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Nanocrystalline metals are distinct from traditional engineering materials due to their high concentration of
grain boundaries and corresponding structural disorder at grain boundaries. The effect of local disorder in
nanocrystalline materials manifests in ways reminiscent of fully amorphous materials, such as mesoscale shear
localization and pressure-dependent yielding, owing to the high concentration of grain boundaries and their
predominance in governing plasticity. Relaxation processes in nanocrystalline materials that facilitate recon-
figurations of grain boundaries and lower their energy, such as low temperature annealing, have been shown
to enhance mechanical strength. However, processes that raise the energy of a nanocrystalline metal have not
been observed, limiting the tunability of properties and the prospect for suppressing shear localization. Here,
we use femtosecond laser processing as a unique non-equilibrium process that can generate complex stress
states due to ultrafast electronic excitation and subsequent relaxation events. Experiments on nanocrystalline
Al-O and Cu-Zr alloys indicate that sub-ablation femtosecond laser pulses cause up to an 87% reduction in
hardness accompanied by negligible changes in grain size, which can be ascribed to grain boundary-mediated
processes. Parallels between our results and rejuvenation processes in glassy systems will be discussed in the
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context of controlling metastable structural configurations through novel processing routes.
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1. Introduction

Nanocrystalline (NC) metals have attracted widespread interest
due to their desirable mechanical properties, primarily their high
strength [1-5] and wear resistance [6]. The mechanical behavior and
deformation physics of metals with grain sizes finer than 50nm are
drastically different from their coarse-grained counterparts, due to
their inability to facilitate traditional dislocation activity, as well as
a high concentration of grain boundary (GB) regions that participate
strongly in plastic deformation [4,5,7]. Many of the numerous defor-
mation mechanisms operative in NC metals, for instance, GB sliding
[8,9] and dislocation-GB processes (nucleation, propagation, absorp-
tion) [10,11], hinge on the local atomic configuration of GB regions.
GBs can exhibit a large diversity of both equilibrium and non-equi-
librium structures, which can drastically affect the local properties
[2,12-14]. The effects of metastable GB configurations on GB en-
ergy can be large, and their role in mechanical deformation is ex-
pected to be concomitantly so [13—15]. Additionally, imperfections
at GBs such as steps, kinks, and ledges can alter their deformation
behavior — acting as stress concentrations, mediating the nucleation
and propagation of partial dislocations [10]. Other unique deformation
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behavior of NC metals, such as stress-assisted grain growth, can be ex-
plained by the evolution of GB structures during plastic deformation
[16,17]. These results collectively underscore the notion that the local
atomic structure at GBs plays a crucial role during the deformation of
NC metals.

Processing routes utilized to synthesize NC metals, including
“top-down” approaches of grain refinement such as high pressure tor-
sion [18] and ECAP [19], as well as “bottom-up” methods such as
inert gas condensation [20], electrodeposition [21], and sputter de-
position [22], are far-from-equilibrium processes that can produce
non-equilibrium, high-energy GB structures [23]. Experimental ob-
servations and atomistic simulations of low temperature annealing
[3,24,25] and mechanical cycling with amplitudes well below the
global yield stress [25] of NC metals show that GB relaxation can
dramatically increase the yield strength of these materials without in-
fluencing grain size. This behavior has not only been ascribed to GB
solute segregation in binary or multicomponent alloys [3,26], but has
also been shown to be caused by configurational relaxation in GB re-
gions for both alloy and nominally pure systems [25]. Segregation of
solute to GBs serves to decrease the GB energy in systems with a
high enthalpy of segregation [3,26] and configurational relaxation of
non-equilibrium GB structures also reduce the energy of these sys-
tems [25], increasing the activation barrier to initiate plasticity. This
sensitivity to local chemistry and structure, coupled with molecu-
lar-dynamics simulations indicating a multiplicity of metastable GB
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states for a macroscopically fixed GB [14,15], suggests that
far-from-equilibrium processing routes like those used to produce NC
metals may enable the formation of metastable GB structures under-
pinning their thermomechanical response. Chemical and structural ef-
fects may also occur in concert, wherein solute segregation to GBs has
been shown to drive structural transformations at the GB [27].

Sensitivity to thermomechanical history and abundant structural
disorder in interface dominated materials like NC metals, suggested
by a multiplicity of metastable configurations of GBs, is reminiscent
of fully amorphous materials, such as metallic glasses (MGs), which
are often described as the limit of grain refinement [28]. Several re-
searchers have noted similarities between the mechanical behavior of
these materials [29-32], such as pressure dependent yielding [29] and
strong shear localization [32]. Others have shown kinetic similarities
between GB regions in coarse grained materials and MGs [33]. Due to
the predominance for GB-mediated plasticity in NC metals, applying
the understanding of MG deformation to GBs in NC metals may en-
able enhanced control over the mechanical behavior of NC metals.

Despite the numerous similarities between these two materials,
commonalities in the history and processing dependence between NC
metals and MGs have received little attention. MGs show a strong his-
tory dependence, where a more relaxed — i.e. a lower energy atomic
configuration — glass has a higher yield strength and propensity for
shear localization [34]; whereas a more rejuvenated — i.e. higher in en-
ergy, more liquid-like — glass has increased ductility [35]. Processing
routes used to modify the energy of a MG to exploit tunable properties
have been studied extensively, notably to facilitate homogeneous plas-
ticity at room temperature [35-38]. Relaxation processing routes are
similar to those for NC metals — low temperature annealing [34] and
cyclic mechanical loading [39] both produce increases in yield stress
and modulus of a MG. Conversely, rejuvenation processes include se-
vere plastic deformation [40], and cryogenic cycling [41], which in-
duce local dilatational strains, decreasing the yield strength and mod-
ulus, but increasing the ductility of the MG. Rejuvenation of an MG
can be correlated to increases in free volume, stored enthalpy, and fic-
tive temperature, but can be defined as an increase in energy of system
[35-38,40-42].

