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ABSTRACT

As one of the important materials, nanocrystalline Au (n-Au) has gained numerous interests in recent decades owing to its
unique properties and promising applications. However, most of the current n-Au thin films are supported on substrates, limiting
the study on their mechanical properties and applications. Therefore, it is urgently desired to develop a new strategy to prepare n-
Au materials with superior mechanical strength and hardness. Here, a hard n-Au material with an average grain size of ~ 40 nm
is prepared by cold-forging of the unique Au nanoribbons (NRBs) with unconventional 4H phase under high pressure. Systematic
characterizations reveal the phase transformation from 4H to face-centered cubic (fcc) phase during the cold compression.
Impressively, the compressive yield strength and Vickers hardness (H))) of the prepared n-Au material reach ~ 140.2 MPa and
~ 1.0 GPa, which are 4.2 and 2.2 times of the microcrystalline Au foil, respectively. This work demonstrates that the combination
of high-pressure cold-forging and the in-situ 4H-to-fcc phase transformation can effectively inhibit the grain growth in the obtained
n-Au materials, leading to the formation of novel hard n-Au materials. Our strategy opens up a new avenue for the preparation of
nanocrystalline metals with superior mechanical property.
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1 Introduction

Rationally tuning the structural parameters of polycrystalline
metals, such as grain size, morphology, and grain boundary, can
efficiently regulate their mechanical properties [1, 2]. In particular,
nanocrystalline metals normally with an average grain size of less
than 100 nm could exhibit superior mechanical properties, e.g.,
high yield strength, hardness, and wear resistance, compared with
their microcrystalline counterparts, showing great potentials in a
wide range of applications [3-6]. To date, various synthetic
strategies have been developed to prepare nanocrystalline metals,
such as powder metallurgy techniques [7], equal channel angular
extrusion [8], and electrodeposition [9]. However, by using these
methods, it still remains difficult to achieve the precise structural
engineering of nanocrystalline metals with small and grain sizes
for boosting the application performance. Taking Au as a typical

example, although nanocrystalline Au (n-Au) films could be
prepared on specific substrates by gas deposition [10-12] and
electroplating method [13], they usually possess limited thickness
and their architectures strongly depend on the substrates.
Moreover, the as-formed Au films on the substrates are difficult to
be stripped or transferred for other applications. Therefore, it is
imperative to develop new and effective strategies to prepare
freestanding n-Au materials with excellent mechanical strength
and hardness for future applications.

Previous studies have proven that the high-pressure-assisted
synthesis is a promising method to prepare ultra-hard materials,
such as the nanotwinned cubic boron nitride (BN) [14] and
nanotwinned diamond [15]. In particular, the structure of starting
materials used for the high-pressure synthesis has been
demonstrated to play a key role in determining the final structure
and the property of as-prepared materials. For instance,
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turbostratic onion-like BN nanoparticles (NPs) and onion-like
carbon NPs are essential starting materials for the synthesis of
ultra-hard nanotwinned cubic BN [14] and nanotwinned
diamond [15], respectively. As known, Au nanomaterials with
distinct  structures have been prepared and extensively
studied [16-21], which can also be used as starting materials
in the high-pressure forging fabrication. In particular, with the
rapid development of phase engineering of nanomaterials
(PEN) [22-26], Au nanomaterials with unconventional crystal
phases including 4H-phase Au nanoribbons (NRBs) and 2H-
phase Au nanosheets [27, 28], which are different from the
thermodynamically stable face-centered cubic (fcc) Au, have been
synthesized [17]. However, the preparation of n-Au via high-
pressure cold-forging of Au nanocrystals with unconventional
phases has been rarely reported.

