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Abstract: The hard magnetic alloy FeCr30Co8 alloy was subjected to severe plastic deformation
(SPD) by torsion combined with tension in the temperature range of 750 °C to 850 °C. This range
of deformation temperatures corresponds to the « solid solution on the Fe-Cr—Co phase diagram.
The study of the alloy after SPD by means of X-ray diffraction (XRD) and scanning and transmission
electron microscopy techniques showed the formation of a gradient microstructure with fine grain
size in the surface layer and precipitation of the hard intermetallic o-phase. Next, the magnetic
and mechanical properties of the deformed alloy after short annealing at 1000 °C and magnetic
treatment were studied. A slight decrease in coercive force was found, along with a significant gain in
plasticity and strength. The effective deformation temperature was determined to obtain the optimal
magnetic and mechanical characteristics of the alloy. This method of deformation can be applied for
the improvement of the mechanical properties of some magnets (high-speed rotors) which should
have good magnetic properties within their volume while maintaining good mechanical properties
on the surface.

Keywords: hard magnetic alloy; severe plastic deformation; gradient microstructure; coercive force;
three-point bending test

1. Introduction

The subject of hard magnets with a gradient distribution of properties is of interest to industries
seeking materials for high-speed rotors with a strengthened surface layer. This results from the fact
that damage to rotors begins in most cases with the appearance of brittle cracks on their surfaces [1].
There are currently various methods of modifying the structure at the surface of materials in order to
obtain desired properties. Among these methods, severe plastic deformation (SPD) [2,3], such as surface
mechanical grinding treatment via static burnishing the surface with rollers [4] and surface mechanical
attrition treatment via dynamic ball peening [5-7], is the most popular. These processes, however,
suffer from either low processing efficiencies, or limited nanostructured layer thicknesses, or structural
inhomogeneity [4,5]. Moreover, the techniques cannot be used in the case of hard magnetic materials in
the high coercive state because of their brittleness. In this paper, a unique method of combined load by
torsion and tension is proposed as a means of obtaining axially symmetrical permanent magnets with
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good mechanical properties of the surface and satisfactory magnetic properties within the material.
Improved mechanical properties at the surface of the material can be achieved by obtaining an ultra-fine
crystalline microstructure with the use of localized severe plastic deformation, while a high level of
magnetic properties is ensured by the preservation of a coarse-grain microstructure in the volume
of material.

The Fe-Cr—Co-based alloys are deformable hard magnetic materials of the precipitation-hardening
class [8,9]. The alloys of this system combine high magnetic hysteresis properties (residual induction,
coercivity, and maximum energy product) with high mechanical properties (strength and ductility) [10].
This explains their wide application in the production of permanent magnets working under conditions
of high dynamic loads. Alloys of the Fe—-Cr—Co system are susceptible to all kinds of pressure treatment
compared to other hard magnetic materials, which allows the production of permanent magnets of
various shapes and sizes. A high coercive state of the Fe-Cr-Co system alloys is obtained as the result
of magnetic treatment with multistage tempering. The decomposition of the solid o solution into the
coherent and ordered precipitates of the &;- and x;-phases is observed after magnetic treatment [11].
Such a microstructure, in which each precipitate of the «;-phase is a single magnetic domain, ensures
superior magnetic properties. On the other hand, internal stress fields induced by coherent boundaries
between the precipitates of the o;- and x,-phases cause a reduction of plasticity and strength. The main
aim of this work is to study the effect of a gradient microstructure (obtained as a result of plastic
deformation by combined tension and torsion) on the improvement of the mechanical properties of the
FeCr30Co8 hard magnetic alloy.

