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� Design of a new technique based on
planar-flow melt-spinning for the
fabrication of metallic glass
microfibers.

� The new technique is based on
wetting and formation of thin film on
rotating copper wheel followed by
simultaneous rupture of the film into
microfibers in the range of 1–20 lm.

� The nature of the new technique
makes it possible to fabricate fully
amorphous structure from alloy
compositions which are not designed
for metallic glass formation.

� We have shown and confirmed the
formation of fully amorphous
structure in lm-range, from Ti-
stabilized 316 stainless steel. The
amorphous structure is confirmed by
XRD, DTA, TEM.

� The hardness of the as-purchased
stainless steel increased from � 2.5
to � 8.2 GPa after formation of the
amorphous structure.

� The subsequent stepwise heat-
treatment on the amorphous
stainless steel creates adjacent
nanostructured and amorphous
grains, observed by TEM.

� The heat-treated stainless steel
shows an even further increase in
hardness to � 14.2 Gpa.

� We believe that both the confinement
of dislocation movement in the
g r a p h i c a l a b s t r a c t
roscopy;
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nanocrystalline grains as well as the
absence of dislocations in the
amorphous grains contribute to this
tremendous increase of hardness in
heat-treated stainless steel.
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The high passivation capacity of austenitic stainless steel results in their excellent corrosion resistance.
There are many ways to improve the hardness of austenitic stainless steel such as cold rolling or grain
refinement. Herein, we explore the possibility of improving the hardness of AISI316-Ti stainless steel
by generating an amorphous-nanocrystalline microstructure. First, we have utilized our modified melt-
spinning technique to fabricate AISI316-Ti stainless steel microfibers with a fully amorphous structure.
Formation of a fully amorphous structure was confirmed by using X-ray diffraction (XRD), differential
thermal analysis (DTA), and transmission electron microscopy (TEM). Thermal analysis revealed a glass
transition temperature of 437�C followed by a crystallization peak of 573�C. Nanoindentation analysis
showed a fourfold increase of hardness from the initial value of �2.5 ± 0.1 GPa the starting AISI316-Ti
stainless steel rod to the hardness of �8.2 ± 0.5 GPa for the amorphous AISI316-Ti structure. Further
step-size heat treatment on melt-spun (amorphous) stainless steel microfibers generated a microstruc-
ture compromising adjacent nanocrystalline and amorphous grains as observed by TEM.
Nanoindentation analysis of those fibers has shown an even greater increase in hardness, reaching an
average value of �14.2 ± 1.0 GPa. We believe that both the confinement of dislocation movement in
the nanocrystalline grains as well as the absence of dislocations in the amorphous grains contribute to
this tremendous increase of hardness in stainless steel.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Among the different grades of stainless steel, austenitic stain-
less steels (ASS) are widely used for different purposes due to their
outstanding corrosion resistance, biocompatibility, ductility, weld-
ability, thermal stability, and high toughness [1–3]. However, the
presence of a soft austenitic phase (c) in their microstructure
results in low yield strength, limiting their usage especially when
it comes to applications in construction. The most common meth-
ods used to increase austenitic stainless steel yield strength - as
well as strength in general - are dislocation strengthening, grain
refinement, and deformation-induced martensite transformation
strengthening [4–6].

Dislocation strengthening is achieved by increasing dislocation
density. It has been reported that increasing dislocation density
can increase the strength of austenitic stainless steel at room tem-
perature, but this increase did not rise above 50 % of the ferritic
counterpart’s strength [5]. However, dislocation strengthening
compromises ductility [7].

Another method for enhancing mechanical properties and cor-
rosion resistance of stainless steel is the addition of certain alloying
elements such as W, Ti, and Nb. In the presence of Nb, carbide for-
mation hinders the precipitation of the Cr-rich secondary carbide
phase, M23C6, thus resulting in improved hardness; it has to be
noted though that the formation of Fe2Nb leads to hard but brittle
mechanical properties [8]. Another positive result of this method is
an increase in high temperature strength in stainless steel. When
using annealing with slow cooling or holding temperatures in the
range of 600-950�C, a large amount of Nb will re-precipitate as very
fine particles of the Laves phase, resulting in a stainless steel of
high strength [9].