In this work, the n-Au materials with a grain size of ~ 40 nm
are prepared by cold-forging of 4H Au NRBs under high pressure.
It is found that the combination of high-pressure cold-forging and
the in-situ 4H-to-fcc phase transformation effectively inhibits the
grain growth in the obtained n-Au, and thus enables the
preparation of n-Au materials with nanoscale grain size (Fig. 1).
Impressively, the prepared n-Au materials possess a high yield
strength of ~ 140.2 MPa and a high Vickers hardness (Hy) of
~ 1.0 GPa, which are 4.2 and 2.2 times of microcrystalline Au foil,
respectively. The nanoscale grain strengthening in accordance
with the Hall-Petch relationship endows the as-synthesized n-Au
materials with excellent hardness, which is better than most
reported Au materials. The high-pressure forging of
unconventional-phase nanocrystals opens an avenue for the
rational fabrication of nanocrystalline metals with exceptional
mechanical properties for future applications.

2 Experimental section

2.1 Chemicals

Au(III) chloride hydrate (HAuCl,, ~ 50% Au basis), oleylamine
(CisHxN, 70%), 1,2-dichloropropane (C;H(Cl,, 99%), chloroform
(CHCls, 99%), hexane (C¢H,y, 99%), acetone (C;HO, 99.5%), and
other chemicals without being specially mentioned were all
purchased from Sigma-Aldrich. All the chemicals were used as
received without further purification. The micro-polycrystalline
foc Au foil with high purity (~ 99.9975%) was purchased from
Alfa Aesar.

2.2 Sample preparation

The 4H Au NRBs were synthesized according to our previous
report [27]. In a typical synthesis, HAuCl, (4.08 mg) and
oleylamine (220 pL) were dissolved in the mixture of hexane
(3.54 mL) and 1,2-dichloropropane (250 pL) in a 20 mL glass
bottle. Subsequently, the glass bottle was capped and heated in an
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oven at 58 °C for 16 h. The resulting products were collected by
centrifugation (5,000 rpm, 3 min), washed at least three times with
chloroform, and then dried in vacuum for 12 h. The obtained Au
NRBs were first pre-compressed, and then compressed using a
pair of diamond anvils with 300-pum-diameter culets and Re as a
gasket. No pressure medium was used during the compression.
After decompression, the obtained n-Au materials were taken
from the chamber, and then used for the mechanical
measurements.

As comparison, other Au compacts were also prepared by
compressing the fcc Au NPs and Au foil via the aforementioned
compression process used for preparing the n-Au materials. The
fcc Au NPs were synthesized by using a previously reported
method with slight modification [29]. Briefly, 12 mg of
HAuCl,:3H,0, 5 mL of chloroform, and 1 mL of oleylamine were
added into a 20-mL glass vial at room temperature. After agitation
for 2 min using vortex, the resultant pale-yellow solution was
heated to 60 °C and maintained for 4 h in an oil bath under
magnetic stirring, followed by natural cooling down to the room
temperature. Subsequently, 5 mL of acetone was added into the
aforementioned solution, which was then centrifuged at
12,000 rpm for 10 min and washed twice with hexane at
12,000 rpm for 10 min. Finally, the as-obtained product was re-
dispersed in 5 mL of hexane. The dry fcc Au NPs were obtained
by evaporation of hexane for the future usage.

(XRD)

2.3 High-pressure in-situ

measurements

Symmetric-type diamond anvil cells (DAC) with 300-pm-
diameter culets were used in synchrotron XRD measurements.
The Re gasket was pre-indented to a thickness of ~ 30 pum, and
then a hole with a diameter of 100 um was drilled in the center
which served as the sample chamber during compression. To
reveal the phase transformation of 4H Au NRBs and the equation
of state (EOS) under hydrostatic pressure, the silicone oil was used
as the pressure transmitting medium during compression. In
addition, in order to prepare samples used for mechanical
measurements, 4H Au NRBs were also compressed without using
pressure medium, and the corresponding in-situ XRD data during
such non-hydrostatic process were also recorded. The pressure
within a DAC was calibrated according to the pressure-dependent
shift of the standard ruby fluorescence peak [30]. The in-situ XRD
measurements were performed at hard X-ray micro-focusing
beamline BL15U1 at Shanghai Synchrotron Radiation Facility and
4W2 High-pressure Station of Beijing Synchrotron Radiation
Facility with X-ray wavelength of 0.6199 A. The CeO, powder was
used as the standard sample to perform the calibration of
geometry parameters. The two-dimensional (2D) image plate
patterns were integrated to one-dimensional (1D) patterns by
using the Fit2D software [31]. The resulting diffraction patterns
were fitted via the Rietveld refinement with the GSAS-II
software [32].