2. Materials and Methods

The FeCr30Co8 alloy (59.4 wt % Fe, 29.6 wt % Cr, 7.9 wt % Co, 1.8 wt % Si, 1.1 wt % Ti, 0.2 wt % V) after
casting and rolling was subjected to homogenization and water quenching from 1150 °C in order to
obtain the « solid solution with a grain size of about 200 um. Ingots with a diameter of 8§ mm were cut by
means of spark erosion into cylindrical samples of 44 mm length. Some of these samples were subjected
to magnetic treatment to obtain a high coercive state (HCS) without deformation. Other samples
underwent SPD by torsion combined with tension. The deformation was carried out on an SNT-10BD
(Pisarenko Institute for Problems of Strength of the National Academy of Sciences of Ukraine, Kiyv,
Ukraine) complex loading machine, which was modernized at the Institute of Problems of Metal
Superplasticity of the Russian Academy of Sciences. This machine allows testing the mechanical
properties of materials under complex loading with sequential or simultaneous action of loading
elements (torsion combined with tension or compression for solid samples and with additional internal
pressure loading for tubular samples) at room temperature or high temperatures [12]. The sample
was fixed between the lower and upper anvils of the complex loading machine. Axial deformation
and torsion of the sample were carried out by means of the lower anvil. The lower anvil was rotated
at a rate of w = 0.016 rad/s and moved down in a vertical direction at a rate of V = 0.0025 mm/s,
while the upper anvil was stationary and was connected with the sensors that measure the axial
force and torque. The loading between tension and torsion was proportional and the proportionality
factor « reached 6.4 rad/mm (x = w/R). It can be seen that torsion made up the main share in the
proportional deformation of the sample. The samples were subjected to nine rotations and 20%
elongation. The deformation was performed at the temperatures 750 °C, 800 °C, and 850 °C, which
correspond to the x-phase area occurrence. The temperatures and rates of deformation corresponded
to the superplasticity conditions of the examined alloy [13]. The total degrees of cumulated plastic
deformation were calculated at distances of 3.5 and 2 mm from the center of the deformed samples
using Equation (1):

ey = ln(l + %) 1+ (%)Z 1)
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where R (mm) is the distance to the deformed sample’s rotation axis; AL (mm) is the tensile gain; and L
(mm) is the sample length after deformation.

The microstructure observations were performed by means of an XL 30 ESEM scanning electron
microscope (SEM), Philips (Hillsboro, OR, USA), with a LINKISIS energy-dispersive X-ray spectrometer
(EDS) produced by Oxford Instrument (Hillsboro, OR, USA). The SEM microstructure observations
were performed at the distance of a half-length of the samples at their longitudinal section (Figure 1g).
The SEM images were taken using backscattered electron signal (BSE) mode in order to obtain the
composition contrast between different phases. The specimens for SEM observations were ground
with SiC grinding paper and sequentially polished with 6 pm, 3 um, and 1 um diamond pastes.
Next, the samples were electrolytically polished in an electrolyte composed of 10 ml of hydrochloric
acid and 1000 ml of butanol. Chemical etching was carried out in a reagent composed of 5 drops of
glycerol, 15 ml of hydrochloric acid, 15 ml of acetic acid, and 10 ml of nitric acid HNOj3. The details
of the microstructure in nanoscale were revealed using a TECNAI G2 FEG super TWIN (200 kV)
transmission electron microscope (TEM) equipped with an energy dispersive X-ray (EDS) spectrometer
manufactured by EDAX TECNAI (Mahwah, NJ; USA). Thin foils of the alloy for TEM observation
(TECNALI, Hillsboro, OR, USA) were prepared by a twin-jet polishing technique using the electrolyte
composed of 10 ml of hydrochloric acid and 1000 ml of butanol.
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Figure 1. SEM images of the microstructure at the surface (a,c,e) and in the volume (b,d,f) of the
samples deformed at 750 (a,b), 800 (c,d), and 850 °C (e,f) after nine rotations of torsion and 20% tension.
The o-phase has bright contrast in comparison with the dark «-phase in the SEM images obtained