Another method for strengthening metals and alloys is grain
refinement, also known as the famous Hall-Petch effect, particu-
larly in nanocrystalline alloys [10]. Nanocrystalline alloys can be
fabricated by ball-milling and severe plastic deformation [11–14],
full crystallization of amorphous alloys [15], ultrasonic shot peen-
ing [16], surface mechanical attrition [17], adding alloying ele-
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ments [18], and sputtering methods [19]. Compared to coarse-
grained metals, nanocrystalline metals exhibit higher strength
and hardness but poor thermal stability at higher and brittleness
at lower temperatures [20,21]. The poor thermal instability of the
nanocrystalline structure can be improved and shifted to higher
temperatures following an addition of alloying elements. In this
regard, Kotan and Darling have shown that the addition of yttrium
stabilizes the nanocrystalline structure (around 160 nm grain size)
of Fe-18Cr-8Ni stainless steel up to 1200�C [22]. For 316L grade
stainless steel, Li et al. have shown that the heterogenous lamella
structure can improve the thermal stability of the nanocrystalline
structure. However, in this case, the thermal stability was con-

firmed only for temperatures below 650�C [23].
In recent years, an increasing number of studies have been con-

ducted on the development of high and ultra-high strength stain-
less steel. Kühn et.al. have developed an ultra-high strength iron-
based alloy with a composition of Fe86.7Cr4.4Mo0.6V1.1W2.5C4.7

exhibiting characteristics of wear resistance, strength, and hard-
ness comparable to those of high speed steel (HSS)[24]. Further-
more, Fe-based amorphous alloys exhibit ultra-high strength and
can be manufactured via different techniques such as selective
laser melting, melt-spinning, and arc melting. The lack of grain
boundary in amorphous alloys prevents localized corrosion which,
in crystalline alloys, starts at the grain boundaries [21–23,25].
Another class of alloys, nanocrystalline-amorphous alloys, offer
high strength and improved corrosion resistance comparable to
what amorphous alloys display; at the same time, their ductility
is superior to that of amorphous alloys. In order to create
nanocrystalline-amorphous alloys from monolithic amorphous
ones, several approaches have been developed over the last dec-
ades; these include annealing techniques, severe plastic deforma-
tion, irradiation, pulsed laser, ultrasound vibration, and ball-
milling [26–31]. Annealing-induced crystallization is the most
attractive of these methods for two reasons: one, it is easy to con-
trol, and two, crystallization in principle is associated with
temperature-regulated nucleation and growth of crystallites [20].

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Chemical composition of AISI316-Ti stainless steel.

Element atom % C Mn Si Cr Ni P S Ti

AISI316-Ti 0.08 2.00 1.00 16.00–18.00 10.00–14.00 0.045 0.03 Ti � 5 %C to Max 0.70 %
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In this study, we have shown the possibility of the fabrication of
amorphous and amorphous-nanocrystalline stainless steel microfi-
bers with significantly improved (4-fold increase) hardness from a
commercially available AISI316-Ti stainless steel. We have con-
firmed the amorphous structure by X-ray Diffraction (XRD), Differ-
ential Thermal Analysis (DTA), Transmission Electron Microscopy
(TEM), and Selected Area Electron Diffraction (SAED) analysis. We
further have shown that the step-size heat-treatment of melt-
spun AISI316-Ti stainless steel microfibers lead to the formation
of nanocrystalline-amorphous microstructure with even higher
hardness.

