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Abstract

Bulk nanostructured materials exhibit high strength but very low ductility. In this study, ductile
nanostructured iron-base alloys are successfully developed using a combination of three strategies:
appropriate choice of chemical compositions for lattice softening, severe plastic deformation using
high-pressure torsion for grain refinement, and annealing for nanotwin formation. Accordingly,
exceptional performance of both ultrahigh strength, 2.3-3 GPa, and high elongation to failure,
10-20%, which has never been reported for metallic materials, is achieved.
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The unique physical, chemical and mechanical properties of bulk nanostructured metallic
materials make them appropriate for many multifunctional applications [1,2]. However, a general
requirement for structural applications is that the materials should have both high strength and high
ductility. Although bulk nanostructured metallic materials exhibit very high strength, their ductility
is generally low because of limitations in the motion and accumulation of internal lattice defects
and lack of strain hardening [3]. Since the introduction of nanostructured materials, several
approaches, including severe plastic deformation (SPD) [4-8], twinning [9-14] and lattice softening
by composition control [15-18], among others [19,20], have been independently employed for
improvement of ductility. In this study, the three approaches mentioned above are combined, and
nanostructured Fe—-Ni—Co-Ti alloys with ultrahigh tensile strength and high ductility are developed.

Two coarse-grained Fe-Ni—Co-Ti alloys, with compositions, crystal structures and grain sizes
as listed in Table 1, were prepared by melting under an Ar atmosphere, subsequent forging at 1423
K and solution treatment at 1373 K for 86.4 ks. In order to produce nanograined structures, disc
specimens (10 mm diameter, 0.8 mm thickness) were subjected to SPD by high-pressure torsion
(HPT) [21,22] by compression under a pressure of 6 GPa and concurrent rotation of 10 turns at a
rotation speed of 0.2 rpm. Following the HPT, phase transformations occurred and a saturation of
grain refinement [23] to the levels given in Table 1 was achieved throughout the discs. The
HPT-processed samples were subsequently annealed at 473 and 773 K for 3.6 ks to produce
nanotwinned structures.

The samples were evaluated by means of Vickers microhardness measurement, X-ray
diffraction (XRD) analysis, differential scanning calorimetry (DSC), tensile testing (1.5 mm gauge
length, 0.7 mm gauge width and 0.7 mm thickness) and scanning transmission electron microscopy
(STEM).

The compositions of these Fe—Ni—Co-Ti alloys were deliberately selected to produce several
characteristic features. First, according to first-principles calculations and experimental
observations, the alloys exhibit a lattice softening when the average valence electron number per
atom (e/a) is about 8.4 [16]. As given in Table 1, the e/a values for the two alloys are close to 8.4. It
is noted that a crystal is considered lattice softened when the difference in cubic elastic constants,
C’ = (Cy1 - C12) / 2, is adjusted to be small by controlling the chemical composition [15,16]. As a
consequence, the Young’s modulus in the <100> direction becomes small and a strong elastic
anisotropy and crystal instability is developed. Second, the alloys have different initial crystalline
structures before deformation such as y (austenite) and y + o’ (martensite) phase structures because
of the effect of alloying elements on the stability of different phases. Third, the crystal structures of
the alloys are unstable when e/a is about 8.4 and the alloys exhibit a strain-induced y—a’ phase
transformation. In contrast to o’ phase in carbon steels, the o’ phase in the present alloys is ductile
because of the lattice softening effect [16]. Fourth, the average grain size in these alloys is reduced
from ~200 um to ~20 nm after SPD, whereas the grain size of severely deformed metallic materials
is usually larger than 100 nm [24]. Here, the grain refinement is enhanced by lattice softening [16],
by combining the phase transformation and plastic deformation [25] and by the twinning effect
[11,14]. Fifth, the severely deformed samples exhibit nanotwin formation by subsequent thermal



annealing, and the fraction of nanotwin boundaries increases with increasing annealing temperature.

The mechanism of twin formation in the o’ phase is not yet fully understood; however, because the

energy for twin boundaries, which are known as coherent boundaries, is small [12], the total stored
energy should be decreased by twin formation.

Table 1. Characteristics of Fe—Ni—Co-Ti alloys. Chemical composition, average valence electron
number per atom (e/a), crystal structure, average grain size, temperature for elemental distribution
(Te) and temperature for the o’ to y phase transformation (T,).

