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High-temperature ultrasonic nanocrystal surface modification (HT-UNSM) at 450 °C was applied to tantalum
(Ta) to induce severe surface plastic deformation (S2PD), producing a simultaneous amorphous/nanocrystalline
layer confirmed by transmission electron microscopy (TEM) and fast Fourier transform (FFT) diffraction analysis.
X-ray diffraction (XRD) further confirmed nanocrystallization of the «-Ta phase and complete elimination of the
metastable p-Ta phase. The duplex architecture is attributed to extreme contact-pressure-driven amorphization at

the surface and thermally-assisted dynamic nanocrystallization in the subsurface, demonstrating HT-UNSM as an
effective strategy for tailoring near-surface microstructure and mechanical performance.

1. Introduction

Surface microstructure engineering through severe surface plastic
deformation (S’PD) techniques has gained considerable attention for
enhancing the near-surface properties of metallic materials [1]. Among
these techniques, high-temperature ultrasonic nanocrystal surface
modification (HT-UNSM) offers precise thermomechanical control by
independent adjustment of treatment parameters, including tempera-
ture, enabling structural outcomes beyond conventional
nanocrystallization.

Tantalum (Ta) is a refractory metal of significant technological
importance, used in nuclear fusion plasma-facing, biomedical, micro-
electronics and high-temperature structural systems [2], owing to its
exceptionally high melting point, corrosion resistance and biocompati-
bility. Yet, its microstructural response to thermomechanical UNSM
treatment remains incompletely understood, particularly under extreme
contact pressure and elevated temperature.

While deformation-induced nanocrystallization is well established
across metallic materials, deformation-induced amorphization, typically
associated with extremely high defect accumulation and dislocation
density approaching ~10'°-10'® m~2, has been reported only under
highly constrained conditions [3,4]. The simultaneous formation of
duplex amorphous/nanocrystalline architecture has not been previously
demonstrated for Ta, nor has the transformation behavior of the meta-
stable p-Ta phase under HT-UNSM treatment been addressed. The
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present study aims to establish the thermomechanical conditions under
which UNSM treatment simultaneously forms this duplex architecture
and to elucidate its effects on hardness and residual stress.

2. Experimental details

Ta samples, with a purity grade of 99.95 wt% Ta procured from
Plansee SE (Reutte, Austria), with a diameter of 15 mm and a thickness
of 5 mm, were used. Prior to HT-UNSM treatment, the samples were
mechanically polished using SiC abrasive papers of progressively finer
grit sizes up to 2000 grit. HT-UNSM treatment was performed at 450 °C
under the parameters listed in Table 1 to promote thermally assisted
S2PD. Detailed information on HT-UNSM treatment can be found in a
previous study [5]. The optimal temperature of UNSM treatment was
systematically constrained by evaluating the Zener-Hollomon parameter
Z, which governs the competition between strain hardening and thermal
softening during high-strain-rate deformation:

Z=éoexp<%)

where ¢ is the effective strain rate (~103—1O4 s~ ! under UNSM), Q is
the energy activation for self-diffusion in Ta (~430 kJ/mol), R is the
universal gas constant and T is the absolute temperature. The calculated
optimal temperature falls within the regime associated with dynamic
nanocrystallization, where dislocation accumulation and grain
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subdivision are thermodynamically favorable, yet grain growth kinetics
remain sufficiently sluggish to preserve the nanocrystalline scale. The
maximum contact pressure of 4.46 GPa is highly sufficient to drive
dislocation accumulation, grain size refinement and nanocrystallization
under extreme localized strain conditions.