Rejuvenation processing has enabled greater functionality of MGs
by enhancing their ductility, allowing for stable plastic deformation
at room temperature. NC metals exhibit similar mechanical instabil-
ities that limit their use, thus the potential of rejuvenation process-
ing routes to enhance their properties is tantalizing. To date, no sin-
gle processing route, or combination thereof, has been identified that
can bi-directionally tailor the state of GBs, despite these strategies be-
ing recently employed for MGs. These processing routes categorically
occur quickly and at low temperature, in order to suppress any com-
peting structural relaxation [42]. A previously unexplored process-
ing technique that possesses these characteristics is pulsed ultrafast
laser processing. Unlike longer pulse laser-material interaction, which
have been used as heat sources for processing of both NC metals and
MGs [43-45], femtosecond (fs) pulse laser-material interactions are
fundamentally different, due to the difference in timescales between

electronic excitation (fs) and phonon-electron relaxation (ps) [46].
This difference in timescales facilitates a largely athermal, mechani-
cal ablation process, which is useful in mitigating damaged zones dur-
ing machining [47]. High fluence fs-laser processing has been used
extensively for micromachining, enabling serial sectioning and micro-
mechanical sample preparation, as well as other applications where
material removal with minimal residual damage is required [48,49].
Many experimental observations and computer simulations have stud-
ied the ablation behavior of materials exposed to high fluence fs-laser
irradiation [47,50—56]. Recent work has indicated that grain size af-
fects fs-laser ablation, because fs-laser-material interactions at GB re-
gions are fundamentally different than in bulk crystalline regions due
to spatially heterogeneous electron-phonon coupling behavior [55].
While the bulk of the investigation into fs-laser-matter interactions
have been focused on high fluence ablation behavior, hybrid two-tem-
perature model/molecular-dynamics simulations have indicated that at
energies below the ablation threshold, significant tensile and compres-
sive stresses can be induced by the laser [55,56]. The resulting com-
bination of high stresses, short timescales, largely athermal process-
ing, and potential confinement to GB regions suggests that the fs-laser
processing may have the characteristics necessary for rejuvenation of
GBs, analogous to processing developed by the MG community.

We hypothesize that the stresses generated by the fs-laser at en-
ergies below the ablation threshold may be used to modify the me-
chanical behavior of NC metals via short-range atomic rearrangements
at GBs, where when incurred due to thermal and mechanical cycling
have been shown to cause dramatic shifts in mechanical properties
with negligible microstructural evolution. In this work, we report on
measurements demonstrating the influence of sub-ablation threshold
femtosecond laser pulses on location-specific properties of NC Al-O
and Cu-Zr, materials selected to explore a range of different GB chem-
ical and structural states. Our results suggest that sub-ablation fem-
tosecond laser pulses cause a dramatic and recoverable reduction in
hardness accompanied by negligible changes in grain size, reminiscent
of rejuvenation processes in MGs.

2. Materials and methods

NC Al-O samples were synthesized by magnetron co-sputtering of
99.999% pure Al and 99.995% pure a-Al,O5 in an Explorer 14 Sput-
tering system (Denton Vacuum) on Si (100) wafers and Cu transmis-
sion electron microscopy (TEM) grids with C support films at DC
powers of 200-300 W for the Al target and RF powers of 0-150 W
for the a-Al,O5. These deposition parameters resulted in compositions
of Al-0.82+0.10at.%0O and Al-4.79+0.48 at.%0. From here on, the
samples will be referred to as Al-0.8at.%0O and Al-4.8at.%0. Addi-
tional details of the NC Al-O sample preparation are located in Ref.
[22]. Compositional information, film thickness, grain size and initial
hardness information are shown in Table 1. Bright field (BF) TEM im-
ages of both as-deposited NC Al samples are shown in Fig. 1 (a, b).

Table 1

Summary of samples utilized in this work — chemistry, average grain size, and optical parameters obtained from literature, as well as non-irradiated indentation hardness and ablation
thresholds.

Material titm (nm)  Csolute (at. %) d(nm) H, (GPa) Ablation Threshold (J cm ) Optical Absorption Coefficient & Optical Penetration Depth § (nm)
Al-0.8at.%0 156 0.8+0.1 84 1.54£0.3  0.20+0.02 8.46 7.3

Al-4.8at.%0 210 4.8+0.5 19 23+0.7  0.15+£0.02 8.46 7.3

Q-Cu-Zr * 3+0.1 42 3.0+£0.6  0.33+0.02 4.82 13

SC-Cu-Zr * 3+0.1 43 3.0£0.7  0.50+0.02 4.82 13

*Q-Cu-Zr and SC-Cu-Zr are powder samples prepared by ball milling.
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Fig. 1. TEM images of all samples utilized in this study. a) BF image of Al-0.8 at.%O sample. Corresponding data plotted in blue. b) BF image of Al-4.8 at.%O0 sample. Corresponding
data plotted in black. ¢) BF TEM image of Q-Cu-Zr, corresponding data plotted in red. d) BF TEM image of SC-Cu-Zr, corresponding data plotted in orange. ¢) HRTEM image of
Q-Cu-Zr, amorphous region indicated by dashed yellow lines. f) HRTEM image of SC-Cu-Zr. No amorphous region is present at the GB shown. (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)

NC Cu-3 at.%Zr samples were prepared using mechanical ball
milling in a SPEX SamplePrep 8000 M Mixer/Mill to produce pow-
ders with pm-sized particle diameters and nm-sized grains. Powders
were milled for 10h using a hardened steel vial and milling media,
and stearic acid in the amount of 2wt% was added as a process con-
trol agent. Annealing treatments were performed at 950 °C in vacuum
for 1h to promote Zr diffusion to GBs and allow for the formation
of amorphous intergranular films (AIFs). Samples were then either
rapidly quenched in water or slowly cooled in air from the annealed
state. TEM specimens of both quenched and slowly cooled samples
were made using a FEI Quanta 3D FEG scanning electron micro-
scope (SEM) equipped with a focused ion beam (FIB), with a final

5kV polish to remove excess FIB damage. Specimens were inspected
using a FEI Titan TEM operating at 300kV in order to investigate
the microstructure and GB structures at each annealing condition.
Rapidly quenching stabilized the microstructure at high temperature,
including any AIFs present at GBs. BF and high resolution TEM
(HRTEM) images of this sample are shown in Fig. 1 (c, e), where
the presence of this amorphous region is demonstrated by the mot-
tled region outlined in the image. It is important to note that AIFs
are not found at every GB throughout the microstructure, and a vari-
ety of complexion types and thicknesses are commonly found within
a given sample. In Ref. [57], AlFs as thin as 0.5nm and as thick as
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5.7nm were observed in a quenched Cu-Zr sample; however, sharp
GBs were also present within the same sample.

Slowly cooling the samples resulted in sharp GBs, as shown in the
BF and HRTEM images in Fig. 1d. No AlFs were observed in the
slowly cooled sample, as the glassy Cu-Zr phase which exists in equi-
librium at GBs at the annealing temperature cannot exist in equilib-
rium at room temperature. While the boundary structure is very differ-
ent in these two samples, both have interfaces that are decorated with
Zr due to the GB-segregation process. Due to the exceptional ther-
mal stability of these samples [57,58], the high annealing temperatures
during sample preparation do not cause grain growth, and both sam-
ples have similar initial grain sizes. These two samples will henceforth
be referred to as Q-Cu-Zr (quenched) and SC-Cu-Zr (slowly cooled).
Additional details are available in Ref. [57]. Compositional informa-
tion, grain size, and initial non-irradiated hardness information are lo-
cated in Table 1.

