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A B S T R A C T

Ultrafine grained metals, with grain size ranging from 100 nm to 1 μm, generally exhibit increasing strength with 
decreasing grain size, as expected by the Hall-Petch relationship. Contrary to this trend, we observe an increase 
in yield strength from 310 to 520 MPa as the average grain size of Au thin films increases from 140 to 360 nm 
after annealing at 350 ◦C. Quantitative in situ TEM nanomechanical testing reveals that the grain size distri
bution plays a key role in determining the films’ yield strength. In the as-deposited state, a large area fraction of 
nanograins (<50 nm in size) adjacent to larger grains results in substantial stress-assisted grain-boundary 
migration and grain coalescence, leading to yielding at relatively low applied stresses. When these small grains 
are removed through annealing, grain boundary migration is largely suppressed, and higher stresses are required 
to initiate dislocation-mediated yielding, despite the coarser average grain size.

Nanocrystalline (NC) and ultrafine grained (UFG) metals constitute 
an important class of materials due to their high strength [1–3]. As the 
grain size decreases, transgranular dislocation activity is increasingly 
confined [4–6], leading to a rise in strength, as predicted by the 
Hall–Petch relationship [7,8]. However, grain boundaries (GBs) possess 
excess free volume and disordered atomic structures, which limit their 
thermal or mechanical stability in this grain size regime [9]. Such 
instability can induce stress-assisted GB migration (GBM), resulting in 
grain coarsening and a concomitant reduction in strength [10–17]. At 
sufficiently small grain sizes (typically ≲10–20 nm), Hall–Petch 
strengthening can break down and even invert (inverse Hall–Petch), as 
plastic strain is increasingly accommodated by GB sliding with 
diffusion-assisted accommodation [7,18]. Two complementary strate
gies have been proposed to enhance GB stability. The first strategy 
provides stabilization against grain coarsening through both thermo
dynamic and kinetic effects—solute segregation at GBs lowers the 
interfacial free energy and increases the coarsening barrier, while Zener 
pinning mechanically restrains boundary motion [19–22]. The second 
strategy is based on structural stabilization by relaxing nonequilibrium 
GBs toward lower-energy, more ordered configurations (including 
equilibrium complexion states) [23]. Hasnaoui et al. [24] investigated 
the structural order of GB and triple junctions (TJ) from annealing via 
atomistic simulations and demonstrated that atomic shuffling and 

migration during annealing allows GBs and TJs to reach a more equi
librium geometry. Recent evidence further confirms that appreciable 
grain growth can be effectively suppressed via short-term thermal 
treatments. Hu et al. [2] reported a slight increase in strength (about 15 
%) from ~4.3 to ~4.9 GPa in NC Ni by relaxing the GB structure through 
annealing at a temperature below 200 ◦C for 1 hour, without any sig
nificant change in the average grain size. This annealing-induced 
strengthening is thought to be mainly due to GB stabilization.

In this work, we report a ~70 % increase in yield strength after 
annealing 100-nm-thick UFG Au thin films. This result is counterintui
tive given the concurrent ~2 × increase in average grain size, i.e., an 
apparent inverse Hall–Petch–like trend is observed even though the 
grain sizes remain well above the NC regime where classic Hall–Petch 
breakdown is typically reported. To elucidate the underlying mecha
nism, we employ quantitative in situ transmission electron microscopy 
(TEM) mechanical testing to investigate the influence of grain size dis
tribution and GB stability under mechanical loading on the resulting 
yield strength [12,25–28].