2. Methods

2.1. Preparation of the materials

AISI316-Ti stainless steel rods (d = 12 mm) were purchased and
cut by the sample preparation workshop at the Max Planck Insti-
tute for Intelligent Systems in Stuttgart, Germany. The chemical
composition is presented in Table 1. In the next step, steel micro-
fibers were fabricated through the recently developed modified
melt-spinning technique [32]. The resulting AISI316-Ti microfibers
were then heat treated in a step-by-step process with a heating
rate of 20�C.min�1 until a temperature of 850�C was reached. After-
wards, the samples were furnace cooled in Ar atmosphere (Her-
aeus ROK F7 furnace). The intermediate steps were 650�C and
750�C, each held isothermally for 30 min. The final step at 850�C
was held for one hour. To avoid grain growth (coarsening of the
microstructure), samples were not heat-treated at higher temper-
atures [33].

2.2. Differential thermal analysis (DTA)

Differential thermal analysis (DTA) was carried out by a thermal
analyzer, NETZSCH STA409C (NETZSCH Gerätebau GmbH, Selb), in
a constant flow of 50 ml�min�1 argon (>99.999 %, Westfalen AG)
with a heating rate of 10�C.min�1 in an aluminum oxide crucible.
Prior to taking measurements, the thermal analyzer was flushed
3 times with argon; this was followed by a conditioning period
at 40�C for 30 min with extended flushing. The samples were heated
to 850�C and cooled down after having reached the maximum tem-
perature. During the measurements, a NETZSCH oxygen trap sys-
tem (OTS) was used, reducing the residual oxygen contents
below 1 ppm O2. The OTS starts to work at about 300�C and reaches
maximum efficiency above 500�C.

2.3. X-ray diffraction (XRD)

Powder X-ray diffraction measurements were conducted by
using an XPERT-PRO diffractometer with Co Ka radiation (k = 1.7
089 Å). Theta-2theta scans in Bragg-Brentano geometry with a step
size of 0.03�were performed. Samples were used in the form of fiber
bundles since powder formation from the fibers might induce crys-
tallization and phase transformation. In-situ XRD measurements
were performed using a Stoe Stadi-P diffractometer with Ag Ka
radiation (k = 0.5594 Å). Here, the step size of the theta-2theta scan
in Bragg-Brentano geometry was 0.01�. Samples were heated
isothermally in a MRI-Capillary heating chamber filled with argon
at a heating rate of 20�C�min�1 to 400�C, 500�C, 600�C, 700�C, and 800�C.
3

The samples were held at each temperature for 30 min prior to
XRD scan.

2.4. TEM preparation

Fibers were prepared for cross-sectional imaging by using a FIB
(SCIOS-FEI dual beam FIB/SEM focused ion beam) with a NICol
electron column and a gallium liquid metal field ionization source.
Thinning was performed at different ion beam currents from 1nA
to 100 pA. Two cleaning steps of the lamella was performed at
5 kV and 48 pA, followed by a lower voltage of 2 kV and 27 pA.
A Philips CM200-FEG transmission electron microscope (TEM)
was used at 200 kV for bright field imaging as well as for selected
area electron diffraction.

2.5. Nanoindentation

Microfibers were fixed on a plastic sample holder using a two-
component glue. Once fully dried, their cross section was prepared
by embedding them in Epofix resin and hardener. Samples were
grinded using 1200, 2400, and 4000 SiC sandpapers, and polished
further via 1 lm diamond and alumina powder suspensions. Iso-
propanol was used as a cleaning agent; the sample then was
speed-dried with air blow. Nanoindentation tests were performed
using the Nanoindenter XP and Nanosuite software. The continu-
ous stiffness method (CSM) was used for taking measurements.
The indenter tip was in the shape of a cube corner (included angle:
90�; radius of curvature: � 40–100 nm). The following parameters
were used in the measurements: surface approach velocity of
30 nm.s�1, surface approach distance of 3000 nm, harmonic dis-
placement of 2 nm with 45 Hz frequency, strain rate of 0.05 s�1;
a depth limit of 450 nm indentation was selected. The Poisson’s
ratio was considered to be 0.25 for heat-treated (crystalline) stain-
less steel; based on similar compositions for bulk metallic glasses
(BMGs), that is equivalent to 0.30 for amorphous stainless steel
[34].