Composition, mol.%
Fe Ni  Co Ti
| 376 242 323 59 850
1 384 223 340 53 851

Alloy

; Crystal Structure Average Grain Size T, T,
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Before HPT ~ After HPFT = Before HPT After HPT  (K) (K)
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y+a! o 140 pm 18 nm 604 694
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Figure 1. Microstructures of Alloy Il after post-HPT annealing at (a and b) 473 K and (c and d) 773

K. (a) TEM bright-field image; (b) lattice image of a twin indicated by an arrow in (a) and

corresponding diffractogram; (c) high-resolution image of several grains; and (d) lattice image of

one grain and corresponding diffractogram.



Figure 1 shows TEM micrographs of the HPT-processed Alloy Il sample after annealing at 473
K (Fig. 1a and b) and 773 K (Fig. 1c and d). Examination of Figure 1 shows that the grains are still
retained at the nanometer level but the grain size is slightly increased by annealing at 773 K. Figure
1a shows that there are many nanotwins, as indicated by the arrows, within the nanograins. Since
only twins with twin boundaries parallel to the incident electron beam are visible in TEM images,
the real twin density should be higher than the one seen in Figure la. Close examination of the
grains in Figure 1a—d reveals that the width of nanotwins after annealing at 473 K is larger than that
after annealing at 773 K. It should be noted that no precipitate formation can be detected after the
annealing within the sensitivity limit of the selected-area electron diffraction (SAED) and XRD
analyses. However, an elemental distribution is detected by annealing at temperatures above T, =
580-604 K which results in formation of Ni- and Ti-rich areas. In addition, an o’—y phase
transformation is produced by annealing at temperatures above T, = 694-702 K, but the y phase in
both alloys mostly transforms to the o’ phase with nanotwins after cooling. As given in Table 1,
these temperatures, which were determined from DSC analysis, depend on the compositions of the
alloys. The SAED analysis and energy-dispersive X-ray spectrometry (EDS) results, as shown in
Figure 2, also confirm that neither elemental distribution nor phase transformation occurs in Alloy
Il after annealing at 473 K, whereas both elemental distribution and y-phase formation occur after
annealing at 773 K.

(a) Anneal at 473 K

' (b) Anneal at 773 K

%

Figure 2. TEM bright-field image, SAED pattern and EDS mappings for Alloy 11 after post-HPT
annealing at (a) 473 K and (b) 773 K.



Figure 3 plots the hardness levels for two alloys with coarse-grained structure produced by
solution treatment, nanograined structure produced by HPT processing, and nanotwinned structures
produced by post-HPT annealing at 473 K (T < Te) and 773 K (T > T,). The hardness is <4 GPa for
the coarse-grained alloys but increases after HPT because of the formation of nanograins. Figure 3
shows that the hardness levels are further enhanced by subsequent annealing due to the formation of
nanotwins: this increase is far more significant after annealing at 773 K than at 473 K. For the
former, the twin width becomes finer and the fraction of twin boundaries increases, whereas for the
latter the width is coarser and the fraction is lower. It is noted that these hardness values are similar
to the levels for intermetallics.
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Figure 3. Vickers microhardness of coarse-grained, nanograined and nanotwinned Fe-Ni—-Co-Ti
alloys.

Some representative stress—strain curves of the two alloys annealed at 473 K (T < T¢) are
delineated in Figure 4a from tensile testing conducted at room temperature and with an initial strain
rate of 2x10° s™. The tensile strength is ~2.3 GPa for Alloy | with y + a’ phases, and is higher, ~3
GPa, for Alloy 11 with o’ phase. The elongation to failure is as high as ~20% for Alloy I and ~10%
for Alloy Il1, with a uniform ductility of ~2% for both materials. The difference between the
ductility of Alloys I and 11 should be due to the difference in the fractions of ¢ and a0 phases and the
effect of chemical composition on the inherent ductility of the o’ and y phases. It is noted that little
ductility was obtained after annealing the two alloys at 773 K (T > T,). The brittle behavior of these
alloys after annealing at 773 K is due to the elemental distribution and extremely small width of
twins. Since the compositions of these alloys were deliberately selected to produce a lattice
softening effect and resultant high ductility, the changes in the composition by the elemental
distribution, as shown in Figure 2b, adversely affect the ductility.