Dog-bone-shaped, 100-nm-thick Au film microspecimens (with 
width of ~1.5 µm and length of ~10 µm) were fabricated using e-beam 
evaporation [25,27,28]. A subset of specimens, denoted as A350 and 
A700, was annealed at 350 ◦C for 30 min and 700 ◦C for 5 min, under a 
pressure of 10− 5 Torr. In situ TEM tensile experiments of the Au 
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microspecimens were carried out with our custom-developed micro
electromechanical system (MEMS) testing platform [25,27–29]. Micro
structural characterization was performed using a Gatan OneView 
detector in a ThermoFisher Tecnai F30 transmission electron micro
scope (TEM) operated at an accelerating voltage of 300 kV with 
bright-field imaging. Specimens were mechanically loaded to the onset 
of yielding and then let to relax for 2–5 min for in situ TEM observations. 
The dislocation density ρ was quantified by manually tracing disloca
tions using ImageJ software. The total dislocation length (Ltotal) within 
the observed field of view was determined by summing the traced 

lengths, using the relation ρ = Ltotal
Vsample

, where Vsample represents the 
sampled volume, calculated as the product of the field of view area and 
the thickness of the TEM specimen (100 nm). Since only dislocations 
with g⋅b ∕= 0 are visible in bright-field imaging, raw counts were scaled 
by a factor of 3 to account for (i) invisibility and (ii) 2-D projection, 
assuming an average 45◦ inclination of dislocation lines to the foil 
normal, in line with standard practice performed by other dislocation 
density measurements [30,31]. Although this correction factor in
troduces an overall change, it is consistent across all specimens and 

Fig. 1. Bright field (BF) TEM images of the initial microstructure of the (a) as-deposited, (b) A350, and (c) A700 specimens. (d-e) High magnification BF images of 
the cropped regions in (a) and (b), respectively. PED maps of (e) as-deposited and (f) A350 annealed specimen. (h) Grain size distribution acquired from PED datasets. 
(i) Cumulative area fraction of grains below 50 nm within the distribution of grain size taken from the PED data. (j) GB misorientation distribution plots taken from 
the PED data.
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therefore does not compromise the relative comparison discussed 
herein. Precession electron diffraction (PED) was conducted using a 
Thermo Fisher Tecnai F20 TEM operated at 200 kV at the University of 
Alabama using a side mounted Stingray camera from Nanomegas and a 
precession angle of 0.5 ◦ [12]. The scan step size was set to ~1/20 of the 
average grain size (typically 5–10 nm), and 2–3 precession conditions 
were acquired depending on grain size. Orientation datasets were 
indexed and analyzed in Orientation Imaging Microscopy (OIM) 
software.

Fig. 1 (a-c) shows bright field TEM images of the initial microstruc
tures for the as-deposited, A350 and A700 conditions, respectively. 
Higher-magnification images of the as-deposited and A350 films are 
shown in Fig. 1(d, e). Two inverse pole figure (IPF) maps are shown in 
Fig. 1(f) and (g) for the as-deposited and A350 conditions, respectively, 
showing a strong 〈111〉 out-of-plane texture. The corresponding grain 
size distributions are shown in Fig. 1(h), with area-weighted average 
grain sizes (defined by their equivalent diameters dm) of 142±36 and 
360±83 nm for the as-deposited and A350 specimens, respectively. 
Grains smaller than 50 nm occupy 20 % of the total area of the as- 
deposited specimen, whereas they only occupy 3 % for the A350 spec
imen (Fig. 1(i)). Although most of the grains exhibit columnar 

structures, grains smaller than 50 nm can be stacked through the 
thickness. A closer view of this mixed grain structure for the as- 
deposited condition is shown in the high magnification inset (Fig. 1 
(d)), where a few larger grains (usually with a strong 〈111〉 texture, 
shown in Fig. 1(f)) are interspersed with numerous smaller, randomly 
oriented grains. For the A700 specimen (Fig. 1(c)), only a few grains 
span the specimen width, and the limited grain count precludes a sta
tistically meaningful distribution analysis. However, the dm was 
approximated to ~770 nm based on the TEM images. The misorienta
tion data (Fig. 1(j)) reveals that both the as-deposited and A350 speci
mens have similar GB misorientation angle distributions, with a slightly 
larger number of Σ3 twin boundaries observed after annealing. The 
measured dislocation densities are 5.4 × 1014 m⁻² for the as-deposited 
sample, 5.1 × 1014 m⁻² for the A350 sample, and 2.7 × 1013 m⁻² for 
the A700 sample.