X-ray diffraction
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Figure1 Schematic illustration of the preparation of n-Au materials from 4H Au NRBs.
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24 Sample characterizations

Au samples were characterized on the transmission electron
microscopy (TEM) (Talos F200X, Thermo Fisher Scientific) with
an accelerating voltage of 200 kV. To prepare the TEM samples,
thin slices were fabricated by focused ion beam (FIB) milling
(Scios, FEI) under the voltage of 30 kV. For the high-resolution
TEM (HRTEM) characterization, the prepared slices were thinned
under the voltage of 5 kV and current of 16 pA for 10 min. The
indentations on the sample surface were characterized by using
the scanning electron microscopy (SEM) (Scio 1, Thermo Fisher
Scientific) under the voltage of 20 kV and current of 0.4 nA in
back-scattered electron (BSE) imaging mode.

2.5 Hardness measurements

The Hy of Au samples was measured by two methods, ie.,
microhardness test (KB 5 BVZ) with a standard square-pyramidal
diamond indenter and nanoindentation test (Key-sight Nano
Indenter G200) with a three-sided pyramidal Berkovich diamond
indenter. The applied load in microhardness tests was 196 mN,
and both the loading time and dwell time were 20 s. Hy was
determined based on the equation of Hy = 1,854.4 F/L?, where F is
the applied load in Newton and L is the mean length of two
diagonals of the indentation in micrometers. The hardness of each
Au sample was tested at 5 different positions. During the
nanoindentation test, the continuous stiffness measurement
(CSM) was carried out and the indenter parameters were first
calibrated against hard materials in a wide hardness range,
including SiO,, AL,O;, and SiC.

2.6 Micro-pillar compression testing

The Au micro-columns with a diameter of ~ 4 pm and aspect
ratio of ~ 1.5 were prepared using the FIB equipment (Scios, FEI).
Briefly, under the voltage of 30 kV and current of 30 nA, an Au
sample was first carved to obtain circular crater (20 pm in
diameter) and micro-column (~ 8 um in diameter). Then, the
micro-column was beam-milled under the voltage of 30 kV and
current of 300 pA to obtain the micro-column with the diameter
size of ~ 6 um. Under the voltage of 30 kV and current of 100 pA,
the micro-column was further beam-milled to decrease its
diameter to ~ 5 um. In order to minimize the surface damage, the
micro-column was beam-milled under the voltage of 30 kV and
low current of 30 pA to obtain the expected diameter size, ie.,
~ 4 pm. The micro-compression measurements were performed
at PI 85SEM pico-indenter (Hysitron) equipped with a flattened
tip (R =5 um) by the displacement/loading control.

3 Results and discussion

3.1 Characterization of 4H Au NRBs

The Au NRBs with the unconventional 4H phase, referred to as
4H Au NRBs, were synthesized using our previously reported
method [27]. As shown in the TEM image (Fig. Sl(a) in the
Electronic Supplementary Material (ESM)), the length and width
of synthesized 4H Au NRBs were from hundreds of nanometers
to several micrometers and 362 + 13.0 nm (Fig.S1(b) in the
ESM), respectively. The HRTEM image and the corresponding
fast Fourier transform (FFT) pattern reveal the exposure of (110)
plane in the 4H Au NRBs (Fig. S1(c) in the ESM), and the atomic
stacking mode of “ABCBABCB” can be clearly observed in the
high-magnification HRTEM image (Fig. S1(d) in the ESM). Since
the 4H phase is a metastable phase of Au, it can be transformed
into the thermodynamically stable fcc phase at high pressure [33]
or elevated temperature [34].
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3.2 Phase transformation of 4H Au NRBs under high-
pressure forging

