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In this letter we explore the magnetization effect on mechanical properties of a ductile Fe83C1B11Si2P3 metallic
glass (MG). We firstly demonstrate that magnetic anisotropy can be systematically created by plastic deforma-
tion using high-load Berkovich indentation, and then provide compelling evidence by subsequent spherical
nanoindentation which reveals tunable magnetization-induced submicron elastic heterogeneity. A new mecha-
nism of magnetomechanical interaction, different from the alteration of “flow defect”, is proposed for explaining
the apparent softening in the region without plastic deformation. Our studies have significance for modification
and controlling of the microstructure and mechanical properties of MGs with respect to magnetic effect.
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The nanoscale structural and mechanical heterogeneity of metallic
glasses (MGs) has been revealed and intensively studied by atomic
force microscopy [1,2], nanoindentation [3] and other techniques [4,5].
Due to theirmetastable nature, the local structure andmechanical prop-
erties ofMGs can be tuned by adjusting their thermal/mechanical histo-
ries through methods with a few thermo-mechanical variables, such as
plastic deformation [6,7], changing cooling rate [8] and heat treatment
[8,9]. For example, it was reported that severe plastic deformation
caused by cold rolling [10,11], indentation [12] and high pressure tor-
sion [13] can significantly soften MGs. Usually, such a property change
was attributed to the introduction or annihilation of “flow defect” in
the amorphous structure, such as free volume [14], shear transforma-
tion zone (STZ) [15], liquid-like region [4], flow unit [16] and so on
[5]. However, it is noteworthy that the variation of “flow defect” is not
the onlymechanism that causes softening inMGs. For thosewith a non-
zero magnetostriction coefficient (λ), magnetization can also change
the microstructure and thus the mechanical properties [17–19]. In gen-
eral, themagnetization can be induced by applied stress and/ormagnet-
ic field [17–19]. However, the magnetization effect on the
microstructure and mechanical properties of macroscopically homoge-
neous MGs has been scarcely studied. In this letter, we use nanoinden-
tation to study themagnetization effect on themechanical properties of
a model ductile Fe83C1B11Si2P3 MG ribbon [20]. Submicron elastic
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heterogeneity is revealed in the stress-concentrated region without
plastic deformation, and a mechanism of magnetomechanical interac-
tion is proposed for explaining the obvious softening phenomenon.

Fe83C1B11Si2P3 MG ribbon with good ductility with a thickness of
40 μmwas fabricated in argon atmosphere with the single copper roller
melt-spinning method at the wheel speed of 20 m/s. The fully amor-
phous structure of the ribbon was confirmed through X-ray diffraction
(see Fig. S1 in the supplementary material). Different from the free sur-
face, the side of the ribbon contacting with the roller during the prepa-
ration is full of surface irregularities and contains uncertain internal
stress inhomogeneity. To create magnetic domain patterns in a con-
trolled manner, a pattern of micro-indents was made on the flat and
clean untreated free surface of the as spun ribbon through Berkovich in-
dentation on the TI 950 TriboIndenter system (Hysitron Inc., Minneap-
olis, MN). The surface morphology and magnetic domain structure
within the indentation pattern were examined by the Dimension
Icon® Magnetic Force Microscopy (MFM) under the LiftMode with a
constant lift height of 150 nm. The mechanical properties inside the
high-load indentation pattern were then measured with the low-load
spherical indention with a tip radius R of 184 nm at room temperature.

Fig. 1(a) shows the load-displacement (P-h) curves stemming from
the programmed loading-holding-loading profile [the inset of Fig.
1(a)] with the Berkovich sharp indenter at the maximum load of 1 N.
Consequently, significant shear bands (SBs) can be observed near the
side of the triangle residual indentation at the surface of Fe83C1B11Si2P3
ribbon suggesting plastic deformation [Fig. 1(b)]. A square pattern with
four residual indentations labeled as 1, 2, 3 and 4 was created by
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Fig. 1. (a) The P-h curves for four indentations of the square pattern with the inset showing the load-time (P-t) procedure for each indention. (b) The optical microscopic image of the
pattern with the indentations spaced as 30 μm. The indentations are labeled as 1, 2, 3 and 4. The squares I, II, III and IV mark the regions detected with MFM. The circles A, B, C and D
mark the nanoindentation positions, and the dashed line is the guide line.
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positioning the indentations 30 μm apart [Fig. 1(b)]. It is worth noting
that the P-h curves for all the indentations override each other implying
the uniformity of the MG ribbon at the micrometer scale.