in back-scattered electron mode (BSE). The scheme of microstructure observations in SEM (g). XRD
pattern of the alloy deformed at 800 °C (h).
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The magnetic treatment was carried out according to Russian Standard number 24897-91 [14] for
solid magnetic deformed materials: heating at 620-650 °C in a magnetic field with intensity of at least
100 kA m~! for 1-2 h and tempering at 610 °C for 2 h, at 580 °C for 3 h, at 560 °C for 4 h, and at 540 °C
for 6 h. The magnetic field direction was parallel to the tension direction. Magnetic measurements
were carried out on cuboidal samples with dimensions 3 X 1.7 X 15 mm by means of a Permagraph
C-300 magnetometer (Magnet-Physik Dr. Steingroever GmbH, Germany), while the external magnetic
field was parallel to the tension direction. The scheme of sample cutting for magnetic treatment is
presented in Figure 4a. After magnetic treatment the mechanical properties were examined by the
three-point bending technique at room temperature on an “Instron 5982” machine. The stress tension
was calculated using Equation (2) [15]:

o 3-P-L @)
2:b-h?
where P (N) is force; L (mm) is the distance between support points; and b (mm) and /2 (mm) are the
width and height of the sample.

X-ray diffraction analysis (XRD) was performed with a PW-1710 (Philips, Eindhoven, Netherlands)

diffractometer using Co K radiation.

3. Results and Discussion

XRD analysis and SEM observations of the initial state of the FeCr30Co8 alloy showed only the
reflections of an « solid solution with a grain size of about 200 pm [16]. After plastic deformation,
an axially symmetrical gradient microstructure was obtained with minimal grain size in the surface
layer. SEM images of the microstructure at the surface and in the volume of the deformed samples
are shown in Figure 1. The total degrees of deformation reached 2.0 and 1.1, measured at distances
of 3.5 mm and 2 mm from the center of the deformed samples, respectively. It can be seen that the
degree of deformation close to the surface is higher than that close to the center of the samples, which
indicates greater deformation at the surface, in particular by the action of the highest torsion moment.
The thicknesses of the surface layer with the fine-grained microstructure were about 2.0 mm, 3.0 mm,
and 2.5 mm for the samples deformed at 750 °C, 800 °C, and 850 °C, respectively. The microstructural
investigations performed by EBSD/SEM and TEM analysis of these deformed samples were published
in [16]. These studies showed that the highest grain refinement of the microstructure was observed
at 800 °C; only at this temperature were the globular x-phase grains (sizes of about 3 pum) at the
surface layer observed, while at 750 °C and 850 °C they were elongated (up to 35 um) in the direction
perpendicular to the tension axis.

XRD (Figure 1g) and EDS/SEM analysis revealed the appearance of the intermetallic o-phase
(Fe—Cr) with chromium content up to 40 wt % and grain sizes of about 5 um (bright color in Figure 1a—f).
The precipitation of the o-phase had a diffusion character because it precipitated generally in the
grain boundaries of the x-phase (Figure 2) with increased energy, which facilitates diffusion processes.
According to the EBSD/SEM results, the amounts of the o-phase in the surface layer were 12%, 43%, and
22% and were 2%, 12%, and 10% in the volume for the samples deformed at 750 °C, 800 °C, and 850 °C,
respectively [16]. It was found previously that the o-phase for the alloys of the Fe-Cr-Co system can
be observed after annealing at temperatures ranging 560 °C to 800 °C; however, the process of its
precipitation requires several days of annealing [17]. Based on the fact that the maximum precipitation
of the o-phase was recorded in the places of intensive deformation (i.e., in the surface layer), it seemed
that deformation stimulated the o-phase precipitation due to the activation of diffusion processes. It is
probable that a stronger thermal activation of diffusion processes at the deformation temperature of
800 °C is the reason for the increase of the o-phase amount in comparison to the amount observed
in the sample deformed at 750 °C. The decrease in the fraction of precipitates at 850 °C was due to
the fact that the o-phase was no longer stable at this temperature. Since the highest precipitation
of the o-phase and refinement of the microstructure took place in the same sample (deformed at
800 °C), it was suggested that o-phase precipitation promoted microstructure refinement [16]. A