The synthesized 4H Au NRBs were used for the high-pressure
cold-forging. In this work, two different high-pressure loadings,
ie, non-hydrostatic and hydrostatic conditions, were applied.
Specifically, the non-hydrostatic high-pressure experiment aimed
to prepare a series of n-Au materials with different phase ratios
under different pressures, which were further used for the
mechanical property study. The hydrostatic high-pressure
experiment was conducted to further confirm the in-situ phase
transformation process of 4H Au NRBs under high pressure and
also to determine the EOS of 4H Au.

High-pressure in-situ XRD measurement was carried out in a
DAC in order to investigate the phase evolution of the 4H Au
under pressure. It is worth mentioning that weak diffraction peaks
assigned to fcc Au were observed in the starting materials in both
non-hydrostatic and hydrostatic in-situ XRD patterns, arising
from the very small amount of by-products (i.e., fcc Au NPs)
obtained during the synthesis of 4H Au NRBs (Fig. S1(a) in the
ESM) [27]. Under the non-hydrostatic condition, all diffraction
peaks shifted to higher angles with the continuous increase of
pressure (Fig.2(a)), indicating the pressure-induced lattice
shrinkage of Au. The sudden drop of the diffraction peak area
ratio of (102)4/(200);. at a low non-hydrostatic pressure of
4.0 GPa (Fig 2(b)) shows that the substantial 4H-to-fcc phase
transformation of Au occurred. With the further increase of
pressure from 4.0 to 21.6 GPa, the diffraction peak intensities of
4H Au further decreased while those of fcc Au gradually increased
(Fig. 2(a)). When the pressure reached 21.6 GPa, the diffraction
peak area ratio of (102),;/(200);. decreased to zero (Fig.2(b)),
indicating that the 4H-to-fcc phase transformation of Au was
completed. Moreover, only diffraction peaks corresponding to fcc
Au could be observed after releasing the pressure (Fig.2(a)),
indicating that such 4H-to-fcc phase transformation was
irreversible. Figure 2(c) exhibits the optical image of the n-Au
material obtained by cold-forging of 4H Au NRBs at 21.6 GPa
under non-hydrostatic condition, showing the normal color of fcc
Au.

Similarly, under the hydrostatic condition (Fig.S2(a) in the
ESM), the 4H phase of Au NRBs could also irreversibly transform
to the fcc phase, which was maintained after releasing the pressure
to ambient pressure. As shown in Fig. S2(a) in the ESM, in the low
hydrostatic pressure range of 0-3.2 GPa, the 4H phase of Au was
maintained, and it started to transform to the fcc phase when the
pressure exceeded 3.2 GPa, as confirmed by the sudden drop of
the diffraction peak area ratio of (102),,/(200),. shown in Fig.
S2(b) in the ESM. At 28.6 GPa, the diffraction peak area ratio of
(102)44/(200)¢. decreased to almost zero, indicating 4H-to-fcc
phase transformation of Au was completed (Figs. S2(a) and S2(b)
in the ESM). Furthermore, the in-situ XRD results under the
hydrostatic pressure condition (Fig. S2(a) in the ESM) were used
to calculate the accurate EOS of 4H Au (Fig. S2(c) in the ESM).
Through the Rietveld refinement of the corresponding XRD
patterns (Fig. S3 in the ESM), the unit cell volume change of 4H
Au NRBs under pressure was determined (Fig. S2(c) in the ESM).
Then the EOS of 4H Au was fitted according to the
Birch-Murnaghan third-order EOS (Eq. (1)) [35]