The magnetic properties of the pristine and indented surface of the
MG ribbon were examined with MFM. The phase image of the as spun
Fig. 2. The phase images of (a) as spun Fe83C1B11Si2P3 ribbon, (b) region I, (c) region II and (d) r
mark the nanoindentation positions.
ribbon is shown in Fig. 2(a). The phase degree varies between −0.18°
and 0.18°, and no magnetic domain pattern is found within the resolu-
tion of MFM. The phase images of regions I, II and III marked by the
green squares in Fig. 1(b) are shown in Fig. 2(b), (c) and (d), respective-
ly. A strip-like magnetic domain pattern with a width less than 200 nm
egion III of deformed Fe83C1B11Si2P3 ribbon detectedwithMFM. The circles S, A, B, C and D
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runs through region I and connects the dendritic pattern of region II. The
dendritic pattern becomes more apparent with the phase degree differ-
ence over 3° in region III. The branch width of the dendritic patterns
ranges from several hundred nanometers to several microns. Note
that the blue color herein indicates the magnetization direction in the
area is nearly parallel to the upward tip magnetization while the red
color means the opposite [21]. Thus, regular magnetic anisotropy per-
pendicular to the sample surface was induced by plastic deformation
through high-load indentation patterning.

To clarify the formation of the domain patterns the height and phase
images of region IVmarked by the yellow square in Fig. 1(b) are shown
in Fig. 3(a) and (b). A deformation-induced humpwith a height of over
200 nm containing SBs appears near the side of the triangle indention
indicating the existence of compressive stress parallel to the surface.
Meanwhile, the top-left area of region IV bearing the compressive stress
seems higher than the top-right and down-left areas. Corresponding to
the surface topography, a spot-likemagnetic domain pattern appears in
the plastically deformed region, and a wave-like pattern emerges in the
spreading direction of the compressive stress pointing to region II and III
(marked by the red arrow). The magnetoelastic energy (EME) can be
expressed as EME=−3λσcos2θ / 2, where σ is themagnitude of the ap-
plied stress and θ is the angle between the directions of the applied
stress and themagnetic domain vector [22]. To reduce EME, themagnet-
ic domain vector is prone to align parallel or antiparallel to the tensile
stress and perpendicularly to the compressive stress. Therefore, the
Fig. 3. (a) The height and (b) phase images of region IV of deformed Fe83C1B11Si2P3 ribbon
detected with MFM. The arrow marks the direction of the stress.
formation of the regular submicron local magnetic anisotropy in the
normal direction [as shown in Fig. 2(b), (c) and (d)] is to minimize
EME to adapt to the concentrated compressive stresses emitted from
the plastically deformed region of the high-load indentations [23].

We further performed nanoindentation on the as spun and de-
formed ribbons to study the deformation effect on the elastic
properties of the MG. Fig. 4(a) shows the nanoindentation unloading
curves with the peak load of 80 μN on the as spun and deformed rib-
bons [The nanoindentation positions S, A, B, C, and D far from plasti-
cally deformed regions are marked by the black circles in Fig. 1(b),
Fig. 2(a)–(d)]. With complete unloading, the displacement h returns
to zero conforming to elastic deformation. The maximum displace-
ment hmax at the same peak load of 80 μN becomes larger and larger
when the position moves from S to A, B, C and D. The hardness H of
the as spun ribbon was detected as 11.1 ± 0.2 GPa with the nanoin-
dentation method. Fig. 4(b) shows the H at different positions of the
deformed ribbon. With the position moving from A to D, H decreases
from 10.7 ± 0.2 GPa to 8.5 ± 0.7 GPa. The phenomenon implies the
elastic heterogeneity with apparent softening inside the indentation
pattern of the deformed Fe-based MG.

