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Iron Based Alloy with Hierarchical Structure and Superior Mechanical

Performance**

By Jian-Guo Wang, De-Qian Zhao, Ming-Xiang Pan and Wei-Hua Wang*

Natural materials such as bone, shell, and tooth with supe-
rior mechanical properties exhibit hierarchical structures
from nanoscale to macroscale. This motivates us to improve
the mechanical performance, in particular the plasticity and
strength, of Fe-based metallic glass-forming alloys by tran-
scribing natural biological designs into the alloys. Here, a Fe-
based alloy was designed using a strategy of copious nuclea-
tion, positive mixing heat and high entropy of mixing, and
prepared by simple casting method to obtain a hierarchical
microstructure. The alloy is composed mainly of milli-scale
lathy, micro-scale dendritic phases, nanoscale crystalline par-
ticles and a glassy matrix with short-range order of a length
scale less than 1 nm. The alloy shows extraordinarily high
strength and large ductility, high resistance to oxidation and
corrosion, which are superior to most of the high-strength
iron alloys. This makes the alloy a promising candidate for
structural material, and the strategy is applicable to a broad
range of metallic alloys and may serve as a design considera-
tion for the development of structural metallic materials.

Structural materials, including poly-, ultrafine-, nano-crys-
talline metals and alloys and even amorphous alloys, require
an optimized combination of strength and plasticity.'
However, the two most important mechanical properties for
structural materials usually sacrifice for each other.”! Gener-
ally, coarse-grained metallic alloys exhibit high ductility but
low yield and fracture strength, while amorphous alloys,
especially bulk metallic glasses (BMGs), present super high
strength but very limited plasticity (usually < 2%).*”! Be-
tween the two extremes lie ultrafine- and nano-grained mate-
rials with fairish strength and plasticity.® ! Extensive efforts
have been made for decades to combine the two utilizable
mechanical properties by solid solution, grain refinement,*
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and heavy cold work™ and so on. Despite extensive explora-
tions and researches, the optimum mechanical properties
combination remains a challenge.

Irons and steels, the most widely applicable structural
materials, comprise well over 80 % by weight of the alloys in
general industrial use.”! Unfortunately, the strength of the
irons and steels is severely limited due to the large crystalline
grain, which is predicted by Hall-Petch equation.m Nano-
structured Fe and Fe-based BMGs suffer shear localization
once the onset of plastic deformation when compressed.®**!
Although some of BMGs, such as Ti-, Zr-based BMGs, have
been improved in plasticity by ex situl"! or in situl™>*® intro-
duction of ductile crystalline phase in glassy matrix, little
work is done to Fe-based BMGs!™®! which often fracture in a
very brittle manner (occasionally explosion-likel”)) when
loaded. However, silica glass, a well-known inherently brittle
material, is widely used as building material in biological
world."”*¥ 1t is found that the hexactinellid sponge Euplectel-
la sp. designs its skeleton at seven length scales from nano-
meter to centimeter: Nano-scaled silica spheres are settled in
concentric rings which are glued together by organic matrix
to form micro-scaled laminated spicules assembled into bun-
dles and then these bundles produce a macroscopic struc-
ture." On the other hand, an organic matrix hybrid compos-
ite with less than 5% of volume fraction plays a critical role
in the laminated architecture (polywoodlike) in that the or-
ganic layers can diverse and rechannel the crack and even
prevent the spread of the crack, and the silica scaffold sus-
tains exterior compression and tension.’®?! As a result,
Euplectella sp. possesses astonishing mechanical stability
though silica glass is employed. So the silica glass delaminat-
ed and assisted by thin organic interlayers at hierarchical
scales achieves ductility without any loss of strength. This sti-
mulates us to apply this design to Fe-based BMG-forming
alloys to overcome their brittleness and improve their
strength and ductility simultaneously.