P:%BO x [(Vo/ V) = (vo/m)¥]
{1%(473;) « [(vofv)’ 4)]} 1)

where P is the pressure, V is the volume at pressure P, V; is the
volume at zero pressure, and B, and B, are the bulk modulus and
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Figure2 (a) In-situ XRD patterns obtained at different pressures from 0.1 to 21.6 GPa under non-hydrostatic condition. No transmitting medium is used during the
compression. The blue and red bars represent the standard diffraction peak positions of 4H and fcc Au at ambient pressure, respectively. (b) The peak area ratios of
(102) 44/(200)s.. as a function of pressure. (c) The optical image of the prepared n-Au sample obtained by cold-forging of 4H Au NRBs at 21.6 GPa.

its first pressure derivative, respectively. The obtained results were
B, =80.9+4.5 GPaand B, = 17.2 + 2.1. Compared with the fcc
Au with an experimental value of B, = 167 GPa [36], the 4H Au
possessed a much smaller B, value, indicating that the 4H Au was
more sensitive to the high-pressure compression as compared
with the fcc Au.

3.3 Characterization of as-prepared n-Au materials

In order to study the structural evolution of 4H Au NRBs during
the non-hydrostatic compression process, a series of n-Au samples
prepared at different pressures, i.e., 2.7 (Figs. 3(a)-3(c)), 8.5 (Fig.
$4 in the ESM), and 29.8 GPa (Figs. 3(d)-3(f)), were characterized.
The dark field TEM image of the obtained n-Au material prepared
at 2.7 GPa (denoted as n-Au-2.7 GPa) is shown in Fig. 3(a). The
HRTEM image (Fig. 3(b)) and selected area electron diffraction
(SAED) pattern (Fig. 3(c)) of n-Au-2.7 GPa confirm its mixed
4H/fcc phase. The co-existence of two different atomic stacking
modes, ie, “ABCABC” in fcc phase and “ABCBABCB” in 4H
phase (inset in Fig. 3(b)), demonstrates the occurrence of 4H-to-
fcc phase transformation at 2.7 GPa. When the compression
pressure was further increased to 8.5 GPa, the 4H domains could
still be observed in the obtained n-Au sample (denoted as
n-Au-8.5 GPa, Fig. $4 in the ESM), indicating the incomplete 4H-
to-fce phase transformation. When compressing the 4H Au NRBs
at a high pressure of 29.8 GPa, the obtained n-Au material (Fig.
3(d)), denoted as n-Au-29.8 GPa, exhibited a pure fcc phase,
which was demonstrated by the presence of (111). and (111)g.
crystal plane with an interplanar distance of 2.35 A (Fig. 3(e) and
the inset) and the SAED pattern (Fig. 3(f)), indicating the
complete 4H-to-fcc phase transformation at such a high pressure.
It is worth mentioning that the obtained n-Au-2.7 GPa, n-Au-8.5
GPa, and n-Au-29.8 GPa all possessed a grain size of ~ 40 nm
(Table 1).

For comparison, we also prepared the Au compacts through
high-pressure forging of other Au materials, i.e., fcc Au NPs with a
size of 64.7 + 26.8 nm (Fig. S5(a) in the ESM and Table 1) and the
commercial microcrystalline fcc Au foil (Fig. S5(b) in the ESM
and Table 1). As shown in Fig. 3(g), the Au compact prepared