Materials 2019, 12, 3019 50f 10

considerable increase of hardness at the surface of the deformed samples was observed also due to the
strong grain refinement of the microstructure and the presence of the hard o-phase in the material [16].
For example, the hardness of the initial state was about 230 HV5. After deformation at 800 °C the
hardness increased to 270 HV5 (Location b) and 380 HV5 (Location a) (Figure 3). Therefore, this method
of plastic deformation can be applied for the surface hardening of magnets dedicated for work in
friction conditions, since the hard o-phase protects their surface from abrasion.

axis [011](200)(220)

Figure 2. TEM image of the microstructure (a) and diffraction patterns of the «-phase (b) and the
o-phase (c), observed at the surface of the sample deformed at 800 °C.
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Figure 3. Graphs of hardness measured along the line perpendicular to the tension direction.
The distances 0 mm and 3 mm correspond to Locations b and g, respectively, in the deformed samples.

On the other hand, the precipitation of nonmagnetic o-phase is disadvantageous due to decreased
magnetic properties. Therefore, before magnetic treatment, the deformed samples were subjected to
annealing at 1000 °C for 10 min, followed by fast cooling in order to dissolve the o-phase. The samples
were then magnetically treated in order to achieve an HCS due to decomposition of the solid «-solution
into the isomorphous o - and ap-phases. The formation of a such structure, in which each precipitate
of the «;-phase is a single magnetic domain, provides superior magnetic properties [11].

The microstructure of samples after magnetic treatment disclosed «-phase grain growth and the
preservation of a gradient structure. The sizes of the x-phase grains were about 56 pm, 60 um, and
87 um in the top layer and 87 pm, 76 um, and 119 um in the volume of the samples pre-deformed at
750 °C, 800 °C, and 850 °C, respectively.

TEM examinations of the microstructure after magnetic treatment confirmed the decomposition
of the x-phase into the magnetic ;-phase enriched in Fe (up to 84 atom %) and the paramagnetic
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ay-phase rich in Cr (up to 36 atom %). The diffraction contrast was responsible for difficulties in
recognizing both phases in the bright field image (Figure 4a), but in the scanning microscope (STEM)
mode the problem was overcome, and so the «; precipitates with sizes of about 30 nm in the x;-matrix
could be seen (Figure 4b). The distribution of chemical elements along the line of analysis showed
the sinusoid-like character of the Fe and Cr changes. The Co level was practically unchanged for
both phases.

tensile axis

Magnetic field direction

Counts

Position (nm)

Figure 4. Scheme of the sample cutting for magnetic treatment (a). Bright field image and diffraction of
the microstructure obtained from the surface layer of the sample deformed at 800 °C after magnetic
treatment (b), TEM. STEM image of the same microstructure and distribution of Co, Fe, and Cr along
the line of analysis in image (c).

The curves of hysteresis loops of the new samples previously deformed at 800 °C and 850 °C were
nearly perpendicular in shape (Figure 5b,c), which indicated high parameters of residual induction B,
(Table 1) and magnetic product (BH)max. The sample pre-deformed at 750 °C had a hysteresis loop
of rather flat shape, which was probably connected with distinct differentiation of the dimensions of
the « grains. The coercive force Hc of all samples was 9% to 22% less than that in the HCS without
deformation (Table 1). The decrease of the coercive force was connected with the refinement of the
microstructure; the lower the grain size, the higher the number of high-angle grain boundaries, so
the volume fraction of the material taking part in the decomposition of the x-phase into the &- and
ap-phases was lower.

Table 1. Magnetic properties (coercive force He, residual induction By, saturation flux density Bs,
magnetic product (BH)max) and mechanical properties (maximum stress o, size of deflection ¢) of the
deformed alloy after magnetic treatment and three-point bending test.