Fig. 2 shows representative stress-strain curves for the three initial 
microstructures tested at two different strain rates ε̇ (~10− 4 s− 1 and 
~10− 1 s− 1). Two tests were repeated at 10− 4 s− 1 to confirm reproduc
ibility. At ε̇ ~ 10− 4 s− 1, the as-deposited specimens exhibit a 0.2 % 
offset yield stress (σy) of 312±3 MPa, whereas σy = 530±10 MPa and 
467±3 MPa for the A350 and A700 specimens, respectively. At ε̇ ~ 

Fig. 2. Stress-strain relationship of as-deposited and annealed specimens under applied strain rates of (a) 10− 4 s− 1 and (b) 10− 1 s− 1. (c) Yield stress vs strain rate for 
the three conditions and their strain rate sensitivity. The as-deposited data were fitted using a logarithmic relation, while the A350 and A700 data were fitted using 
power-law relations.
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10− 1 s− 1, the as-deposited specimen exhibits a σy of 659 MPa, slightly 
higher than the σy of 650 MPa for A350, and significantly higher than 
that of the A700 sample (482 MPa). Additional tests were performed at 
applied strain rates between ∼ 10− 5 and ~10− 1 s− 1 to obtain the strain 
rate sensitivity factor m for the three conditions. As shown in Fig. 2(c), m 
= 0.030 and 0.019 for the A350 and A700 specimens, respectively, and 
is constant across the studied range of ε̇. In contrast, the strain-rate 
sensitivity of the as-deposited film cannot be adequately described by 
a single power-law relation, as the slope of the σy − ε̇ curve changes 
continuously over the measured range. Therefore, a logarithmic fit was 
employed to capture this gradual variation. Two distinct regimes can be 
identified from the curvature of the fit: a low-strain-rate regime 
(< 10− 3 s− 1) where m increases sharply, and a high-strain-rate regime 
(> 10− 3 s− 1) where m remains relatively constant. Specifically, under 

the higher strain rate conditions (ε̇ ~ 10− 3 s− 1 in Fig. 2(c)), σy decreases 
with increasing dm, as qualitatively expected based on the Hall-Petch 
relationship. In the low strain rate regime, at ε̇ ~ 10− 4 s− 1, σy in
creases as dm increases from 140 to 360 nm but decreases with further 
increasing dm from 360 to 770 nm. The disparity in m across the different 
conditions and applied strain rates suggests a variation of deformation 
processes, motivating in situ TEM observations below.

Fig. 3 illustrates the deformation behavior during stress relaxation in 
an as-deposited sample loaded to 335 MPa at 10− 4 s− 1 (slightly above 
the yield stress). The observations start within the first 5 s of the onset of 
relaxation and are tracked over the duration of 2 min; see also Supple
mentary Movie S1. At the onset of relaxation, rapid GBM was observed: a 
large grain (labeled ‘1′ in Fig. 3a) grew at the expense of a smaller 
neighboring grain (30 nm, labelled ‘2′ in Fig. 3a), leading to Grain 2 

Fig. 3. Snapshots from an in situ TEM video showing the stress relaxation of the as-deposited specimen after loading to 335 MPa, demonstrating rapid stress assisted 
GBM with coarsening. The outlined grains are numbered 1, 2, and 3 for reference in the text and the blue arrows indicate the direction of GBM. The red arrow tracks a 
single dislocation.
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completely disappearing within 7 s. Contrast changes in bright field 
images suggest a lattice rotation event toward the orientation of the 
growing grain. Simultaneously, intragranular dislocation activity was 
observed, as indicated by the red arrow tracking its position in Fig. 3 (b- 
f). Intragranular dislocation activity was restricted to Grain 1, while the 
surrounding smaller grains exhibited no visible activity throughout the 
observed sequence. The process of large grains growing at the expense of 
small grains continued over the course of the relaxation, with a second 
example highlighted in Fig. 3 (e-f). Here, a grain with initial diameter of 
40 nm (labeled ‘3’ in Fig. 3a), began to shrink at 54 s and vanished by 95 
s.