3. Results and discussion

AISI316-Ti stainless steel microfibers were manufactured via a
modified melt-spinning technique. Fig. 1-a shows the manufactur-
ing process at the point where a molten jet of stainless steel is
injected onto a rotating copper wheel. The resulting stainless steel
microfibers are shown in Fig. 1-b. SEM was used for further analy-
sis (Fig. 1-c). Their size distribution is shown in Fig. 1-d.

The microfibers vary in size; their cross-sections are mostly
rectangular. Accordingly, their size distribution is presented by
making use of the parameters ‘‘width” and ‘‘thickness”. Each data
point in Fig. 1-d shows the exact thickness and width of a given
microfibers’ cross-sections. The width-to-thickness ratio is noted
as ‘‘aspect ratio” (AR) with ranges between 1 for round microfibers
and 10 for microfibers of a flatter shape. The mean value of width is
19 � 17 lm, the mean value of thickness 4�2 lm.

XRD analyses were conducted on the initial AISI316-Ti rod and
on the fabricated microfibers after melt-spinning (as shown in
Fig. 2). The main crystalline phases (Fig. 2-a) in the initial
AISI316-Ti rod are evaluated to be austenite, bainite, cementite
as well as some minor oxide phases such as FeCO3 and NiFe2O4.
The as-cast AISI316-Ti microfibers’ XRD pattern in Fig. 2-b shows



Fig. 1. a) melt-spinning process, b) photograph of the assembled fibers, c) SEM micrograph of AISI316-Ti microfibers fabricated by melt-spinning, d) size distribution of the
microfibers’ width and thickness. On the top, the frequency histogram of width distribution; on the right, the frequency histogram of the thickness distribution.

Fig. 2. a) XRD analysis of as-received AISI316-Ti rod before melt-spinning. b) XRD analysis of as-spun AISI316-Ti microfibers after melt-spinning.
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a diffusive pattern as indicator of an amorphous structure. Grudeva
and Kanev have previously shown that, by adding refractory met-
als such as Ti and W to stainless steel, it is possible to form a thin
amorphous film. We consequently believe that the presence of Ti
4

in AISI316-Ti stainless steel composition is an important factor in
the formation of an amorphous structure [35].

Thermal properties and phase transformation in AISI316-Ti
stainless steel microfibers were investigated using DTA and in-
situ XRD. Fig. 3-a shows the DTA analysis of as-cast AISI316-Ti



Fig. 3. a) DTA analysis of as-cast AISI316-Ti microfibers. b) in-situ XRD analysis of as-cast AISI316-Ti microfibers isothermally heated at 400�C, 500�C, 600�C, 700�C, and 800�C.
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microfibers: the heating curve is shown by the red line, the cooling
curve in blue. In this Figure, Tg (glass transition temperature) is
found to be 437�C, followed by a crystallization peak at 573�C. Based
on these findings, we can arrive at an informed estimate for the
glass forming ability (GFA) of AISI316-Ti. Lu and Liu have shown
that the parameter c defined as c ¼ Tx=ðTg þ TlÞ can successfully
predict glass forming ability where Tx is the crystallization temper-
ature, and Tl is the liquidus temperature, respectively [36]. Assum-
ing Tl = 1371�C [2], c is found to be � 0:34. They have also shown
that, for some typical non-BMG systems, c values in the order of
0.335 corresponds to very high critical cooling rates - reaching as
high as 107�C.s�1 for some alloys such as Zr65B35. It is therefore a
significant outcome to obtain a fully amorphous structure from a
stainless steel composition not designed for bulk metallic glass for-
mation. This means that the cooling rate of melt-spinning stainless
steel microfibers is in the same order of magnitude to entirely sup-
press the crystallization leading to the formation of a fully amor-
phous structure. A conventional planar flow melt-spinning often
fabricates ribbons with at least 20–50 lm which is an order of
magnitude thicker than the microfibers produced by our modified
melt-spinning technique. Rapid quenching of a 4–5 lm thick film
makes it possible to reach higher.