Laser treatments were performed using a Clark MXR CPA-2110
Series Ti:Sapphire Ultrashort Pulse Laser with a 1 kHz repetition rate,
780nm wavelength, and 150 fs pulse width in air (22°C, 42-70% rel-
ative humidity). The output power variability of the laser was less than
1%. The beam was attenuated with a series of neutral density filters
and a rotating half-wave plate followed by a p-polarized beam split-
ter before being focused down by a 500 mm focal length plano-con-
vex lens with a 1/¢? radius of 30.8 pm measured as described in Ref.
[59]. Average laser energies were measured using an Ophir Pho-
tonics High Sensitivity Thermal Laser Sensor. All experiments were

I

f(( )) stress wave propagation]l
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conducted with an average power in the range of 0-15mJ, corre-
sponding to fluences of 0-0.5J cm 2. Ablation thresholds were char-
acterized by performing a series of non-overlapping single pulse ar-
rays at fluences between 0.037]J cm 2 and 0.3Jcm 2 in increments
of 0.015Jcm % The onset of ablation was determined by measuring
changes in sample height across the irradiated regions using an Asy-
lum MFP-3D atomic force microscope in tapping mode, following the
procedure in Ref. [60]. These values and corresponding errors are pre-
sented in Table 1. To collect sufficient information for subsequent
nanomechanical evaluation, areas of ~0.01 mm? were irradiated with
single pulses by translating the stage 10 um between subsequent laser
pulses, as illustrated in Fig. 2a. Fig. 2b shows an area that was irra-
diated with a fluence above the ablation threshold, which is included
to demonstrate the process. Fig. 2c shows an area treated with a flu-
ence below the ablation threshold with no obvious changes to the sur-
face. The fluences reported are the average single pulse fluences mea-
sured prior to treatment. Due to the slight overlapping pulse geometry,
the reported number of pulses is a lower bound on the effective pulse
count experienced by the sample.

To measure the effects of fs-laser treatments on the mechanical
properties of these materials, nanoindentation experiments were per-
formed using a Nanomechanics iMicro®™ Nanoindenter equipped with
a 50mN load cell. Hardness measurements were performed with a
Berkovich tip diamond indenter. All hardness measurements were per-
formed at an indentation strain rate of 0.2 s . The tip area function
of the Berkovich tip was calibrated on fused silica before and af-

Fig. 2. a) Schematic showing the fs-laser treatment procedure. A single fs-pulse irradiates the NC sample, which then emits elastic waves. Once this process has completed, the sample
is translated and irradiated with a series of pulses until the desired irradiated area is reached. b) SEM image of the Al-4.8at.%0 sample irradiated with a fluence above the ablation
threshold. The four lighter areas on the corners of the square are fiducial marks. ¢) SEM image of the Al-4.8at.%0O sample irradiated with a fluence below the ablation threshold.

Dashed lines indicate region that has been irradiated.
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ter all experiments to ensure that the tip area functions had not
changed significantly throughout the course of the test. All data was
collected operating the machine using the continuous stiffness method
(CSM), where a dynamic oscillation is superimposed during loading
to measure hardness and elastic modulus as a function of depth [61].
For the thin Al films, while extracting true properties of the film is
non-trivial, we adopt the Saha-Nix approach [62] and extract values
from ~30% of the film thickness. Changing the depth at which the
hardness is extracted by 10nm leads to a 10% change in the hard-
ness value for the Al-4.8at.%0O sample, but relative changes in hard-
ness between laser irradiated areas were only marginally influenced.
This suggests that any reported change in hardness, 4H, represents a
lower bound of the actual magnitude change, and the relative change
between different laser treated areas is not significantly affected by the
depth chosen to extract measurements. Each data point plotted below
corresponds to at least 20 indentations, and test locations were chosen
to be towards the interior of irradiated regions to minimize non-unifor-
mities in the laser profile due to overlapping pulses. The predominant
source of error in the nanoindentation measurements of thin Al films
reported is surface roughness, which has been analyzed extensively by
He et al. [22].

Electron transparent samples of the Al-4.8at.%O0 in both irradi-
ated and unirradiated conditions were prepared using a FEI Helios
Dualbeam Nanolab 650 focused ion beam (FIB) with a final ion pol-
ishing step at 5kV, 16pA to remove FIB-induced damage. Sample
thicknesses were approximately 150 nm. Transmission scanning elec-
tron microscopy (TSEM) [63] images were made using an FEI Teneo
field-emission scanning electron microscope (FESEM) operating at
30kV, 0.4nA, and equipped with an annularly-segmented scanning
transmission electron microscopy detector.

3. Sample selection

Samples were deliberately selected to give insight into the effects
of grain size, chemistry, and GB energy state on sub-ablation thresh-
old fs-laser treatments. The two NC Al samples demonstrate the effect
of grain size and solute concentration. The grain size of these samples
can be controlled during deposition by varying the amount of O in-
corporated, which serves to pin GBs. This behavior and the effect of
O impurities on the mechanical behavior of Al films has been shown
extensively in Ref. [22]. Comparison between the Cu-Zr samples en-
ables us to explore the effects of the initial GB state on fs-laser treat-
ments for a fixed grain size, as both Q-Cu-Zr and SC-Cu-Zr have the
same chemistry and grain size. Comparing the effects of sub-ablation
threshold fs-laser irradiation on these alloys to the Al samples pro-
vides insight across material systems. Due to the two sample prepara-
tions for the Cu-Zr alloy — quenching and slowly cooling from high
temperature — the samples possess different initial GB states. The
quenched sample possesses an AIF, which is a metastable, non-equi-
librium GB structure at room temperature where the laser treatments
are performed. AIFs are at equilibrium at elevated temperature and
form in these alloys due to the propensity for Zr to segregate to GBs,
which reduces the energetic penalty for the formation of an amor-
phous film. The amorphous structure is thought to form at GBs due
to the interfacial energy and the locally high concentration of Zr in
Cu, which is a good glass forming alloy [57]. The slowly-cooled sam-
ple, however, possesses atomically thin GBs, which are near equilib-
rium at room temperature. Any treatment used to modify the energy
of a boundary would be expected to be sensitive to the initial ener-
getic configuration, which would manifest as different mechanical re-
sponses.