The recently developed Fe-based BMG-forming alloys,
with a very stable supercooled liquid phase and high resis-
tance against Crystallization,[zo’m permit control of the nuclea-
tion and growth process in the supercooled liquid state and
fabrication of various crystalline phases in different length
scales through controllable solidification or annealing. This
makes it possible to synthesize Fe-based alloys with hierarch-
ical microstructures. In this work, a Fe-based BMG with supe-
rior glass forming ability was chosen as a starting point. By
taking advantage of the strategies of copious nucleation, high
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entropy of mixing, and positive mixing heat, we obtain a Fe-
based alloy with a structural hierarchy ranging from nano-
meter to millimeter through simple casting method. The en-
suing hierarchical structure overcomes the brittleness of the
Fe-based BMGs, and makes the alloy show outstanding
mechanical properties. The mechanical benefits of each hier-
archical level and mechanism for the superior mechanical
properties of the alloy are discussed. The simple and conveni-
ent synthesis route on the basis of the appropriate choice of
composition in BMG-forming alloy is a suggestive solution to
the problem of brittleness in BMGs and might provide useful
guidelines for the development of plastic alloys with high
strength.

Herein, we present a new Fey,Co73Nij6Crq1.8Cu63C148Y18
(at.%) alloy whose unique feature is the complex hierarchical
microstructure as shown in Figure 1. The SEM image
(Fig. 1(a)) of the sample mainly shows a crystalline lathy
phase. The longest lath is 0.15 mm in length and most laths
range from 0.06 to 0.10 mm, and 100 ~ 200 nm in thickness.
The bright-field TEM image (Fig. 1(b)) of the sample also cor-
roborates the existence of lathy phase. The HRTEM image
(Inset I) clearly shows lattice fringes corresponding to crystal-
line nature of the lathy crystals, and the phase around the
lathy crystals exhibits mazelike structure without any crystal-
line particle (Inset II), which indicates the glassy phase sur-
rounding the crystalline phase. The InsetI of Figure 1(a)
shows a dendritic phase with an average length of 11 pm dis-
persed homogeneously in the sample. The Inset II displays
the XRD pattern indicating the dominant crystalline phase in
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Fig. 1. Microstructures of the as-cast alloy: a) SEM image of in-situ formed lathy
phase. (Inset I: dendritic phase; Inset II: XRD pattern of the alloy), b) Bright-field
TEM image of crystalline phases. (Inset I: HRTEM image showing the crystalline
nature of the lath, and Inset II: HRTEM image ascertaining the glassy state of the
matrix), c¢) Bright-field HRTEM image of the nanostructured grains embedded in the
amorphous matrix, d) Schematic illustration of hierarchical microstructure for the Fe-
based alloy, G: glassy matrix; N: nanoparticles; D: dendritic phases; L: lathy phases.

the sample. Combining with the SEM electron microprobe
composition analysis, it is inferred that the crystalline phase
is the face centered cubic (fcc) Fe (Cr, C) solid solution. In
addition, the nanocrystalline particles with an average size of
~3nm are found embedded in the amorphous matrix
(Fig. 1(c)). The microstructural investigation shows that the
hierarchical structure continually ranges from amorphous
(the short-range order or cluster length scale is less than
1 nm) to nano- to micro- and to milli-meter length scales.
Figure 1(d) illustrates the microstructure of the sample. These
results indicate that the approach is effective in forming com-
plex composite with hierarchical structure in the BMG-form-
ing alloys.