The tensile testing results shown in Figure 4a are summarized in Figure 4b in comparison with
relevant data including coarse-grained metals produced by high-temperature annealing, nanograined
metals produced by HPT, and two amorphous materials produced by casting. Since the dimensions
of tensile specimen significantly influence the elongation to failure [26], the tensile properties of



different materials in Figure 4b were measured using tensile specimens of approximately the same
size (1-1.5 mm gauge length, 0.7-1 mm gauge width and 0.5-0.7 mm thickness). A solid black line
represents the optimum relation between strength and ductility obtained with pure metals. There is a
trade-off between the strength and the elongation to failure for all data points plotted in Figure 4b.
However, the present Fe—-Ni—Co-Ti alloys provide excellent combinations of strength and ductility

when compared to other materials.
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Figure 4. (a) Nominal tensile stress vs. nominal tensile strain curves for post-HPT annealed
Fe—Ni—-Co-Tialloys. (b) Ultimate tensile strength vs. elongation to failure for Fe—-Ni—-Co-Ti alloys
including data for coarse-grained metals, nanograined metals and amorphous materials.

A question naturally arises from the current investigation: why are such good combinations of
both ultrahigh strength and high ductility achieved in the alloys? The strengthening mechanisms in
this study are due to the grain refinement by SPD [4-8], twin formation [9-14] and lattice softening
[15-18], although determination of the exact contribution of each mechanism to the mechanical
properties requires detailed and quantitative analyses. These mechanisms, as outlined below, are
accompanied by a smaller reduction in ductility.



In contrast to conventional plastic deformation methods, SPD produces equiaxed nanograins
with high-angle grain boundaries [2]. The high-angle grain boundaries hinder the motion of
dislocations and increase the strength of the material. At the same time, the high-angle grain
boundaries act as both dislocation sources and sinks so that dislocation accumulation in nanograins
and strain hardening becomes difficult. The nanograined materials produced by SPD show
ductilities somewhat higher than those produced by other methods [5,6]. It was suggested that the
large fraction of non-equilibrium grain boundaries and the high density of lattice point defects
enhance the atomic diffusion [27,28] and facilitate other deformation mechanisms such as grain
boundary sliding [29,30].

Twin boundaries, which are known as typical coherent boundaries, pin the dislocation motion
and increase the strength. Furthermore, the strengthening due to twin boundaries is accompanied by
a smaller reduction in ductility because the twin boundaries have a high capacity to generate and
accommodate dislocations, and dislocations may transmit twin boundaries or glide along the twin
boundaries. Previous investigations on Cu indicated that higher ductility and strength are achieved
with a finer width of twins [9,12], but an opposite change in mechanical properties occurs when the
twin width is below ~15 nm [31]. It is considered that the low ductility observed in the
HPT-processed sample after annealing at 773 K is mainly because of elemental distribution, as
shown in Figure 2b. Moreover, the twin width was too small, ~3 nm, to allow dislocations to be
generated and be accommodated, and furthermore dislocations hardly move via transmission across
the twin boundaries as the nanotwins now completely covered the grains.

Materials with softer lattices exhibit higher ductility; the results of this study are consistent
with this relationship. When C’ is reduced by lattice softening, the ideal shear stress is decreased to
a level comparable to the local deformation stress [16] which is expected to result in a reduction in
strength. The exact mechanism for the paradox of strengthening via lattice softening is not yet clear.
Saito et al. [15] suggested that, because of low ideal shear stress with strong elastic anisotropy, the
ideal shear deformation governs the deformation and this dislocation-free plastic deformation
mechanism results in the increase in strength. However, a recent study showed that spreading of the
core radii of dislocations occurs due to extreme elastic anisotropy and this leads to lower mobility
of the dislocations, thereby enhancing the strength [17]. It is also suggested that the extreme elastic
anisotropy in lattice-softened materials makes it possible to pin dislocation with fewer lattice
obstacles [18].

In summary, ductile nanostructured Fe—-Ni—Co-Ti alloys are developed using a combination of
three strategies: composition control for lattice softening, SPD for nanograin formation and thermal
annealing for nanotwin formation. The current method leads to the simultaneous attainment of
ultrahigh strength and high ductility in the nanostructured alloys.
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