Fig. 4 depicts TEM observations during relaxation of an A350 spec
imen, also shown in Supplementary Movie S2. The sample was loaded to 
~550 MPa (right above its yield stress) at 10− 4 s− 1. At the onset of 
relaxation, extensive transgranular dislocation activity was observed, 

including dislocation nucleation, pile-up formation, and slip trans
mission across GBs. Dislocation-GB intersections are marked by red 
triangles and distinct slip bands are indicated by colored arrows in 
Fig. 4. The GB network remained mostly stable under applied stress, 
with no grains undergoing complete annihilation. Unlike the dislocation 
activity in the as-deposited specimen, where dislocation glide was 
restricted to single slip systems within each grain, dislocations were 
observed gliding on multiple slip systems with dislocation cross-slip 
occurring (shown in Fig. 4(b)). For comparison, another experiment 
was conducted to load the A350 specimen to only 350 MPa (i.e. elastic 
regime for A350)—the yield stress of the as-deposited condition—no 
plastic activity (dislocation motion or GBM) was detected, and the 
corresponding data is therefore not shown.

The above results demonstrate that at low strain rates (~10⁻⁴ s⁻¹), we 
observe an anomalous strengthening behavior. Despite an increase in 

Fig. 4. Snapshots from an in situ TEM video showing relaxation of A350 after loading to 550 MPa. The red triangles indicate dislocation pile-ups at GBs. Arrows with 
different colors represent different slip bands. The time from the onset of observation is given in each frame.
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the average grain size from ~142 nm in the as-deposited state to ~360 
nm in the annealed A350 condition, the yield strength increases from 
~310 MPa to ~520 MPa. Notably, the grain sizes are well above the NC 
regime (< ~10–20 nm) where inverse Hall–Petch behavior is generally 
observed [7,32]. In contrast, at higher strain rates (~10–1 s⁻¹), where the 
experimental time scale suppresses significant GBM, the yield strengths 
seem to recover the Hall–Petch relation (see Fig. 2(c)). It is necessary to 
note that although the electron beam in TEM can, at lower strain rate, 
accelerate deformation processes through beam-induced bombardment, 
its influence on Au is negligible [27]. Therefore, the observed mechan
ical response is intrinsic to the material and unaffected by electron-beam 
irradiation, ensuring the reliability of the in situ TEM measurements.

Previous studies have shown that annealing-induced reductions in 
mobile dislocation density can increase σy in UFG metals [33,34]. 
However, the as-deposited and A350 films show nearly identical initial 
dislocation densities (5.4 × 10¹⁴ vs. 5.1 × 10¹⁴ m⁻², respectively), indi
cating that differences in the dislocation state cannot account for the 
observed anomalous strengthening.

There is considerable experimental and computational evidence in 
the literature [2,14,35–37] demonstrating that GBM significantly in
fluences σy of NC and UFG metals. The higher σy of the A350 film at low 
strain rate is primarily attributed to enhanced GB stability following 
annealing. First, annealing removes high-energy, nonequilibrium GBs 
and preexisting disconnections with finite step components, resulting in 
a more stable boundary network that resists stress-induced GBM. Sec
ond, the process relieves residual stresses—particularly pronounced in 
smaller grains—that otherwise promote GBM and grain coalescence. 
Third, annealing eliminates facile migration pathways that enable 
stress-assisted grain growth in the as-deposited film. However, the 
pronounced strengthening observed here suggests additional mecha
nisms beyond enhanced GB stability as discussed earlier. Prior studies on 
NC Ni have shown that GB mobility decreases markedly after 1 h of 
annealing at 200 ◦C, resulting in ~15 % increase in yield strength 
without any measurable grain coarsening [2]. The extent of relaxation 
can be further amplified depending on boundary state and chemistry (e. 
g., higher purity Cu exhibits greater annealing-induced stability [38]). 
In addition to structural relaxation, annealing may also modify GB 
mobility through impurity redistribution and segregation (e.g., solute 
drag), which could in turn affect strength. The high-purity Au feedstock 
(99.995 %) and high-vacuum deposition/annealing minimizes the 
likelihood of substantial impurity uptake. Consistently, TEM–EDS shows 
no detectable impurity enrichment at GBs within our measurement 
sensitivity (i.e., no segregant signal above the typical sub-wt % level for 
heavy elements). Nonetheless, ppm-level redistribution cannot be fully 
excluded and could further reduces GB mobility [39].