. . Mechanical
State Magnetic Properties Properties
He, A/m B, T Bs, T (BH) max, kJ/m3 o, MPa £, mm
750 °C 23.4 0.61 1.01 51 1071 0.31
800 °C 25.5 1.11 1.73 16.7 877 0.16
850 °C 21.8 1.13 1.79 14.3 742 0.17
High Coercive

State without 28.0 1.15 1.8 18 392 0.0

deformation
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Figure 5. Magnetization curves of the samples after deformation by tension and torsion at 750 °C (a),
800 °C (b), and 850 °C (c) and magnetic treatment.

Measurements of the mechanical properties with the use of the three-point bending method after
magnetic treatment were performed at ambient temperature. Fracture analysis after the bending test
revealed a brittle trans-crystalline type of damage for the samples pre-deformed at 800 °C and 850 °C
(the propagation of cracks proceeded mainly along crystallographic planes, Figure 6). The fracture
of the sample which was pre-deformed at 750 °C showed elements of ductile cracking in the form
of characteristic cavities, which was probably bound with the differentiation of grain dimensions.
The brittle fracture occurring at higher temperature deformations could be explained by the presence
of bigger grains in which obstacles for crack propagation did not exist. Apart from that, decomposition
of the a-phase in the material of large grain size during magnetic treatment took place to a great extent.
During the decomposition, internal strains appeared, coming from coherent boundaries between the
aq- and ap-phases; in such a material, strains were more frequently observed and were the reason for
more brittle cracking.

The maximum stresses, which correspond to the stage of plastic flow on stress—displacement
curves from the three-point bending test, reached 1071 MPa, 877 MPa, and 742 MPa for the samples
pre-deformed at 750 °C, 800 °C, and 850 °C, respectively. These values exceeded 2 to 2.7 times the
strength of the alloy in the HCS without deformation, which was destroyed in the range of elastic
strain (Table 1). As the temperatures of pre-deformation increased, the stresses decreased, which may
be related to the thermal activation of diffusion processes. It should be noted that the material in
the HCS after casting revealed no plasticity, while the material deformed by tension and torsion had
increased plasticity. The maximum size of deflection was observed in the sample deformed at 750 °C
and reached about 0.3 mm (Table 1). This resulted from the greater grain refinement and homogeneity
of the microstructure in respect of the chemical composition. It should be noted that close values of
mechanical properties were obtained for the FeCr25Co015 alloy, measured in the three-point bending
test [18]. This alloy had previously been subjected to complex loading by axial compression and torsion
in the temperature range of 700 °C to 850 °C and to magnetic treatment.
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(©)

Figure 6. Fractures of samples after the three-point bending test, pre-deformed at 750 °C (a), 800 °C (b),
and 850 °C (c).

It is a challenge to produce materials with both high strength and high ductility. It was shown
recently that materials with a gradient structure can exhibit a combination of these properties [19,20].
For example, the authors of [19] showed that the torsion deformation of Cu rods resulted in the
formation of gradient lamellar dislocation substructures (LDS) along the radial direction as the main
defects. High-density LDS with fine spacing can retain strain hardening capability, which resulted in a
good combination of high tensile strength and good ductility in the torsional deformed sample with a
large number of revolutions.

4. Conclusions

A method of plastic deformation with torsion and tension at elevated temperatures applied to
FeCr30Co8 alloy proved to be an efficient tool to form a gradient microstructure with fine grains in
the surface layer. It also enabled an increase of the strength and plasticity of the material in the high
coercive state.

The effective temperature of plastic deformation for FeCr30Co8 alloy prior to magnetic treatment
was 800 °C, because at that temperature, the alloy gained maximum structure refinement, maximum
precipitation of the o-phase, and a significant increase in hardness. However, the best strength
properties and plasticity values after magnetic treatment were achieved in the sample deformed at
750 °C, which preserved the same level of coercive force characteristics for samples deformed at
higher temperatures.

Author Contributions: Conceptualization, A.K., G.K.; methodology, RK.; formal analysis, AK.,, GK.;
investigation, A.K., G.K,, K.R,, B.S; writing—original draft preparation, A.K.; writing-review and editing, A.K,;
visualization, A.K.; funding acquisition, B.S.