We plot the h versus P2/3 curve for the unloading nanoindentation
data at different positions to further analyze the softening effect [as
shown in Fig. 4(c)]. Applying “the rule of mixture”, the E of
Fe83C1B11Si2P3 MG can be estimated as 234 GPa [8]. The unloading
curve (the solid olive line) at position S of the as spun ribbon can be
well fitted with the Hertzian theory (h equals to hela, i.e., the displace-
ment caused by elastic effect) [24], i.e.,

hela ¼ 3P 1−υ2� �
=4R1=2E

h i2=3
: ð1Þ

Through the fitting of the unloading curve with Eq. (1) (the dashed
olive line), the υ of Fe83C1B11Si2P3 MG is obtained as 0.400 close to
that of Fe80P13C7MG [8]. However, the unloading curves at the positions
A, B, C and D of the deformed ribbon (the solid red, blue, green and ma-
genta lines) deviate from the Hertzian theory and cannot be fitted with
Eq. (1). From the position S to A, B, C and D, the slope at the low P region
becomes larger and larger, which implies the decrease of E and the in-
crease of softening effect. With the increasing applied load P, the curve
gradually becomes parallel to the dashed olive line, and the E ap-
proaches 234 GPa.

We made the same pattern with indentations equally spaced 30 μm
apart on the as spun Vit105 (Zr52.5Cu17.9Ni14.6Al10Ti5 MG) ribbon and
obtained the unloading curve from the sphere indentation at the same
position as D in Fig. 1(b) [the black line in Fig. 4(c)]. With the reported
Young's modulus E = 85 GPa and Poisson's ratio υ = 0.372 [8], the h
versus P2/3 curve can be well fitted with the Hertzian theory, i.e., Eq.
(1). This behavior indicates that the abnormal softening and deviation
from the Hertzian theory observed for the deformed Fe-based MG can-
not be found in nonmagnetic MG and are not caused by the deforma-
tion-induced “flow defect”. Furthermore, as the absolute value of
phase degree increases systematically with the elastic softening across
the positions from S to A, B, C and D [Fig. 2(a)–(d)], we conclude that
the abnormal elastic heterogeneity of the deformed Fe-based MG
could relate to the stress-induced magnetic anisotropy.

We can simply take the Fe-based soft magnetic MG as a “composite”
consisting of an ideal elastic “matrix” and dispersed unsymmetrical
magnetic moments. By taking into account themagnetoelastic and elas-
tic effects, the total elastic displacement at the load P can be derived as

h Pð Þ ¼ hmag þ hela; ð2Þ

where hmag represents the displacement caused bymagnetostriction. To
simplify our further analysis, we use σ0 and σ1 to represent the aver-
aged local residual stress and applied stress under the contact area of
the sphere indenter, which have the same average mechanical effect
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Fig. 4. (a) The nanoindentation unloading curve at the positions S, A, B, C and D. (b) The hardness H at different positions along the dashed line in Fig. 1(b). (c) The P2/3 dependent h
unloading curve at the positions S, A, B, C and D of Fe83C1B11Si2P3 ribbon and on deformed Vit105. The dashed line is the fitting line with its intercept as hmag,max. (d) The Ra,φj

dependent hmag,max at different positions for deformed Fe83C1B11Si2P3 ribbon with the indentations spaced as 30 μm, 40 μm, 50 μm and 60 μm. The dashed line is the guide line.
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as the real complex distributed stresses. Thus, hmag ¼ l½εmðσ0 þ σ1Þ−
εmðσ0Þ�, where l denotes the largest depth of the region affected by
magnetoelastic effect at the peak load of 80 μN. The magnetic strain
εm under the stress σ can be expressed as

εm σð Þ ¼

Z π

0

3
2
λ cos2θ−

1
3

� �
exp −

3
2
λσcos2θ

� �
=Ω

� �
sinθdθ

Z π

0
exp −

3
2
λσcos2θ

� �
=Ω

� �
sinθdθ

: ð3Þ

where Ω is an empirical factor that accounts for local fluctuations [25].
From Eq. (3), we can find that when σ → −∞, ε (σ) → −λ/2, and
when σ → +∞, ε (σ) → λ. In the nanoindentation process, when σ1 is
sufficiently large, hmag approaches a saturated value. Therefore, h
shows a linear relation with P2/3 when P is large, as shown in Fig. 4(c)
(the solid lines). With the fitting of the line at large P (the dashed
line) with Eq. (2), we get the maximum displacement hmag,max induced
by magnetostriction under 80 μN from S to A, B, C and D [the intercept
value on the h axis when P2/3 equals to zero in Fig. 4(c)]. The increasing
softening and deviation from the Hertzian theory are caused by the in-
creasing hmag,max.