The microhardness (0.1 HV) and residual stress (only in the 90° di-
rection) were measured by Duramin-A300 (Strues, Denmark) and a
diffractometer (XStress 3000, Stresstec, Canada), respectively. The
phase and structural changes induced by HT-UNSM treatment were
analyzed by X-ray diffraction (XRD: D8 Advance, Bruker, USA) using Cu
Ka radiation over a scanning range of 30-90°. The UNSM-treated surface
layer was further characterized by transmission electron microscope
(TEM: JEM-F200, JEOL, Japan). Thin foils for TEM observations were
prepared from the UNSM-treated surface region using a focused ion
beam (FIB: Thermo Fisher Helios 5, JEOL, Japan) system. Fast Fourier
transform (FFT) diffraction patterns were obtained from TEM images to
identify the amorphous and nanocrystalline phases.

3. Results and discussion

Fig. 1 presents the XRD patterns of untreated and HT-UNSM-treated
samples. The XRD pattern of the untreated sample exhibits diffraction
peaks attributable to two coexisting phases. The reflections at approxi-
mately 20 = 38.5°, 55.5°, 69° and 82° are indexed to the stable body-
centered cubic (BCC) a-Ta phase, corresponding to the (110), (200),
(211) and (220) crystallographic planes, respectively. In addition, two
supplementary reflections are observed at approximately 26 = 35.5° and
44°, which are attributed to the metastable tetragonal $-Ta phase. The
coexistence of a-Ta and p-Ta in the untreated sample is consistent with
prior reports of p-Ta retention in bulk Ta following conventional ther-
momechanical processing, where insufficient driving force prevents
complete transformation to the equilibrium BCC phase [6,7].

Following HT-UNSM treatment, the diffraction pattern undergoes
several changes reflecting the S?PD and thermomechanical activation.
Most notably, the p-Ta reflections at 20 ~ 35.5° and 44° are absent in the
treated pattern, indicating complete elimination of the metastable p-Ta
phase. This transformation is attributed to the combined mechanical and
thermodynamic driving forces required to overcome the transformation
barrier. The remaining peaks in the HT-UNSM-treated pattern corre-
spond to BCC o-Ta reflections, confirming the presence of a nano-
crystalline structure. In addition, these peaks exhibit substantial
broadening and reduced intensity relative to their untreated sample,
consistent with the crystallite size refinement according to the Scherrer
eq. [8]. It is important to note that no broad diffuse halo, the conven-
tional XRD signature of an amorphous phase, is discernible in the HT-
UNSM-treated pattern. This absence, however, does not preclude the
amorphous surface layer shown in Fig. 2. Conventional XRD at Cu Ka
wavelengths probes a sampling depth on the order of several micro-
meters, far exceeding the estimated amorphous layer thickness of ~10
nm confirmed by TEM and FFT analysis. As a result, the XRD results
confirm three concurrent microstructural transformations: (i) complete
elimination of the metastable p-Ta phase via thermo-mechanically
activated p — o transformation; (ii) grain refinement of the a-Ta phase
to the nanocrystalline scale; and (iii) formation of an amorphous layer
below the XRD detection depth. These findings are fully consistent with
the thermomechanical framework used to select 450 °C as the optimal
UNSM treatment temperature and validate the formation of the targeted
duplex amorphous/nanocrystalline surface architecture.

The mechanical effect of HT-UNSM treatment is reflected in the

Table 1
HT-UNSM treatment parameters at 450 °C.
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Fig. 1. XRD patterns of the untreated and HT-UNSM-treated samples.

significant improvement in surface hardness and compressive residual
stress. Following HT-UNSM treatment, the hardness increased from
~200 to ~380 HV, while the compressive residual stress increased from
~ — 35 MPa to ~1250 MPa. These improvements are attributed to the
S2PD induced near the surface, as further elucidated by TEM.

