A. & Hayes, M. A. Video microscopy of dynamically aggregated paramagnetic particle chains in an applied
rotating magnetic field. Langmuir 19, 8646-8653 (2003).

27. Boudenne, A., Mamunya, Y., Levchenko, V., Garnier, B. & Lebedev, E. Improvement of thermal and electrical properties of
Silicone-Ni composites using magnetic field. Eur. Polym. J. 63, 11-19 (2015).

28. Kong, M. C,, Lee, W. B., Cheung, C. F. & To, S. A study of materials swelling and recovery in single-point diamond turning of ductile
materials. J. Mater. Process. Technol. 180, 210-215 (2006).

29. Cheung, C. F. & Lee, W. B. Characterisation of nanosurface generation in single-point diamond turning. Int. J. Mach. Tools Manuf.
41, 851-875 (2001).

30. Lee, W. B,, Cheung, C. E. & To, S. Characteristics of Microcutting Force Variation in Ultraprecision Diamond Turning. Mater. Manuf.
Process. 16, 177-193 (2001).

Acknowledgements

The works described in this paper are supported by the Research Grants Council of the Hong Kong Special
Administrative Region, China (Project No. PolyU 152125/18E) and the National Natural Science Foundation of
China (51675455).

Author Contributions
W.S. Yip and S. To conceived of and conducted the experiments and analyzed the results. All authors reviewed
the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:4056 | https://doi.org/10.1038/s41598-019-40702-7 9


https://doi.org/10.1038/s41598-019-40702-7
http://creativecommons.org/licenses/by/4.0/

	Control of the ductile and brittle behavior of titanium alloys in diamond cutting by applying a magnetic field

	Thermal conductivity of titanium alloys/tool interface under a magnetic field

	Method

	Results

	Machined groove surface and profile. 
	Surface roughness and surface quality. 
	Cutting force analysis. 

	Data Availability

	Acknowledgements

	Figure 1 Experimental setup of diamond cutting in a presence of a magnetic field.
	Figure 2 Locations of area A, B, and C on the machined groove of MFSs and NMFSs.
	Figure 3 Machined groove surfaces of NMFSs generated at DOC 3–7 μm.
	Figure 4 Machined groove surfaces of MFSs generated at DOC 3–7 μm.
	Figure 5 Machined groove profiles of (a) NMFSs and (b) MFSs generated at DOC 3–7 μm.
	Figure 6 Side view of machined groove of (a) MFSs and (b) NMFSs generated at DOC 3–7 μm.
	Figure 7 Thrust forces of (a) MFSs and (b) NMFSs generated at DOC 3–7 μm.
	Table 1 Surface roughness of NMFSs and MFSs at areas A, B and C.