from the fcc Au NPs at 28.2 GPa, denoted as AuNPs-compact-
282 GPa, was composed of elliptical crystalline grains with
average length and width of 183.9 + 54.7 and 96.6 + 37.0 nm,
respectively (Table 1). The HRTEM images (Fig.3(h) and the
inset) and SAED pattern (Fig. 3(i)) clearly show the lattice distance
of 235 A and the diffraction rings well-indexed to the fcc Au,
respectively. Importantly, by comparing the grain size change of
obtained n-Au materials and AuNPs-compact-28.2 GPa (Table 1),
it could be found that no obvious grain growth occurred when
compressing 4H Au NRBs under pressure while the grain size
significantly increased after compressing the fcc Au NPs. These
results indicated that the in-situ 4H-to-fcc phase transformation at
high pressure could effectively inhibit the grain growth of Au and
thus enable the preparation of n-Au materials. The inhibition of
grain growth by phase transformation from 4H to fcc could be
mainly attributed to the following reasons. First, during the
compaction and cold forging, the 4H Au NRBs would experience
severe plastic deformation and break into fragments with the
original width. Simultaneously, the 4H phase started to transform
to the fcc phase in which the diffusion coefficient of nucleated fcc
nanocrystals would decrease under high pressure, resulting in the
decreased crystal growth rate that would further refine the
grains [37,38]. Second, the continuous high pressure would
promote the plastic deformation dominated by dislocation in the
nanocrystals even after the 4H phase completely transformed to
the fcc phase, which was also beneficial to the inhibition of grain
growth [39,40]. The polycrystalline Au compact prepared from
the fcc Au foil at the pressure of 15.5 GPa, denoted as Au-foil-15.5
GPa, possessed a long strip-like microstructure with a width of
~ 350 nm and length of 0.4-1.5 um (Fig. 3(j) and Table 1). The
measured lattice distance of 2.35 A in HRTEM images (Fig. 3(k)
and the inset) and the diffraction spots in SAED pattern (Fig. 3(1))
of Au-foil-15.5 GPa further confirmed the fcc phase.

34 Mechanical properties of as-prepared n-Au materials

The hardness and compressive strength of the prepared n-Au
materials were tested. The Hy, values in Fig. 4(a) were calculated
based on the equation of Hy = 1,854.4 F/L?, where F is the applied
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Figure3 (a) Dark field TEM image, (b) HRTEM image, and (c) SAED pattern taken from the whole area in (a) of n-Au-2.7 GPa. (d) Dark field TEM image, (e)
HRTEM image, and (f) SAED pattern taken from the whole area in (d) of n-Au-29.8 GPa. (g) Dark field TEM image, (h) HRTEM image, and (i) SAED pattern taken
from the whole area in (g) of AuNPs-compact-28.2 GPa. (j) TEM image, (k) HRTEM image, and (1) SAED pattern taken from the whole area in (j) of Au-foil-
15.5 GPa. Insets in (b), (e), (h), and (k): enlarged images taken from the corresponding white rectangles.

Table1 The grain sizes of starting materials and Au samples obtained at different fabrication pressures

Starting material Grain dimensions of starting material

Pressure of cold-forging

Grain dimensions of obtained Au sample

4H Au NRBs 36.2 + 13.0 nm (width)
fcc Au NPs 64.7 +26.8 nm (size)
Aufoil ~ 350 nm (width)

0.4-1.5 um (length)

2.7 GPa 44,5+ 11.2 nm
8.5 GPa 42.7 £ 10.8 nm
29.8 GPa 37.6 + 8.4 nm
183.9 + 54.7 nm (length)
28.2 GP.
a 96.6 + 37.0 nm (width)
15.5 GPa ~ 350 nm (width)

0.4-1.5 um (length)

load and L is the mean length of the two diagonals of the
indentation (Fig. S6 in the ESM). It is found that a series of n-Au
materials prepared under different pressures from 2.7 to
29.8 GPa showed similar Hy, of 0.95 + 0.08 GPa (Fig. 4(a)). Given
that these n-Au materials had similar grain sizes of ~ 40 nm
(Table 1) but different crystal phase compositions (Figs. 3(a)-3(f)
and Fig. $4 in the ESM), it could be concluded that the hardness
of prepared n-Au materials was mainly dependent on their grain
sizes instead of their crystal phases, which was consistent with the
classical Hall-Petch relationship [41]. In addition, the hardness of