The in situ formation of crystalline phases in different
length scales is initiated through deviation from the best
glass-forming composition of FeCoCrMoCBY?*?!! but using
similar solidification conditions. SEM electron microprobe
composition analysis shows that the nanoparticle phase is
rich in Cu and Y while the dendritic phase is Cu rich and Y
scarce and the lathy phase is Cu and Y scarce. The nanoparti-
cles extensively dispersed in the sample result from the co-
pious nucleation enhanced by addition of Cu which have
positive mixing heat with Fe and other elements'®*! and
slow nuclei growth rate in the viscous alloy melt (Y element
can stabilize the liquid phase and increase the viscosity of the
melt?). The formation and growth of dendritic phase usual-
ly result from the negative temperature gradient in liquid
phase and the trunks of most dendrites in a cylindrical speci-
men grow in the same direction from outer region (contact
the wall of the copper mold) to inner region. However, the
dendrites observed in this work are in a random orientation
as illustrated in Figure 1(d). A similar situation happens to
the lathy phase. The millimeter-sized laths, mainly containing
Fe, Cr and C, separately form with a random orientation
(Fig. 1(d)) unlike the laths in parallel arrays in traditional
martensite and bainite which are usually processed by an-
nealing.! The morphology and composition of the dendritic
and lathy phases indicate that their formation is essentially
controlled by the chemical composition instead of the temper-
ature. For a conventional multicomponent alloy, a large
number of imtermetallic phases or other complex phases
would be expected to form. The resultant phases in our alloy
are rather simple as indicated by XRD. This is due to the high
entropy of mixing of the alloy containing seven elements,
which significantly lowers the free energy, thus lowering the
tendency to order and segregate and making random fcc
Fe(Cr, C) solid solution in large size scale and amorphous
phase more easily form and more stable than intermetallics
or other ordered phases during solidification.*!

Mechanical tests demonstrate the superior mechanical per-
formance of the alloy with the hierarchical microstructure.
Figure 2(a) shows the stress and train curve of the alloy in
compressive test, and the inset is the true stress-true strain
curve. The alloy yields at 1.70 GPa (o,) after 1.3% elastic
strain is measured and it undergoes 13.1 % engineering strain
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Fig. 2. Mechanical properties of the alloy, a) compressive stress-strain curve at ambient
temperature. (Inset displaying the corresponding true stress-true strain curve), b) a
comparison among some pure metals and alloys processed using different techniques
and the Fe-based composites: The red square stands for the present alloy; the data for
Steels from ref. [4]; Fe-based BMGs from ref. [5,6]; Nano-structured Fe and its alloys
from ref. [8~11] The most structural materials have a strength-plasticity trade-off (the
green region) while this Fe-based alloy has an optimum combination of strength and
ductility (the red square).

and fractures with 3.79 GPa engineering stress (gy). The maxi-
mum stress reaches 3.90 GPa (g,,) in excess of the fracture
stress of most Fe-based BMGs.*”"¥! In addition, evident work
hardening can be seen in the true stress-true strain curve,
which prevents instable flow and catastrophic fracture that
usually happen in nano-materials and BMGs. Vickers hard-
ness of the alloy is 5.27 GPa, much higher than that of stain-
less and super high strength steels,” which indicates that the
alloy has a better rigidity. The ratio H/g, for this alloy is 3.1
in the range of that of metallic glasses (3 to 4.5) while for crys-
talline metals the ratio is < 3.1%°! Figure 2(b) presents a com-
parison among some pure metals and alloys processed using
different techniques and the present Fe-based alloy. The most
structural materials have a strength-plasticity trade-off,
whereas the Fe-based alloy with hierarchical structure has an
optimum combination of the high strength and the excellent
ductility. Obviously, the multiscale microstructure obtained
through appropriate choice of the composition and control of
solidification conditions can remarkably improve the me-
chanical performance.

To understand the fracture behaviors of the alloy, the frac-
tured samples were investigated in detail by SEM and TEM
as shown in Figure 3. Various features (as labeled in Fig. 3(a))
are witnessed on the rough fracture surface. The compressive
fracture angle is 40° (inset in Fig. 3(a)) which deviates from
45 ° for the maximum shear stress plane and approaches to
that for most BMGs."*”! Transgranular fracture characteristics

Fig. 3. Observations on fracture behaviors and deformation mechanisms of the failed al-
loy: a) SEM image of the fractured surface with different characteristic regions labeled
by Roman numbers (Inset showing the side view of the fractured sample); b) SEM Ima-
ges I-1V are the magnification of regions marked by I, I, 11l and IV in a); c), Bright-
field TEM image of the deformed sample showing interaction between crystalline
grains and microcracks: A large interganular crack (marked by large white arrow) is re-
channeled to propagate along the boundary (marked by black arrows), and a smaller
crack (marked by small white arrow) is blocked by nanoparticles (Inset HRTEM image
of the grains and matrix in the fractured sample); d) HRTEM image exhibiting plenty
of stacking faults in the deformed sample (Inset magnifying the rectangular area en-
closed by dashed line).