Fig. 3-b shows the in-situ XRD analysis of the as-cast AISI316-Ti
microfibers during isothermal treatments at 400�C, 500�C, 600�C,
700�C, and 800�C. Upon reaching 400�C, the XRD pattern already
shows the appearance of some small ferrite peaks, but the major
feature of the XRD pattern is still a broad diffusive maximum;
the amorphous phase thus is still dominant for samples treated
isothermally at 400�C. The ferrite peaks get more pointed after
heating at 500�C. This finding is in line with the Tg of 437�C observed
in the DTA analysis. At 600�C, the first austenite peaks appear. This
could well be the origin of the DTA exothermic peak (crystalliza-
tion) at 600�C which clearly indicates a phase transformation. As
the temperature rises above 700�C, the sole remaining crystalline
phase is austenite. Sharp peaks indicate more crystallinity in the
microstructure (here, austenite). In fact, Naghizadeh and Mirzadeh
have previously shown that annealing AISI316 stainless steel up to
850�C does not contribute to major grain growth due to the pres-
ence of solute atoms shifting the grain growth toward higher tem-
peratures [33]. Overall, this in-situ analysis confirms the
amorphous structure previously observed for as-cast AISI316-Ti
microfibers by XRD at room temperature.

To further investigate microstructure in the AISI316-Ti microfi-
bers, FIB-prepared microfibers were analyzed via transmission
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electron microscopy (TEM). The bright-field TEM image from the
as-cast AISI316-Ti microfiber cross-section is shown in Fig. 4-a.
The cross-section reveals a layered structure which could be
related to instability of the molten film (puddle) cooled on the
rotating copper wheel during the microfibers’ fabrication. The
overall selective area electron diffraction pattern of all four layers
is shown in Fig. 4-b. In alignment with the previous XRD and
DTA analysis, the blurry diffusive diffraction ring is an indicator
of a major amorphous phase in the material. Performing the same
analysis (SAED) on each layer individually, differences in the
details soon become apparent. Among the four layers, the greatest
number of diffusive rings is to be found in both layers I and IV. In
crystalline materials, the radius of the rings is related to the spac-
ing between atomic planes. Here, where the material has an amor-
phous structure, the presence of rings still indicates some short
range order, but the rings appear to be very wide as an indicator
of disorderness in atomic positions [37]. The greater the width of
the ring, the higher the disorderness in the atoms’ arrangement.
In fact, layers I to IV as shown in Fig. 4a are from the microfiber
surface boundaries; one side in contact with the rotating copper
wheel and the other side in contact with air. Therefore, it is possi-
ble that the more pronounced amorphous structure is related to a
slightly higher quenching rate than the one to be found in the mid-
dle of the film. Previous analysis on the quenching rate of melt-
spun ribbons have shown that the quenching rate varies based
on the distance of the surface to the contact point of the copper
wheel (contact surface vs free surface)[38]. However, considering
the thickness of melt-spun microfibers in the range of 2 lm, such
a difference should be less than one order of magnitude, but it
surely has an influence on the atomic level. In addition, some very
small reflections are particularly visible on the diffraction rings of
layer III in Fig. 4-e, indicating that partial nanocrystallization has
occurred in this layer. These reflections stem from small nanocrys-
tals also seen through dark diffraction contrast in the BF images.
There is a notable number of nanocrystals to be found at the layer
boundaries, either due to faster heterogeneous nucleation there or
possibly because of chemical segregation. All in all, the TEM anal-
yses confirm our observations from XRD and DTA concerning the
amorphous microstructure.