We use the average roughness Ra,φj of the magnetic phase image to
gage the local strength of magnetization in the normal direction of the

ribbon,which is defined asRa;φ j
¼ ð1=NÞ∑

N

j¼1
jϕ jjwithφj thephase degree

at the point of j and N the number of data [21]. For the ribbon with
30 μm-spaced indentations, the fitted hmag,max increases with Ra,φj at
the nanoindentation region as shown in Fig. 4(d). Form S to D, hmag,max

increases from 0.0 ± 0.2 nm to 5.8 ± 0.5 nm as Ra,φj increases from
0.04 ± 0.01° to 0.84 ± 0.10°. We alsomade patterns with four indenta-
tions equally spaced at a distance of 40 μm, 50 μm and 60 μm on the as
spun ribbon, and measured the magnetic and local mechanical proper-
ties at the surface with the same method described above. The height
and phase images in the middle of different patterns are shown in Fig.
S2 in the supplementary material. With the fitting of the nanoindenta-
tion curve (as shown in Fig. S3 in the supplementary material) at large
P we obtain hmag,max at different positions. At all the nanoindentation
positions hmag,max increases almost linearly with Ra,φj as indicated by
the dashed line in Fig. 4(d). The small Ra,φj on the ribbon with indenta-
tions of a larger spacing indicates less magnetic moments lying perpen-
dicular to the surface at the local regions, which is consistent with the
small compressive residual stress in this case. This behavior further sup-
ports that the elastic heterogeneity with softening inside the indenta-
tion pattern of Fe-based MG is caused by the deformation-induced
magnetization. The induced elastic heterogeneity is at the submicron
scale corresponding to the magnetic domain sizes in Fig. 2(b)–(d).

As the largest hmag,max in our experiments reaches 5.8 ± 0.5 nm, we
can estimate that the local λ in the thickness direction should exceed
80 ppm based on Eqs. (2) and (3), much larger than the macroscopic
λ (~20 ppm) reported for other Fe-based MGs or pure Fe [26]. Aside
from the chemical effect, another mechanism of magnetostriction en-
hancement is associated with the heterogeneous structure as discov-
ered in FeGa and CoFe alloys [27–29]. Structural transformation of D03
nanoprecipitates embedded in the A2 matrix results in a large λ over
200 ppm in the [100] crystallographic direction in the FeGa crystal
[27,28]. The upper limit of magnetostriction λ100 of CoFe alloy can
even reach above 1000 ppm due to the precipitation of an equilibrium
Co-rich face-centered cubic phase embedded in a Fe-rich body-centered
cubic matrix [29]. The local λ above 80 ppm of Fe83C1B11Si2P3 MG un-
derlying the obvious magnetization-induced softening might manifest
a possible transformation or precipitation of some type of nanoclusters
with orientation anisotropy caused by the ribbon fabrication process
[30], the details of which however warrant further investigation.

In summary, we create regular magnetic anisotropy through plastic
deformation of ductile Fe83C1B11Si2P3 MG. Submicron elastic heteroge-
neity is discovered in the region without plastic deformation. We dem-
onstrate that the elastic softening is caused by the deformation-induced
magnetization rather than the alteration of “flow defect”. The studies
provide new insights into the modification and controlling of the
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microstructure and mechanical properties of MGs with respect to mag-
netic effect.
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Appendix A. Supplementary data

See supplementary material for the XRD pattern of as spun
Fe83C1B11Si2P3 ribbon, the height and phase images, and nanoindenta-
tion curves of Fe83C1B11Si2P3 ribbons with indentations spaced at a dis-
tance of 40 μm, 50 μm and 60 μm. Supplementary data associated with
this article can be found in the online version, at http://dx.doi.org/10.
1016/j.scriptamat.2016.11.001.
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