can be seen clearly in Figure 3(bI), which should be the
rupture of the lath;*” Figure 3(bIl) shows a typical dimple
structure, which is often observed on the fracture surface of
nano-crystals fractured by torsion or tension,**’! indicates
the ductility of the alloy induced by the nanoparticle phase in
the glassy matrix. Some relatively smooth regions (marked by
III in Fig. 3(a)) are detected, and no special feature can be
observed even using large magnification (Fig. 3(bIIl)). The
vein pattern (Fig. 3(bIV)) similar to that on fracture surface of
BMGs is observed, which could be attributed to the softening
of the glassy phase in the alloy.”! The plentiful morphologies
on the fractograph also confirm the hierarchical structure of
the alloy. Figure 3(c) shows microcracks developed during
deformation. One can see that a large interganular crack is
rechanneled to propagate along the boundary, and a smaller
crack is blocked by the nanoparticles (see inset Fig. 3(c)). Fig-
ure 3(d) shows the massive stacking-faults in a crystalline
grain and these stacking faults are not discovered in the as-
cast sample. This indicates that the plastic deformation is
mainly accommodated in the crystalline phase.

The glassy matrix accounts only for few voluminal percent
of the alloy determined by differential scanning calorimetry
(DSC). The glassy phase with a high elastic limit®” is condu-
cive to the high strength. Although the elastic strain limit
(1.3%) of the present alloy is lower than that of BMGs
(= 2%)57163%0 it is much higher than that of conventional
steels (0.2 ~ 0.6 %).! So the high yield stress of the alloy is

48 http://www.aem-journal.com

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED ENGINEERING MATERIALS 2008, 10, No. 1-2



ENGINEERING

Wang et al./Iron Based Alloy with Hierarchical Structure and Superior Mechanical Performance

obtained owing to the extended elastic strain. A similar vo-
luminal effect is found in biological materials such as mollusk
shell and spicule of sponge that have a dominance (on the
order of 95 % volume) of brittle ceramic component, but they
have an astonishing toughness imparted by organic compo-
nent of < 5% volume.™® Unlike other composites based on
the glass-forming alloy,!"*®! no shear bands develop in the
glassy matrix when the sample undergoes plastic strain. In
contrast, the intergranular microcracks are rechannelled or
blocked by the nano-crystalline phases in the glassy matrix.
This makes the spread and linkup of microcracks quite diffi-
cult, thus prevents premature fracture. Ensuing strain has to
be accommodated in the crystalline phases, resulting in strain
hardening and therefore high fracture stress. As a result,
more microcracks are created, especially near the fracture
plane (images not shown), which in turn contributes to the
toughness.””! Eventually, a large main crack develops, and
the sample is sheared off in terms of Mode II fracture.’?’!
Also, the dendrites and laths are inevitably sheared, espe-
cially in the fracture plane, preceded by the homogeneous de-
formation. The dendrites can improve the ductility markedly,
because they have the capablity of deforming themselves by
dislocation!®! and preventing shear localization with their
branches;">'®! the laths, which play a role of fibers in the
alloy,m] are embrittled by high carbon content like high-car-
bon steel. Nevertheless, the lathy phase is still more ductile
than, and has high strength similar to, the glassy matrix when
compressed or sheared.”! These “fibers” contributes to tough-
ness in two ways: One is to produce a closing force in the
crack wake, and this force reduces the stress intensity in front
of the crack; the other one is the work needed to deform the
lath itself plastically and to pull the lath a distance out of the
matrix.””) When the stress reaches the maximum, the loaded
sample usually begins to collapse. For most of BMGs, the col-
lapse occurs suddenly because the maximum engineering
stress which the BMGs can sustain is usually their fracture
stress."7] The present alloy can experience ~ 1% strain with a
strain rate of 2 x 107 s™! when the stress decreases from a,, to
or. The hierarchical structure prevents the alloy from failing
catastrophically even if it is loaded to maximum engineering
stress. Consequently, each level of the hierarchical micro-
structures individually contributes to the mechanical perfor-
mance and they interplay in the deforming process so that
both strength and ductility benefit from the cooperation.