4. Results
4.1. Hardness variations

We first begin by investigating the effects of grain size in the NC
Al samples on the hardness measured before and after fs-laser irradia-
tion. Fig. 3a shows the hardness of the coarsest grained Al-0.8 at.%0O
sample (average grain size of 80 nm) irradiated by the fs-laser at vari-
ous sub-ablation fluences, and indicates no significant variation in the
hardness. Deviations from the initial hardness are observed after the
onset of ablation, and the variability in these measurements also in-
creases. The ablation threshold of the Al-0.8at.%0O sample occurred
at a fluence of 0.2+0.02Jcm 2. This agrees well with literature val-
ues for fs-laser ablation of Al, which range from 0.1 to 0.19] cm 2,
suggesting that dilute amounts of oxygen incorporation do not dra-
matically affect the ablation threshold compared to pure Al [55,64].
Fig. 3b shows the hardness of the Al-4.8at.%0O sample after similar
laser treatments, where a dramatic decrease in hardness of up to 80%
(~2GPa) is observed at energies nearing the ablation threshold. The
hardness of the Al-4.8 at.%0O monotonically decreases with increasing
laser fluence. The inset shows several representative load-displace-
ment curves from the untreated and 0.066 Jcm > treated region, where
the peak load is significantly lower for the fs-laser irradiated sample.
The ablation threshold was measured at 0.15+0.02J cm 2, 25% lower
than the Al-0.8 at.%0O sample. While decoupling the effects of impu-
rity incorporation and grain size are difficult for these samples, this
result suggests that either the reduction in grain size or increased O
content, or some combination thereof, determines the material suscep-
tibility to fs-laser-induced changes in hardness and ablation behavior.

The influence of GB state on the mechanical response of sam-
ples subjected to sub-ablation-threshold fs-laser irradiation was inves-
tigated in the Q- and SC-Cu-Zr samples. These samples have nomi-
nally identical chemistries and grain sizes, but with different GB struc-
tures. Fig. 3c shows the effects of fs-laser irradiation on the Q-Cu-Zr
sample possessing AIFs, which manifests as up to a ~60% (~1.6 GPa)
maximum reduction in hardness, and Fig. 3d shows the fs-laser effects
on the SC-Cu-Zr sample, which exhibits up to a ~80% (~2.5 GPa) de-
crease in hardness. In all cases, the reduction in hardness monotoni-
cally increases with fluence up to a saturation value near the ablation
threshold. Hardness values in Fig. 3 (c, d) were extracted from depths
of 40£5nm in order to capture the near-surface effects of the laser.
Both Q-Cu-Zr and SC-Cu-Zr have similar initial hardness values,
which is consistent with previous investigations of these materials,
Ref [57], that report a 10% difference in yield strengths between the
two samples. An analysis of the changes in hardness as a function of
depth will be presented in the following section. The ablation thresh-
olds of the Q-Cu-Zr and SC-Cu-Zr samples were 0.33 +0.02Jcm 2
and 0.5+0.02Jcm 2, respectively (Table 1). This difference in abla-
tion thresholds will be discussed further, as, unlike the Al-O samples,
these samples have nominally the same grain size and chemistry, so
any difference in their ablation behavior is only due to the different
GB structures present in the different samples.

4.2. Depth dependence

To better characterize the intrinsic bounds of the laser induced
change in hardness, we frame our results in terms of the geometries
of each sample. The two features of the geometry in question are (i)
the microstructure — grain size and GB thickness — and (ii) the optical
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Fig. 3. Hardness measured by nanoindentation as a function of laser fluence for all samples. The green horizontal dashed line is the mean hardness of the non-irradiated sample, and
the ablation threshold is denoted by the vertical dashed line. a) Al-0.8 at.%0, b) Al-4.8 at.%0, and several representative load-displacement curves for the untreated and 0.066J cm >
treated regions. ¢) Q-Cu-Zr. d) SC-Cu-Zr, and several representative load-displacement curves for the untreated and 0.495 ] cm’? treated regions. All data plotted in b-d are at energies
below the ablation threshold (vertical dashed line) for each material. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

penetration depth of the laser. To do this, we investigate the depth de-
pendence for all samples, with a focus on the Cu-Zr samples, as their
bulk form simplifies the interpretation compared to the NC Al films on
substrates. The laser predominantly interacts with the material in the
optical penetration depth for 780 nm wavelength light, which can be
calculated using J = 1/a = A/(4rx), where ¢ is the optical penetration
(or skin) depth, a is the optical absorption coefficient, 4 is the wave-
length of irradiation and « is the extinction coefficient. Appropriate
parameters are located in Table 1. x for the Cu-Zr samples was calcu-
lated using a rule of mixtures,k4p = XaKa + Xpkp where kA and kB
are the extinction coefficients of the pure metals from Refs. [65-67],
and XA and X3 are the compositional ratios of 4 and B, respectively.
While the stress state resulting from fs-laser-matter interactions
is complex and not strictly confined to this skin depth, we expect
the largest effect in this region. Simulations predict a lower abla-
tion threshold for certain amorphous Cu-Zr compositions compared to
their crystalline counterparts [56], and also a lower ablation threshold
for NC Al compared to single crystalline Al [55], so we posit that the
total GB “volume” influenced by the laser will be important in under-
standing the resultant mechanical deformation. By assuming an aver-
age grain size, shape, GB thickness, and approximate plastic zone, we
calculate several quantities of interest — (i) an approximate volume of