Funding: This research was funded by the Ministry of Science and Higher Education of Poland, grant number N 507
530539 and was supported by the state assignment of IMSP RAS in part concerning complex loading experiments.



Materials 2019, 12, 3019 90f 10

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision
to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Burakowski, T.; Wierzchon, T. Surface Engineering of Metals—Principles, Equipment, Technology; CRC Press:
Boca Raton, FL, USA, 1999; pp. 240-284.

Gurau, G.; Gurau, C.; Tolea, F.; Sampath, V. Structural Change in Ni-Fe-Ga Magnetic Shape Memory Alloys
after Severe Plastic Deformation. Materials 2019, 12, 1939. [CrossRef] [PubMed]

Valiev, R.Z.; Islamgaliev, R.K.; Alexandrov, I.V. Bulk nanostructured materials from severe plastic deformation.
Prog. Mater. Sci. 2000, 45, 103-189. [CrossRef]

Li, W.L.; Tao, N.R.; Lu, K. Fabrication of a gradient nano-micro-structured surface layer on bulk copper by
means of a surface mechanical grinding treatment. Scr. Mater. 2008, 59, 546-549. [CrossRef]

Tao, N.R,; Wang, Z.B.; Tong, W.P; Sui, M.L.; Lu, J.; Lu, K. An investigation of surface nanocrystallization
mechanism in Fe induced by surface mechanical attrition treatment. Acta Mater. 2002, 50, 4603—-4616.
Available online: http://lu-group.imr.ac.cn/pdf/Acta50%282002%294603.pdf (accessed on 17 September 2019).
[CrossRef]

Lu, K;; Lu, J. Nanostructured surface layer on metallic materials induced by surface mechanical attrition
treatment. Mater. Sci. Eng. A 2004, 375, 38-45. [CrossRef]

Liu, W,; Jin, X; Zhang, B.; Yun, D.; Chen, P. A Coupled EBSD/TEM Analysis of the Microstructure Evolution
of a Gradient Nanostructured Ferritic/Martensitic Steel Subjected to Surface Mechanical Attrition Treatment.
Materials 2019, 12, 140. [CrossRef] [PubMed]

Sun, X.Y,; Xu, C.Y; Zhen, L.; Gao, R.S.; Xu, R.G. Microstructure and magnetic properties of Fe-25Cr-12Co-1Si
alloy thermo-magneticalli treated in intense magnetic field. J. Magn. Magn. Mater. 2004, 283, 231-237.
[CrossRef]

Sun, X.Y.; Xu, C.Y,; Zhen, L.; Lv, L.X; Jang, L. Evolution of modulated structure in Fe-Cr—Co alloy during
isothermal ageing with different external magnetic field conditions. J. Magn. Magn. Mater. 2007, 312, 342-346.
[CrossRef]

Stel’'mashok, S.I.; Milyaev, LM.; Yusupov, V.S.; Milyaev, A.I. Magnetic and mechanical properties of hard
magnetic alloys 30Khy1 KsM and 30KhyoKo;M, V. Met. Sci. Heat Treat. 2017, 58, 622-627. Available online:
https://link.springer.com/article/10.1007%2Fs11041-017-0067-3 (accessed on 16 July 2019). [CrossRef]
Ahmad, Z.; Hag, A.; Husain, S.W.; Abbas, T. Effect of Mo addition on magnetic properties of Fe-28Cr-15Co
hard magnets. Phys. B Condens. Matter 2002, 321, 96-103. [CrossRef]

Kaybyshev, O.A.; Vasin, R.A.; Berdin, V.K.; Kashaev, R M. Installation for testing under complex loading.
Fact. Lab. 2000, 4, 50-53.

Korznikov, A.V. Struktura I Mekhanicheskie Svoystva Splavov I Metallov Podvergnutykh Intensywney Plasticheskoy
Deformatsii; Habilitation Thesis; Institute of Problems of Metal Superplasticity, Russian Academy of Science
Ufa: Moskva, Russia, 2000.