Fig. 2 presents the cross-sectional TEM image of HT-UNSM-treated
Ta, along with the corresponding FFT diffraction patterns from two
spatially distinct regions of the surface layer. Fig. 2(a) presents a clearly
delineated modified layer comprising two structurally distinct sub-
layers. The uppermost region, with an estimated thickness of ~0.5 pm,
displays a homogeneous, featureless contrast indicative of an amor-
phous structure formed by extreme S?PD induced by repeated high-
frequency impacts. Beneath it, a nanocrystalline sublayer (~1.5-2.5
pm) shows granular contrast arising from deformation-induced nucle-
ation of nanograins with varying crystallographic orientations, attrib-
uted to $?PD accumulation at depths where the applied stress exceeded
the recrystallization threshold but was insufficient to drive complete
amorphization. The structural identity and crystallographic nature of
both layers are further confirmed by TEM and FFT analysis in Figs. 2(b-
d).

Fig. 2(b) reveals a sharp, non-gradual boundary running diagonally
across the field of view, indicative of a strain-threshold-driven structural
transition rather than a continuous gradient transformation. This is
consistent with the critical dislocation density model for amorphization
in BCC metals, wherein the crystalline to amorphous transition occurs
abruptly once dislocation density exceeds a critical threshold of
~10%-10'® m~2. The upper region of Fig. 2(b) exhibits homogeneous,
featureless contrast with no discernible periodic lattice fringes, charac-
teristic of structural disorder. This region experienced the highest cu-
mulative plastic strain, where each impact delivered a peak contact
pressure of 4.46 GPa, approximately 18-26 times the yield strength of
Ta (~170-250 MPa), driving the dislocation density beyond the
threshold for lattice destabilization and amorphization. The corre-
sponding FFT pattern (Fig. 2(c)) corroborates this: a single broad,
diffused halo ring centered at the transmitted beam, with no discrete
diffraction spots, is the definitive reciprocal-space signature of an
amorphous phase, reflecting the absence of any preferred atomic
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Fig. 2. Cross-sectional TEM image (a and b) and FFT diffraction patterns (c and d) showing the simultaneous formation of amorphous and nanocrystalline sur-

face layers.

spacing or crystallographic orientation. The uniform intensity distribu-
tion along the halo reflects structural isotropy, commonly associated
with amorphous metallic glass-like phases [9].

The lower region of Fig. 2(b) presents a strikingly different, highly
ordered periodic arrangement of bright and dark spots, representing
resolved atomic columns imaged along a specific zone axis. The regu-
larity and spatial coherence confirm a well-developed nanocrystalline
structure, with d-spacing consistent with the (110) interplanar spacing
of BCC a-Ta, in agreement with the XRD results in Fig. 1. The corre-
sponding FFT (Fig. 2(d)) displays multiple sharp, discrete diffraction
spots clustered around the central beam, confirming coherent Bragg
diffraction from well-ordered crystalline domains. The presence of
multiple spot sets with slight angular misorientations is characteristic of
a nanocrystalline microstructure comprising several nanograins with
different crystallographic orientations within the selected area, rather
than a single-crystal domain. This nanocrystalline character is consistent
with the deformation-induced nucleation mechanism, wherein multiple
crystalline nuclei form independently at different sites within the
heavily deformed subsurface matrix, each inheriting a slightly different
orientation from the local strain field.

4. Conclusions

XRD patterns revealed intensity reduction indicative of nano-
crystallization, but could not resolve the amorphous surface layer due to
its shallow penetration depth into the amorphous layer thickness. The
TEM analysis confirmed the simultaneous presence of a duplex amor-
phous/nanocrystalline architecture as a genuine feature of HT-UNSM
treatment, which not only induces sufficient S*PD for surface amorph-
ization but also provides the thermomechanical driving force to com-
plete the p-Ta to «-Ta transformation. These microstructural
transformations were accompanied by a substantial increase in surface
hardness, from ~200 to ~380 HV. In contrast, the compressive residual
stress increased from ~ — 35 to ~ — 1250 MPa, reflecting the combined
effect of grain refinement, amorphization and S?PD near the surface.
Amorphous metallic surface layers are of considerable interest, exhib-
iting unique combinations of hardness, elastic modulus and corrosion
resistance that are inaccessible in crystalline surfaces, and have been
explored as protective layers in tribological, corrosion and biomedical
applications.
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