material probed via indentation, (ii) the volume of GB regions probed,
(iii) the volume of probed materials and GBs that are within the opti-
cal skin depth, as well as (iv) the volume fraction of “affected” GBs,
defined as the ratio of the volume of boundaries within the optical
skin depth of the plastic zone to the volume of boundaries probed in
the plastic zone of the indenter. For the following calculations, we as-
sume cuboidal grains with side lengths equal to the average grain size
and a constant GB thickness for each material. For the Cu-Zr sam-
ples, TEM measurements of GB thicknesses from Ref. [57] of 3nm
for the AIFs in Q-Cu-Zr and 0.5nm for the ordered GBs in SC-Cu-Zr
are used. As previously mentioned, a range of AIF thicknesses exists
within any given sample. For reference, a typical distribution of AIF
thicknesses for this sample is presented in Ref. [57], and AIF thick-
nesses of roughly 3nm were most commonly observed. We assumed
a GB thickness of 0.5nm for both Al samples, consistent with other
measurements of GB thickness in the literature [68—70]. Schemati-
cally this is shown in Fig. 4, where the gray regions depict grain interi-
ors and black regions GBs. The plastic zone size probed during inden-
tation was assumed to be a hemisphere with radius » = 1.9a where a is
the contact radius of the tip at the prescribed depth [71]. Additionally,
to compare different samples and analyze intrinsic material effects, we
normalize the hardness as follows
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Fig. 4. a) Schematic showing NC sample being mechanically deformed with an indenter and corresponding vertical cross-section. The red region indicates part of the sample that
has been irradiated with the laser. The light blue shaded hemispherical region with radius r is the approximate plastic zone of the indenter, and J is the optical penetration depth of
the laser. b) shows the approximate geometry used to calculate a volume fraction of GBs affected and probed. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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where H(¢) is the hardness of the material exposed to single pulse
fs-laser pulses at fluence ¢. Fig. 5 shows the normalized change
in hardness as a function of the volume fraction of affected bound-
aries for all samples. The data in Fig. 5 was extracted from regions
with the largest change in hardness in Figs. 3-0.178Jem > for the
Al-0.82t.%0, 0.1Jcm * for Al-4.8at.%0, 0.3Jcm * for Q-Cu-Zr, and
0.49Jcm 2 for SC-Cu-Zr. Fig. 5 indicates that, when normalized by
the geometric constraints of the samples, the observed softening ap-
pears to saturate at a threshold level of affected GB volume frac-
tion of ~5 x 10>. We investigated this behavior at all sub-ablation flu-

U -~
] I%H—} —e— Q-Cu-Zr
B —=— SC-Cu-Zr

—o— Al-4.8 at. %0
—e— Al-0.8 at.%0

T T T T T |
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Volume Fraction of Affected Boundaries

Fig. 5. Normalized change in hardness as a function of volume fraction of affected GBs
for all samples. Data presented here was extracted from indentation measurements from
regions with the largest change in hardness in Fig. 3-0.178 Jem 2 for the Al-0.8at.%0,
0.1Jem 2 for Al-4.8at.%0, 0.3 Jem 2 for Q-Cu-Zr, and 0.49 J cm 2 for SC-Cu-Zr. Hard-
ness reduction for the Al-4.8at.%0, SC-Cu-Zr, and Q-Cu-Zr saturate near a volume
fraction of ~ 5x 107>, The saturation behavior suggests that the effects of the laser are
spatially constrained to surface GB regions, and there is an intrinsic upper bound on
the change in hardness associated with the fs-laser treatments. Similarities in the magni-
tudes of the normalized change in hardness for the Al-4.8 at.%0 and SC-Cu-Zr suggest
both samples are low energy reference configurations.

ences using the same analysis, and, for a given sample, the salient
feature is that the saturation threshold is constant, despite the differ-
ent magnitudes of softening. The relative magnitudes of the soften-
ing between samples also depend on the initial reference state of each
sample. The Al-0.8 at.%O exhibits an insignificant change in hardness
at all depths and sub-ablation fluences, whereas the Al-4.8at.%0O and
SC-Cu-Zr exhibit significant softening behavior. The Q-Cu-Zr shows
a smaller magnitude of softening, but exhibits similar trends compared
to the Al-4.8at.%0O and SC-Cu-Zr samples.

5. Discussion

Our results presented thus far have indicated that (i) sub-abla-
tion threshold fs-laser irradiation causes dramatic (up to 80%) reduc-
tions in hardness in the NC alloys (Al-4.8at.%0, Q- and SC-Cu-Zr)
with very fine grain size (<50nm), (ii) negligible changes in hardness
of larger grain NC sample (Al-0.8at.%0), and (iii) a strong depen-
dence on the geometry of the samples and fs-laser-material interac-
tion. To better understand these results, we begin by discussing the
sample with the largest grain size, where laser-material interactions
are largely in the grain interiors.

5.1. Influence of grain boundaries

Fig. 3b indicates no significant change in hardness of the
Al-0.8 at.%0 sample with increasing laser fluence. What differentiates
this sample from the others in this study is the larger grain size and
smaller concentration of alloying additions (see Table 1). Performing
the same geometric analysis as above, the Al-4.8at.%0O possesses a
GB volume fraction of ~7.5%, whereas the Al-0.8at.%0O has a GB
volume fraction of ~2%. The calculated optical penetration depth for
both of these samples is 7.3 nm, suggesting a smaller “affected” vol-
ume of GB for the Al-0.8 at.%0 samples. Compared to the other sam-
ples, particularly the Al-4.8at.%0O, which exhibit a large decrease in
hardness, the absence of any change in hardness in the Al-0.8at.%O
is noteworthy because it suggests that (i) the fs-laser interactions that
cause softening in the other samples occur predominantly at GBs, that
(i) vacancy or Frenkel pair formation within the grain interior is not
responsible for the changes in mechanical properties of the other sam-
ples, and that (iii) residual stresses and dislocation activity induced by
the laser are not responsible for the softening in other samples. We
discuss each of these mechanisms in detail below.
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Due to the relatively large grain size of this sample (80 nm, primar-
ily due to the smaller amount of oxygen that decorates GBs [72,73]),
and the smaller volume of GBs both affected by the fs-laser and
probed during indentation, the absence of a dramatic change in hard-
ness in this sample indicates that GBs are responsible for the soften-
ing observed in other samples. This suggestion is further corroborated
by the results of molecular dynamics (MD) simulations [55] indicat-
ing that energy deposition caused by the laser occurs differently due
to the presence of GBs, due to locally different electron-phonon (e-ph)
coupling behavior. This will be discussed further in Section 5.4.

Iyer et al. [74] showed using density functional theory (DFT)
that the formation enthalpy of point defects such as monovacancies,
self-interstitials, and Frenkel pairs is dramatically reduced under high
hydrostatic tensile stresses. The authors in Ref. [74] suggest that
fs-laser ablation via void coalescence and spallation may be facilitated
by point defect formation under the large hydrostatic stresses induced
by the fs-laser. The DFT calculations suggest that the critical hydro-
static tensile stress for vacancy formation is 9 GPa in Al. Atomistic
simulations from Gill-Comeau and Lewis [55] suggest that, while the
maximum pressure induced by the fs-laser may reach values of close
to 9 GPa prior to the onset of ablation in NC Al, the maximum tension
is much lower, below 3 GPa. This, coupled with the lack of change in
hardness of the Al-0.8at.%O sample as compared to the Al-4.8 at.%O
sample, suggests that the change in mechanical properties is unrelated
to point defect formation within the grain interiors due to tensile hy-
drostatic stresses. In contrast, local atomic displacements and defects
may be induced at higher energy sites, such as GBs or triple points,
at lower tensile hydrostatic stresses experienced during sub-ablation
fs-laser irradiation. Taken as a whole, it is evident in this relatively
large-grained sample that any lattice defects introduced by the laser
interactions play a negligible role in controlling hardness.