The alloy also has excellent oxidation and corrosion resis-
tance, which plays an essential role in structural materials
exposed to normal or harsh environment in most cases.!
The alloy remains brilliantly lustrous after spending eight
months in air, and its corrosion rate in 1 N HCI solution is
0.16 mmy ' much lower than that of some monolithic BMGs
containing refractory element niobium."*"! The excellent resis-
tance to oxidation and corrosion should be the result of
carbon and chromium content.*?

In summary, a Fe-based alloy, with a hierarchical structure
and the optimum combination of high strength and large

ductility and high resistance to corrosion and oxidation, is ob-
tained by making use of copious nucleation and low growth
rate, positive mixing heat, high mixing entropy of the alloy.
The superior mechanical performance of the alloy is attribut-
ed to each level of the hierarchical microstructure and their
interplay. The design strategy may provide guideline for
future development of structural metallic materials with hier-
archical microstructure and superior mechanical perfor-
mance.

Experimental

We chosen the Fe-based alloys with minor composition deviation from the
recently developed Fe-based BMG-forming alloys with a very stable super-
cooled liquid phase and high resistance against crystallization.”**!! Then some
crystalline phase would precipitate during the fabrication process. Because the
melt of the alloy have high viscosity and high resistance against the crystalline
phases growth, we can easily control the nucleation and growth process in the
supercooled liquid state and fabricate various crystalline phases in different
length scales through controllable solidification or annealing. The alloys have a
nominal composition Fe;,Co73Nij6Crq15Cu635C148Y1s (at.%). Pure metals
(99.95wt.%) and high-purity carbon (99.99 %) were arc-melted together and
the melting was repeated four times to ensure composition homogenerity, and
then about 5 g master alloy was remelted and cast into 2.0 mm-diameter rod
using water-cooled copper mould under Ti-gettered purified argon atmo-
sphere. We control the solidification and nucleation, growth of crystalline
phases through controlling the cooling rate by choice of different diameters of
the samples.

The structure of the as-cast samples was analyzed by x-ray diffraction (XRD)
using a MAC M03 XHF diffractometer with CuKa radiation. A Philips XL30
SEM with EDX and a TECNAIL-F20 TEM were used to analyze the microstruc-
ture of the samples. Differential scanning calorimetry (DSC) was conducted to
determine the fraction of the glassy phases in the alloy under a purified argon
atmosphere in a Perkin Elmer DSC-7 at a rate of 20 Kmin™.

Compressive properties were tested by using an Instron type testing ma-
chine with a strain rate of 2 x 10™* s at room temperature. The compression
samples 2 mm in diameter have an aspect ratio of 2:1 were prepared according
to ASTM (American society for testing and materials) standards. The failed
samples were investigated by SEM and TEM. Vickers hardness was measured
by a Vickers diamond pyramidal microhardness tester with a load of 300 g and
a loading time of 10 s at room temperature using a Polyvar Met microhardness
tester (Inspiration 2000 Ltd., UK), before which the samples were polished
(1,200 grit, then 0.5 um diamond).

The resistance of the alloy to corrosion was examined by weight loss after in
1 N HCI solution open to air at room temperature. The corrosion rate R was
calculated by:

876 X107 x (My — M)

R STD

)

where M, and M are the mass of the sample before and after corrosion, taken
to be 0.1386 g and 0.1376 g, respectively; S is the total surface area, taken to be
0.5723 cm?; T is the time for corrosion, taken to be 121.7 hrs; D is the density of
the sample, taken to be 7,684.656 kg/ m>.
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