As-cast amorphous AISI316-Ti microfibers were heat treated
stepwise at 650�C, 750�C (each 30 min holding time), and at a final
temperature of 850�C (holding time 1 h). Fig. 5 shows the FIB-
prepared cross section of the heat-treated AISI316-Ti microfiber.
Bright-field TEM images are shown in Fig. 5-a (lower magnifica-



Fig. 4. a) bright-field image of AISI316-Ti microfiber cross-section, b) selective area electron diffraction obtained from all 4 layers, c) selective area electron diffraction of layer
I, d) selective area electron diffraction of layer II, e) selective area electron diffraction of layer III, f) selective area electron diffraction of layer IV.
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tion) and 5-b (higher magnification). The first visible result of
annealing is the formation of grains in the nanometer range. Using
the linear intercept method, the average grain size is found to be
80 nm. Further analysis of different grains shows significant differ-
ences in their respective microstructures. Selective area electron
diffraction was conducted on a large area consisting of several
grains (marked as a in Fig. 5-b) as shown in Fig. 5-c. The diffraction
points are clear evidence of nanocrystallization. Still, a blurry diffu-
sive ring is detectable in this pattern. In consequence, we per-
formed SAED on different grains individually. The microstructure
of the grain marked as b in Fig. 5-b was analyzed by SAED (as
shown in Fig. 5-d).

This region is mostly amorphous, with some presence of small
nanocrystals embedded in the amorphous matrix. In contrast,
when looking at the grain marked as u in Fig. 5-b, the SAED (5
(e)) appears to be fully crystalline. What these results suggest is
that the heat-treated AISI316-Ti microfibers contain both amor-
phous material and crystalline grains adjacent to one another, pos-
sibly very small nanocrystals precipitated within the amorphous
matrix. To allow for a better understanding of the image in its
entirety, the microstructure’s schematic representation is depicted
in Fig. 6-e. It can be concluded that the microstructure represents a
composite formation consisting of two different structures, which
can be categorized as an amorphous-nanocrystalline alloy.

The hardness and elastic modulus of both the as-cast AISI316-Ti
and the heat-treated microfibers were measured using the contin-
uous stiffness mode (CSM) of nanoindentation. Fig. 6-a and 6-b
show the load displacement curves for the as-cast amorphous
AISI316-Ti microfibers and the heat treated AISI316-Ti microfibers,
respectively. For the same indentation depth, the load required to
indent in heat-treated microfibers is approximately twice as much
as is needed in the case of the as-cast amorphous stainless steel
microfibers. The slope of the unloading curve has also changed sig-
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nificantly, an effect related to the elastic modulus of the samples.
In order to better check these changes against one another, a com-
parison is drawn between the elastic modulus (E) and hardness (H)
of the initial AISI316-Ti stainless steel rod before melt-spinning
(ORG), as-cast amorphous AISI316-Ti microfibers (AC), and heat
treated AISI316-Ti microfibers (HT) (see Fig. 6-c and 6-d, respec-
tively). It is clear that the elastic modulus of the as-cast amorphous
AISI316-Ti microfibers has significantly decreased from the initial
value (i.e., before melt-spinning) of 196.5 ± 4.94 GPa to an average
of 115.91 ± 20.18 GPa. At the same time, the hardness of the as-cast
amorphous AISI316-Ti microfibers has increased from the initial
value of 2.4 ± 0.14 GPa before melt-spinning to an average of
8.24 ± 0.62 GPa. Quite possibly, this significant increase in hard-
ness can be attributed to the different nature of plastic deforma-
tion in metallic glasses as compared to that occurring in
crystalline alloys. The presence of dislocations in crystalline alloys
facilitates their plastic deformation at room temperature whereas
their absence in bulk metallic glasses (BMG) means that in their
case, plastic deformation requires higher amounts of energy [39].
Moving to heat treated AISI316-Ti microfibers after melt-
spinning, elastic modulus appears to return to a close approxima-
tion of its initial value for the crystalline stainless steel structure. In
fact, elastic modulus is a macroscopic measure of stiffness and as
such correlated to interatomic bonding and connections. In conse-
quence, one would expect to observe the same elastic modulus in
both the initial stainless steel and the heat-treated stainless steel
samples (ORG and HT) for identical crystalline structures (in this
case austenite) regardless of grain sizes. Furthermore, hardness
in the heat treated AISI316-Ti microfibers has significantly
increased from the mean value of 8.24 ± 0.62 GPa for as-cast
AISI316-Ti to a mean value of 14.21 ± 0.9 GPa. Increased hardness
as a result of nanocrystallization is often referred to as the grain
refinement phenomenon or Hall-Petch effect. Here, if we want to