Nanoindentation measurements of hardness are quite sensitive to
residual stresses [75]. The presence of tensile residual stresses due to
fs-laser irradiation have not been documented in the literature, how-
ever compressive residual stresses have been observed during abla-
tion [76]. Samples under a biaxial tensile residual stress show a strong
softening behavior in nanoindentation [75]. However, due to the ab-
sence of any change in mechanical response of the Al-0.8 at.%0O sam-
ple, the injection of residual stresses into this material from sub-ab-
lation threshold fs-laser treatments is not a viable explanation for the
observed softening.

5.2. Potential softening mechanisms

To explain the laser-mediated observed softening effect in the
Al-4.8 at.%0 and Cu-Zr samples, we hypothesize four potential mech-
anisms that could cause the observed decrease in hardness: (i) grain
growth, (ii) nucleation and coalescence of porosity, (iii) (de)segre-
gation of solute atoms, and (iv) GB rejuvenation - subtle atomic re-
arrangements at boundaries akin to rejuvenation in amorphous alloys.

Fs-laser ablation is thought to be caused by mechanical spallation
rather than melting or evaporation, which occur too slowly and with
too large of a damaged zone to be responsible for ultrafast laser ab-
lation [47]. However, thermal effects are present and should not be
ignored, especially at low fluences and high pulse numbers [77,78].
Due to the propensity for grain growth of NC metals both due to ther-
mal loads and stress, coarsening may be responsible for the observed
softening seen in Fig. 3. To examine any coarsening due to fs-laser
treatments, TSEM [63] was performed on the Al-4.8at.%0O sample.
Fig. 6a shows the microstructure of the as-deposited Al-4.8at.%O0.
Fig. 6b shows the microstructure of the 0.066J cm 2 laser treated Al-

300 nm

300 nm

Fig. 6. a) BF TSEM image of a cross section of the untreated Al-4.8at.%0O sample. b)
BF TSEM image of a cross section of the 0.066J cm  treated Al-4.8at.%0 sample, the
fluence that corresponds to the maximum change in hardness observed in this sample.
C) HAADF TSEM image of a cross section of the 0.066Jcm 2 treated Al-4.8at.%0
sample. The fs-laser irradiation direction is from the top.

4.8 at.%0. No obvious grain growth is seen in these images, certainly
not corresponding to the magnitude predicted by a simple Hall-Petch
analysis [79-82]. Based on this analysis and the TSEM images, we
conclude that softening due exclusively to grain growth is not a rea-
sonable explanation for the observed behavior.

Fig. 6¢ shows a high angle annular dark field (HAADF) TSEM im-
age of the 0.066J cm’* laser treated Al-4.8at.%0. HAADF is sensitive
to local chemistry and mass-thickness product of the sample [83], so
porosity would manifest as dark regions in the image. Fig. 6¢ indicates
no obvious porosity due to fs-laser irradiation. While simulations [54]
indicate that subsurface porosity generation is possible during fem-
tosecond laser ablation under some conditions, we see no evidence
of this occurring here. Fig. 6¢ contains slight differences in intensity
within the sample, predominantly due to different grain orientations
and concentration of O at GBs, which has been previously investigated
in these samples by atom probe tomography [22,73]. These observa-
tions suggest that evolution of porosity is not the dominant mechanism
behind the observed softening.

Much of the strength and stability of these NC alloys can be at-
tributed to solute (O for the Al-4.8at.%0, and Zr for the Cu-Zr sam-
ples) located at the GBs that serves to stabilize the nanostructure and
mediate GB-based deformation mechanisms. Recent work by Hu et
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al. [3] indicated that annealing-induced GB segregation of Mo in NC
Ni-Mo alloys resulted in increases in hardness of several GPa for all
samples tested with only moderate increases in grain size. The most
dramatic change shown in Ref. [3] was for the highest Mo concentra-
tion studied (Ni-21.5at.% Mo), which underwent a 128% increase in
hardness from ~4.9 GPa to 11.2 GPa. Thus, the mechanical properties
of this system can be tied to the GB structure and solute excess. If the
GB structure were to be modified by forcing some solute atoms into
the interior of the grain, i.e. desegregation, this could manifest as soft-
ening. For this to be a measurable effect, it requires that the structure
not relax to its initial state prior to indentation — i.e. a solute atom dis-
placed by the laser could not segregate back to the GB at room temper-
ature. Looking at the Al-4.8at.%O sample, we see that this diffusion
time is far too short to produce a measurable effect.

While diffusion coefficients of O in Al are difficult to measure
experimentally, we expect the diffusivity to be generally faster than
that of Oxygen in 0-Al,O3, which we will use as a lower bound. At
room temperature, we calculated a lower bound diffusion coefficient

of Do =429 cm’s™' using the model proposed in Ref. [84]. Assuming
a diffusion depth ofx ~ 4/4Dyt, and an average grain size of 20nm,
the time needed for the solute to diffuse back to a GB would be
I~ 2 ~ M<2X 10~"3s, which implies that any interstitial O
4D, 4D,

displaced as a result of fs-laser irradiation would have diffused to the
GB in the time between the laser treatment and indentation. Hence,
we conclude that this type of chemical effect is not responsible for the
softening we measure.

5.3. Rejuvenation

We thus hypothesize that the observed softening caused by the
fs-laser is mechanistically rooted in the high local stresses at GBs
produced by the fs-laser, which induce short-range atomic rearrange-
ments that serve to decrease the apparent hardness. We adopt the term
rejuvenation to echo similar descriptions utilized in the MG commu-
nity, where rejuvenation processes have been shown to elicit dramatic
softening measured by a decrease in hardness and modulus, as well as
the potential for tensile ductility [42]. Rejuvenation in the MG com-
munity has been described as an increase in the overall energy of the
system by occupying higher-energy metastable structural states [42].
This mechanism concentrated at GB regions is predicated on the ex-
istence of a multiplicity of inherent metastable structural configura-
tions, as recently suggested by Refs. [14,15]. This process is akin to
rejuvenation processes employed by the MG community, which in-
duces softening and suppresses catastrophic shear localization. The ef-
fect of rejuvenation processes in MGs depend upon the initial energy
state, and are also completely recoverable through subsequent relax-
ation treatments such as low temperature annealing [40,42]. Drawing
these parallels to fs-laser irradiation of NC metals, we explore the ef-
fects of the initial energy state between the SC-Cu-Zr and Q-Cu-Zr
samples, as well as the effects of low temperature annealing performed
on the SC-Cu-Zr and Al-4.8 at.%0.