GOST 24897-81-Solid magnetic deformed materials. Marks; USSR State Committee: Moscow, Russia, 1983.
Chamis, C.C. National Aeronautics and Space Administration; NASA: Washington, DC, USA, 1974; p. 8. Available
online: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19740010415.pdf (accessed on 16 July 2019).
Korneva, A. Effect of deformation temperature on the microstructure of hard magnetic FeCr30Co8 alloy
subjected to tension combined with torsion. Inzynieria Mater. 2013, 34, 172-175. Available online: http://yadda.
icm.edu.pl/yadda/element/bwmetal.element.baztech-930baf65-ca0f-48ea-8002-35c998{709f3 (accessed on 16
July 2019).

Yano, K.; Abiko, K. Formation of s Phase in Highly Purified Fe-Cr Alloys. Phys. Stat. Sol. A 1997, 160,
449-459. Available online: https://onlinelibrary.wiley.com/doi/epdf/10.1002/1521-396X%28199704%29160%
3A2%3C449%3A %3 AAID-PSSA449%3E3.0.CO%3B2-C (accessed on 16 July 2019). [CrossRef]

Korneva, A.; Bieda, M.; Korznikova, G.; Sztwiertnia, K.; Korznikov, A. Microstructure and some properties
of FeCr25Co15 alloy subjected to severe plastic deformation by complex load. Int. ]. Mater. Res. 2008, 9,
991-998. [CrossRef]


http://dx.doi.org/10.3390/ma12121939
http://www.ncbi.nlm.nih.gov/pubmed/31212882
http://dx.doi.org/10.1016/S0079-6425(99)00007-9
http://dx.doi.org/10.1016/j.scriptamat.2008.05.003
http://lu-group.imr.ac.cn/pdf/Acta50%282002%294603.pdf
http://dx.doi.org/10.1016/S1359-6454(02)00310-5
http://dx.doi.org/10.1016/j.msea.2003.10.261
http://dx.doi.org/10.3390/ma12010140
http://www.ncbi.nlm.nih.gov/pubmed/30609842
http://dx.doi.org/10.1016/j.jmmm.2004.05.027
http://dx.doi.org/10.1016/j.jmmm.2006.10.722
https://link.springer.com/article/10.1007%2Fs11041-017-0067-3
http://dx.doi.org/10.1007/s11041-017-0067-3
http://dx.doi.org/10.1016/S0921-4526(02)00830-X
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19740010415.pdf
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-930baf65-ca0f-48ea-8002-35c998f709f3
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-930baf65-ca0f-48ea-8002-35c998f709f3
https://onlinelibrary.wiley.com/doi/epdf/10.1002/1521-396X%28199704%29160%3A2%3C449%3A%3AAID-PSSA449%3E3.0.CO%3B2-C
https://onlinelibrary.wiley.com/doi/epdf/10.1002/1521-396X%28199704%29160%3A2%3C449%3A%3AAID-PSSA449%3E3.0.CO%3B2-C
http://dx.doi.org/10.1002/1521-396X(199704)160:2&lt;449::AID-PSSA449&gt;3.0.CO;2-C
http://dx.doi.org/10.3139/146.101723

Materials 2019, 12, 3019 10 of 10

19. Guo, N.; Li, X,; Xiao, M.; Xin, R.; Chai, L.; Song, B.; Yu, H.; Li, L. Microstructures and Mechanical Properties of
Commercial Hot-Extruded Copper Processed by Torsion Deformation. Adv. Eng. Mater. 2016, 18, 1738-1746.
[CrossRef]

20. Yang, X.; Ma, X.; Moering, J.; Zhou, H.; Wang, W.; Gong, Y.; Tao, J.; Zhu, Y.; Zhu, X. Influence of gradient
structure volume fraction on the mechanical properties of pure copper. Mater. Sci. Eng. A 2015, 645, 280-285.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/adem.201600252
http://dx.doi.org/10.1016/j.msea.2015.08.037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