A second, readily apparent microstructural change is the marked 
reduction in the sub-50 nm population after annealing (Fig. 1i). 
Removing these sub-50-nm grains suppresses stress-assisted GBM and 
diminishes the associated GB-mediated dislocation-emission sites On 
one hand, homogenization of the grain size distribution after annealing 
substantially reduces the driving force for GBM. According to the 
Hall–Petch relation, smaller grains require higher stresses for yielding 
than larger ones, creating gradients of stress and strain energy density 
across boundaries separating grains of different sizes. These gradients 
act as a driving force for GBM and become more pronounced with 
broader grain-size distributions [40]. This explains the rapid GBM 
observed in the as-deposited films, where large grains grow at the 
expense of small ones (Fig. 3), and the limited plasticity observed in the 
larger grains of the A350 film under the same applied stress level. On the 
other hand, annealing removes easy dislocation sources, thereby 
increasing the critical stress for dislocation nucleation. In contrast, the 
high GB mobility in the as-deposited film facilitates local atomic shuf
fling and stress-assisted free-volume migration [33,37], effectively 
lowering the barrier for dislocation nucleation. Recent experiments and 
molecular dynamics simulations by Liu et al. [37] also showed that 
stress-driven grain growth promotes dislocation emission and enhances 

ductility, consistent with our observations of concurrent GB migration 
and nearby dislocation emission in the as-deposited film at only ~350 
MPa. The A350 films exhibit a significant reduction in sub 50 nm grains 
after annealing (decreasing from 20 % area fraction in the as-deposited 
state to 3 % after annealing; see Fig. 1(i)), which hinders GBM and 
therefore removes GB dislocation emission sources. These results are 
consistent with previous work on Al thin films, where stress-assisted 
grain growth was found to strongly influence σy [14]: σy was ~290 
MPa in the absence of stress-assisted grain growth, but only ~120 MPa 
when stress-assisted grain growth occurred. In that study, the absence of 
stress-assisted grain growth was attributed to impurities (whose level 
depended on the deposition conditions) [35]. We therefore attribute the 
70 % increase in σy despite grain coarsening to the suppression of 
stress-assisted GBM due to combined effect of narrowing of the 
grain-size distribution and reduced GB mobility after annealing, 
although our data do not uniquely separate the relative contributions of 
these two effects.

It should be noted that the above discussion focuses on the as- 
deposited and A350 films. The reduced ductility and minimal post- 
yield hardening observed in the A700 specimen is likely geometric in 
origin, as only one to two grains span the specimen width. Local stress 
concentrations may arise from grain boundary dihedral intersections 
and surface roughness along the gauge edges, and the substantially 
lower initial dislocation density (2.7 × 1013 m⁻²) may further reduce 
work hardening. However, the measured yield strength remains a valid 
basis for comparison.

To summarize, annealing UFG Au thin films leads to a significant 
increase in σy and decrease in strain rate sensitivity variability. Micro
structurally, annealing promotes overall grain coarsening, primarily 
through the elimination of sub-50 nm grains. In situ TEM observations 
reveal that in the as-deposited films, grain coarsening initiates almost 
immediately upon yielding, underscoring a strong correlation between 
GB stability and the deformation behavior. After annealing, GBs are 
more stable and the sub-50 nm grains are almost entirely removed from 
the microstructure, thereby suppressing GBM as a low-stress deforma
tion mechanism. Consequently, yielding occurs at higher stresses despite 
the larger average grain size. The contrast in yielding behavior between 
the two microstructures diminishes at higher strain rates, reflecting the 
strain-rate dependence of GBM. These findings highlight the critical role 
of the fine-grain tail of the size distribution in governing the mechanical 
response of UFG thin films.
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