5.4. Initial energy state

Fig. 5 allows us to compare the effects of fs-laser treatments on two
samples with the same chemistry but different initial energy states —
the Cu-Zr alloy samples. The Q-Cu-Zr sample with amorphous bound-
aries represents a high-energy, non-equilibrium initial state, whereas
the SC-Cu-Zr samples exhibit GB structures closer to equilibrium.
Since rejuvenation processes raise the energy of the system, driving
it further from equilibrium, we expect that the Q-Cu-Zr

sample will have a smaller magnitude change than the SC-Cu-Zr sub-
ject to any rejuvenation process. Simulations of amorphous solids
have shown the presence of distinct solid-like and liquid-like atomic
structures, and that the relative fraction of solid-like and liquid-like en-
vironments can be tailored through various processing, such as differ-
ent cooling rates [84]. The higher energy states of the solid will exhibit
more liquid-like environments, and when the material is composed of
completely liquid-like structures, it is effectively a supercooled liquid.
In our case, the fs pulses of energy are being utilized to drive the sys-
tem energetically uphill, and a large volume fraction of initially lig-
uid-like structures may drive the system toward an earlier onset of ab-
lation. Fig. 5 indicates that the Q-Cu-Zr exhibits a smaller magnitude
of the saturation 4H/H than the SC-Cu-Zr. Furthermore, the ablation
threshold of the SC-Cu-Zr sample is approximately 50% higher than
the Q-Cu-Zr. Both of these observations are in line with the supposi-
tion that sub-ablation threshold fs-laser treatments can be understood
as a rejuvenation process, and can also be reconciled by considering
the physics of the fs-laser-material interactions. Namely, these interac-
tions rely on the disparity between electronic excitation, which occurs
in fs, and phononic relaxation, which occurs in ps. Thus, in materials
with heterogeneous atomic structures, there may be heterogeneous re-
laxation behavior due to locally different electron-phonon (e-ph) cou-
pling. In the Cu-Zr alloys, this plays a significant role. It has been
shown in MD simulations that disordered CuZr, has an e-ph collision
rate that is over an order of magnitude larger than pure Cu, and an
e-ph coupling factor double that of pure Cu at low temperatures [56].
This difference in e-ph coupling times in amorphous and crystalline
Cu-Zr may lead to locally higher energy deposition in regions with
the stronger e-ph coupling and shorter e-ph coupling time. The role of
GBs on e-ph coupling times and strength is debated in the literature
[55,86,87]. Gill-Comeau and Lewis [55] performed MD simulations
of fs-laser ablation for NC Al, accounting for the effects of GBs on
e-ph coupling, and found that NC Al has an earlier onset of ablation
than single crystal Al, in general agreement with our experimental re-
sults here. We suggest that, similar to the analysis performed by Ref.
[55], GB regions have characteristically larger e-ph coupling factors
and shorter equilibration times. This implies that the fs-laser affords
the unique ability to locally deposit energy at GB regions. As a con-
sequence, the higher volume fraction of amorphous material localized
at GB regions in the Q-Cu-Zr sample would exhibit an earlier onset
of ablation, as there is a faster and more dramatic electronic relaxation
process occurring in this material. The SC-Cu-Zr sample has a smaller
volume of disordered material, and would be expected to have a higher
ablation threshold — in agreement with our observations.

The smaller magnitude 4H/H in the Q-Cu-Zr can be reconciled as
follows: if we envisage that the laser causes small structural changes
in the GBs that drive them further from equilibrium, the sample with
a relaxed (more equilibrium) GB structure will be able to access
more metastable, high-energy configurations, compared to an initially
non-equilibrium, high energy GB structure. In other words, occupy-
ing a deeper position in the basin of the energy landscape provides
ample room for moving energetically uphill. This broader range of
metastable states implies a larger 4H/H. This also follows logically
from an e-ph relaxation perspective — small atomic rearrangements in
the amorphous region where the majority of the e-ph equilibration oc-
curs would not necessarily lead to drastic differences in mechanical
behavior, as the formation of a shear band is suppressed at these length
scales [87]. Thus, prior to the onset of ablation, a smaller change
in hardness is expected in the Q-Cu-Zr sample than the SC-Cu-Zr.
This is seen in Fig. 5, where the Q-Cu-Zr undergoes a 57% re-
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duction in hardness, whereas the SC-Cu-Zr undergoes an 87% reduc-
tion.

Fig. 5 also shows the normalized change in hardness for the Al
samples. Interestingly, the GB volume dependence and normalized
change in hardness of the Al-4.8at.%0 and SC-Cu-Zr are quite sim-
ilar in this plot. This can be ascribed to both samples containing ini-
tially relaxed, low energy GB configurations. The Al-4.8at.%0, de-
spite its fine grain size, is stabilized by the high solute concentration,
evidenced by the apparent mechanical stability of this sample [22]. A
similar interpretation for the SC-Cu-Zr can be inferred owing to its
thermal history and the tendency for Zr segregation to GBs.