Fig. 5. a) bright-field image of heat-treated AISI316-Ti microfiber cross-section, b) higher magnification bright-field image of heat-treated AISI316-TI microfiber cross-
section, c) selective area electron diffraction of area alpha, d) selective area electron diffraction of area b, e) selective area electron diffraction of area U. Heat-treatment was
conducted step wise at 650�C, 750�C (each 30 min holding time), and at a final temperature of 850�C (holding time 1 h).
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justify the increased hardness in the heat treated sample (grain
size � 80 nm) compared with the as-received (original) sample
based on grain-refinement (grains in the order of 100 lm), we have
to consider that the microstructure of heat treated AISI316-Ti com-
prised both amorphous and nanocrystalline regions; therefore, in
the interpretation of mechanical properties, both should be taken
into account. A possible explanation for the increase in hardness
would therefore be a combination of biased accumulation of local
strains in the amorphous regions and of the increased number of
grain boundaries resulting from grain refinement (nanocrystalliza-
tion). Fig. 6-e shows the schematic representation of how, in these
three samples, microstructure could contribute to macroscopic
changes of their mechanical properties.

4. Conclusion

In our experiment setup, we used a modified melt-spinning
device to fabricate stainless steel microfibers. The resultant as-
cast melt-spun AISI316-Ti stainless steel microfibers show a diffu-
sive XRD peak indicative of an amorphous structure. This observa-
tion was further confirmed by performing TEM and SAED on the
as-cast microfibers. Evidently, an amorphous structure was gener-
ated from a commercial stainless steel grade (AISI316-Ti). DTA
measurements of the as-cast microfibers showed a glass transition
temperature at 437�C and a crystallization temperature of 573�C,
leading to c � 0:34. This marginal c value confirms the difficulties
associated with the low glass forming ability of stainless steel. The
7

subsequent heat treatment of amorphous AISI316-Ti microfibers
has led to the generation of a composite structure comprising adja-
cent amorphous and nanocrystalline grains.

Additional stiffness nanoindentation measurements were con-
ducted to find that hardness increased hardness from the initial
value of 2.4 ± 0.14 GPa of conventional polycrystalline stainless
steel to 8.24 ± 0.62GPa for the melt-spun amorphous AISI316-Ti
microfibers. Furthermore, the elastic modulus of amorphous
AISI316-Ti microfibers decreased from 196.5 ± 4.94 GPa for poly-
crystalline stainless steel to 115.91 ± 20.18 GPa. Such a reduction
in elastic modulus suggests that the packing density in the gener-
ated amorphous phase is less than the packing density of polycrys-
talline fcc (austenite) stainless steel. Additional heat treatment of
amorphous stainless steel microfibers has increased their hardness
to an even higher value of 14.21 ± 0.91 GPa. We believe that such
enhancement of the mechanical properties in this microstructure
is due to confinement of both dislocation movement (grain refine-
ment) and the absence of dislocations in the amorphous regions of
the sample, meaning that plastic deformation requires higher acti-
vation energy.

The findings of this study can possibly serve to create different
commercially used and/or state-of-the-art Fe-based systems with
enhanced hardness via formation of amorphous and nanocrys-
talline regions through rapid quenching.



(a) (b)

(c) (d) (e)

Fig. 6. a) load–displacement curve of as-cast AISI316-Ti microfibers b) load–displacement curve of heat-treated AISI316-Ti microfibers c) elastic modulus of original AISI316-
Ti (ORG), as-cast amorphous AISI316-Ti microfibers (AC), and heat-treated AISI316-Ti microfibers (HT) d) hardness of original AISI316-Ti (ORG), as-cast amorphous AISI316-Ti
microfibers (AC), and heat-treated AISI316-Ti microfibers (HT) e) schematic representations of microstructures of macrograin original stainless steel, amorphous and heat-
treated stainless steel, and their correlation with the mechanism of plastic deformation.
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