the aforementioned Au materials prepared by high-pressure cold-
forging of other Au starting materials, including the fcc Au foil
and Au NPs, was also investigated. The Hy of the original
microcrystalline Au foil was only 0.45 GPa, which was comparable
with that of the reported bulk Au (0.43 GPa) [42]. After the high-
pressure cold-forging at different pressures, a series of obtained Au-
foil-compacts showed significantly enhanced hardness of 0.73
+ 0.02 GPa (red solid squares in Fig. 4(a)). Such hardening effect
through the high-pressure cold-forging was similar to the
commonly reported cold working or strain hardening
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Figure4 (a) The Hy of the n-Au materials prepared by high-pressure cold-forging of different Au starting materials at different pressures. Some previously reported
representative Au materials, including HPT Au [46], HT-annealed Au [47], and cold-worked Au [48], are used as comparison. (b) Nano-indentation hardness and
Young’s modulus of n-Au-15.5 GPa. (c) Uniaxial compressive stress-strain curves of the micro-pillars prepared from n-Au-2.7 GPa, n-Au-29.8 GPa, and Au-foil-

15.5 GPa.

effect [43—45]. Moreover, the AuNPs-compacts obtained via the
high-pressure cold-forging of the fcc Au NPs at 15.0 and 28.2 GPa
exhibited the similar hardness of 0.80 + 0.02 GPa (red solid dots in
Fig. 4(a)). Based on the aforementioned results, the n-Au materials
prepared from the 4H Au NRBs showed higher Hy as compared
with those prepared by using fcc Au foil and Au NPs as starting
materials. Excitingly, compared with the previously reported Au
materials prepared by other methods, including high-pressure
torsion (HPT) [46], high-temperature (HT) annealing [47], and
cold working [48], the hardness of our prepared n-Au materials
was among the best (Fig. 4(a)).

The nano-indentation hardness (H,) and Young’s modulus (E)
of a representative n-Au material prepared at 15.5 GPa, i.e., n-Au-
15.5 GPa, were also measured via the CSM technique (Fig. 4(b)
and Fig. S7 in the ESM). The convergent H, of n-Au-15.5 GPa
reached ~ 1.2 GPa, and the convergent E of n-Au-15.5 GPa was
measured to be 88.2 GPa (Fig. 4(b)), which was higher than the
reported microcrystalline fcc Au (79 GPa) [11], indicating the
better mechanical property of our prepared n-Au material.

Moreover, the compressive yield strength of the as-synthesized
Au materials was also tested. As illustrated in Fig. 4(c) and Fig. S8
in the ESM, the n-Au-2.7 GPa with the mixed 4H/fcc phases
showed a compressive yield strength of 125.1 MPa, and the n-Au-
29.8 GPa with the pure fcc phase showed a compressive yield
strength of 140.2 MPa, which was ~ 4.2 times of Au-foil-15.5 GPa
(33.4 MPa) and ~ 3.1 times of the reported single-crystal Au micro-
pillars (45 MPa) [49]. At the strain of 0.3, the obtained n-Au-
2.7 GPa and n-Au-29.8 GPa samples could bear the stress of 520.1
and 480.8 MPa, respectively, while the Au-foil-15.5 GPa could
only bear the stress of 88.7 MPa (Fig.4(c)). The measured
hardness and compressive strength demonstrated the superior

mechanical performance of our prepared n-Au materials,
revealing the importance of starting nanomaterials in the high-
pressure cold-forging for the preparation of hard n-Au materials.

4 Conclusion

In summary, the n-Au materials with the grain size of ~ 40 nm
have been prepared via the high-pressure cold-forging of the
unconventional 4H Au NRBs. It is found that the in-situ 4H-to-fcc
phase transformation during the high-pressure cold-forging could
effectively inhibit the grain growth in the obtained n-Au materials.
As a result, the as-prepared n-Au materials exhibited significantly
enhanced Hy and compressive yield strength, which were about
22 and 4.2 times of microcrystalline Au foil, respectively. Such
high hardness of our n-Au materials was among the best of the
reported Au materials. This work demonstrates that the
combination of high-pressure fabrication and PEN is a promising
strategy for the preparation of the novel nanocrystalline metals
with superior mechanical properties.
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