5.5. Relaxation annealing

Annealing experiments were performed on the irradiated
Al-4.8 at.%0 and SC-Cu-Zr samples to determine if the observed de-
crease in hardness is recoverable. Since AIFs are only in equilibrium
at very high temperature and are kinetically frozen in at room temper-
ature, an annealing treatment would likely remove any AIFs present.
Therefore, we do not anneal the Q-Cu-Zr sample here. All heat treat-
ments were performed in a quartz tube furnace in an Ar environment
(<10~ ppm 0,) to minimize additional oxidation. The Al-4.8at.%0O
film was annealed for 90minat 205°C. The SC-Cu-Zr sample was
annealed for annealed for 120 minat 350 °C. Temperatures were cho-
sen to be = 0.5 T, slightly higher than other relaxation heat treat-
ments reported for NC metals [3,23-25]. Relaxation annealing tem-
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peratures are chosen to be low enough to preclude grain growth, but
high enough to allow short-range diffusive atomic rearrangements,
predominantly at GBs where the structural disorder and diffusivities
are much higher. The higher temperature range was selected due to
the apparent thermal stability of these samples, owing to the high
propensity for solute segregation in these material systems [57,58,73].
To ensure that the microstructure does not undergo coarsening during
this annealing treatment, TEM investigations of grain size were con-
ducted. The average grain size of the Al-4.8 at.%O after annealing was
22+9nm, and the average grain size of the SC-Cu-Zr after annealing
was 44+ 16nm. We note no significant coarsening of the microstruc-
ture or recrystallization after annealing at these modest temperatures.
Indentation tests were performed on the same regions before and
after annealing to elucidate any changes in mechanical properties
caused by the heat treatment. Fig. 7(a and b) show the hardness mea-
surements of the Al-4.8at.%0O and SC-Cu-Zr samples conducted be-
fore and after relaxation annealing, with the duration and homologous
temperatures of the heat treatment indicated in each plot. The green
horizontal dashed line indicates the mean initial, non-irradiated hard-
ness measured for each of the two samples. Annealing returned the
hardness of the Al-4.8at.%O to 2.44 GPa, compared to a hardness of
0.57 GPa after irradiation, and the SC-Cu-Zr to 2.87 GPa, compared
to a hardness of 0.77 GPa after irradiation. These results indicate that
the effect caused by the fs-laser treatments is fully reversible upon an-
nealing, and the initial mechanical properties of the samples are re-
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Fig. 7. Effects of recovery annealing heat treatments on the Al-4.8at.%0 and the SC-Cu-Zr samples. a) Hardness as a function of the normalized fluence for the Al-4.8at.%0O sam-
ple. Normalized fluence is the measured fluence divided by the ablation threshold for each material. Filled black circles indicate the material prior to annealing, and the open black
squares are the measurements conducted after annealing at 205 °C for 1.5hb) Hardness as a function of normalized fluence for the SC-Cu-Zr sample annealed at 350 °C for 2 h. Initial
measurements prior to annealing are indicated by filled in orange circles, whereas measurements performed after annealing are shown as open orange squares. ¢) Shows the measured
modulus for the SC-Cu-Zr sample annealed at 350°C for 2h as a function of normalized fluence, and d) shows the ratio of the hardness to the modulus as a function of average
fluence for the same sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



Acta Materialia xxx (2018) xxx-Xxx 11

covered. By recovering the same hardness value as the initial non-ir-
radiated samples, we can conclude that the initial energy state of both
the Al-4.8at.%0O and SC-Cu-Zr samples is relatively low, and any ef-
fects induced by the fs-laser can be reversed through boundary-me-
diated mechanisms operative at low temperatures. Fig. 7c shows the
modulus data for the SC-Cu-Zr sample, indicating that the fs-laser in-
duces small changes in modulus. It appears that the two areas probed
after annealing have statistically insignificant changes in modulus.
The recoverability of the mechanical response after low temperature
annealing further proves that grain growth and evolution of porosity
are not responsible for the change in mechanical properties, as the
temperatures for this annealing treatment were not high enough to re-
move porosity or coarsen the grains. Further kinetic studies are nec-
essary to fully characterize this relaxation process and identify activa-
tion energies associated with the rate-limiting mechanisms.

5.6. Mechanisms of NC fs-laser mediated rejuvenation

We hypothesize that several mechanisms may be operative in elic-
iting rejuvenation, but they are all predicated on the physical under-
pinning of local atomic shuffling leading to metastable GB configu-
rations. This phenomenon can be represented in a number of ways —
accessing various micro degrees of freedom at GBs [14], civilian or
military shuffling modes at GBs [9], GB structural transitions [27,89],
modification of disconnection densities [90], or shear transformation
zone (STZ)-like activity [32,91,92]. Han et al. [14] show using MD
simulations that a bicrystal can exhibit many metastable GB structures
for a given misorientation. The high stresses involved during fs-laser
processes may be sufficient to modify the structure of GBs, as sug-
gested by Iyer et al. [74]. While Ref [74] focuses on point defect for-
mation, they argue that at GBs or other high-energy sites, the criti-
cal stress needed to form a vacancy or Frenkel pair may decrease to
be energetically favorable from stresses induced by the fs-laser. The
presence of these defects along a GB may change the atomic struc-
ture of the boundary to a higher energy configuration. Similarly, the
high stresses may enable other shuffling modes at GBs [9], which also
enable the formation of high-energy GB structures. The presence of
metastable GB structures has been shown to affect the operative de-
formation mechanisms, favoring grain boundary sliding, void forma-
tion and intergranular cracking [93]. STZ-like activity at GB regions
of NC metals has been reported for materials with small grain sizes
[32,91,92,94], where STZs can coalesce to form a catastrophic shear
band. Recent results showing that the size of correlated regions par-
ticipating in STZ-like rearrangements is of the order of the particle
diameter (atomic size) [95] lends credence to the idea that rearrange-
ments can occur even in spatially constrained GB regions. Activation
of STZ-like mechanisms during deformation would significantly de-
crease the strength of a material, as evidenced by the softening be-
havior of NC metals commonly observed at very fine grain sizes [91].
Given the subtlety of the structural changes occurring at the atomic
scale at GBs, advanced characterization methods will be needed to
elucidate the differences in atomic configurations responsible for the
changes in mechanical behavior.

6. Conclusions

Our mechanical measurements and characterization of NC Al-O
and Cu-Zr alloys subject to sub-ablation threshold fs-laser treatments
allow us to draw the following conclusions:

» Nanoindentation measurements indicate that sub-ablation-threshold
fs-laser treatments cause a significant decrease in hardness in NC
metals with grain sizes finer than 50 nm.

» The induced softening can be ascribed to the fs-laser interaction
with grain boundary regions, due to structural and chemical hetero-
geneities. Coarsening, porosity, and segregation effects can be ruled
out as causes for the softening.

The reduction in hardness is depth dependent, and consistent across
samples normalized for grain boundary volume.

The magnitude of softening caused by the fs-length laser pulses is
dependent upon the initial energetic state of the material — samples
with non-equilibrium grain boundary structures had a smaller mag-
nitude softening prior to ablation, whereas samples near equilibrium
had large tunability in hardness.

The softening induced by the fs-laser is fully recoverable upon an-
nealing at low temperatures, suggesting that atomic motion at grain
boundary regions (operative at such low temperatures) is responsi-
ble for both the softening and relaxation. The fs-laser treatment ev-
idently concentrates its deposition of energy in grain boundary re-
gions possessing disorder, with minimal impact to the crystalline
grain interiors.

This study suggests that the similarities between NC metals and
amorphous alloys are vast, and that our understanding of mechanical
behavior of NC metals may be greatly informed by the MG commu-
nity. The application of processing strategies across disciplines, such
as fs-laser processing, and material classes can be useful in broadening
the tunability and functionality of NC materials. The premise of struc-
tural rejuvenation of NC metals and its impact on properties such as
ductility and damage tolerance is a promising area for future research.
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