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ABSTRACT: Environment-assisted fracture phenomena in metals are usually associated with surface energy reduction due to an
adsorbed film. Here we demonstrate a unique embrittlement effect in Al that is instead mediated by surface stress, induced by an
adsorbed organic monolayer. Atomistic simulations show that the adsorbate carbon-chain length I, controls the surface stress via van
der Waals forces, being compressive for I < 8 and tensile otherwise. For I. > 8, we demonstrate experimentally that the nanoscale
film causes a ductile-to-brittle transition on the macroscale. Concomitant with this transition is a nearly 85% reduction in
deformation forces. Additional simulations reveal that the microscopic mechanism for the embrittlement is via suppression of
dislocation emission at incipient crack-tips. In addition to challenging long-held views on environment-assisted fracture, our findings
pertaining to surface-stress induced embrittlement suggest profitable utility in manufacturing processes such as machining and
comminution.
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monolayer, a nanometer-scale film, caused local embrittle-
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distinction between surface energy and surface stress sets
solid surfaces apart from liquids. Surface or interfacial
energy, 7, is the reversible work per unit area needed to create
a surface by exposing new atoms, typically by a process of
cleavage.”™> The surface stress f on the other hand is the
reversible work per unit area required to stretch a surface.”’
When a liquid surface is stretched, atoms from the bulk
naturally rearrange themselves to maintain constant surface
density. Consequently, surface energy and surface stress
(surface tension) have the same numerical value for liquids.6
In contrast, solid surfaces can sustain elastic strains so that f #
7 in general. Adsorption of films on solid surfaces thus changes
both f and y simultaneously,” causing well-known phenomena
such as surface relaxation and reconstruction.” Adsorption can
also change the plastic deformation behavior of crystals,'* such
as in hydrogen embrittlement,'' liquid-metal embrittlement
(LME),"” stress-corrosion c1’acl<ing,l3_15 and the Bangham
effect.'
Recently, another related, adsorbate-induced mechanochem-
ical effect has been reported in large-strain deformation of
ductile metals—coating the metal surface with an organic
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ment.'” Surprisingly, this phenomenon, henceforth called
organic monolayer embrittlement (OME), was found to be
critically dependent on the size of the adsorbate molecule.

It is common to attribute such film-induced embrittlement
effects in metals to reduction in ¥, and hence critical stress for
crack growth, due to adsorption.'”'*~*° However, this thesis is
insufficient to explain OME for two main reasons. First, the
nanoscale organic molecule film cannot lower y of the material
immediately ahead of a crack, because of lack of a suitable
diffusion path for the molecules into the material on practically
relevant time scales. Second, and more importantly, typical
reductions in y are usually not large enough to cause
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Figure 1. MD simulation of effects of chain length, I, on f and 7. (a) Organic molecules adsorbed onto the top-side of a free-standing Al,O;
substrate (beam), showing the headgroup, hydrocarbon chain, and terminal group. The molecules experience Coulombic and van der Waals (vdW)
forces. (b) Plot of substrate curvature as it equilibrates under adsorbate-induced forces. The curvature is negative (convex) for the short-chain
molecule and positive for the long-chain molecule (tensile). (c) f and y (left axis), and vdW energy (right axis, red), as a function of [.

embrittlement.”' The other possibility, that changes in f due to
an adsorbate can promote crack initiation and, by extension,
cause surface embrittlement, appears to have been first
proposed by Oriani.”” Unfortunately, the inability to system-
atically change only one of f or y has hitherto prevented full
evaluation of this hypothesis.

In this work, we show, first, using molecular dynamics (MD)
simulations, that varying the size of the adsorbate molecule
strongly influences f while maintaining y constant. This
immediately suggests an experimental approach for exploring
the relative roles of f and y in influencing surface plasticity and
fracture in metals. Second, by creating adsorbed organic
monolayer films on metal surfaces by molecular self-assembly,
we show experimentally how an increased f leads to
embrittlement, thereby providing a fundamental basis for
explaining OME and related phenomena.

The configuration used in the molecular dynamics
simulations to calculate f, similar to a commonly used
experimental setup,”””>° consists of a microcantilever (made
of a-Al,03, 25 nm X S nm X 4 nm), with an adsorbed film on
one side. The a-Al,O; represents the native oxide layer
typically present on Al surfaces, and onto which the organic
monolayer is adsorbed. The cantilever deflection due to
adsorption is used to calculate f via Stoney’s equation;** see
Figure 1(a). Tensile (compressive) stresses arise if the
deflection is concave (convex) on the adsorbate side (see
Supporting Information for details). The adsorbate films were
carboxylic acids (CA) with headgroup —COOH and terminal
group —CHj; and were self-assembled on the Al,O; substrate.
We notationally denote this class of adsorbates as CA-X-CH,,
explicitly indicating the headgroup (CA), chain length (X = L),
and terminal group (CH,). This choice is motivated by
subsequent experiments that demonstrate OME in ductile Al
with its native oxide layer.

The curvature evolution due to self-assembly is shown in
Figure 1(b) for CA-6-CH; and CA-16-CHj;. At equilibrium,
the cantilever has a curvature of —2 um™' (CA-6-CH,) and +4
um™" (CA-16-CHj), resulting in compressive and tensile f,
respectively. These simulations were repeated for I. = 6, 8, 10,
12, and 16 and corresponding f values are shown in Figure 1(c)
(black-dashed line). f increases monotonically with I, going
from —0.96 N/m (CA-6-CH;) to 1.98 N/m (CA-16-CHj,).
We also estimated the interface energy y between the organic
molecules and the substrate, as the difference of system
energies before and after bonding. Without any adsorbate on
the surface, y for alumina is 1.85 N/m and decreases to y ~ 1.4
N/m with the adsorbed film, and apparently independent of I;
see Figure 1(c). This is understandable, since y is determined
primarily by the bonding of the headgroup (—COOH) with
the substrate.

The reason for the observed increase of f with I_ is because of
a competition between electrostatic interactions at the Al,O;-
adsorbate interface and the van der Waals (vdW) attraction
between adsorbate molecules. Charge transfer between head-
group and substrate leads to an I-independent electrostatic
repulsion, contributing to a compressive surface stress. On the
other hand, the red curve in Figure 1(c) shows that the
magnitude of the vdW attraction per molecule increases with [,
going from 0.3 J/mm” or 0.4 e€V/molecule (CA-6-CHj,) to 1.1
J/m* or 1.35 eV/molecule (CA-16-CH,;). Thus, as the
molecule size increases, the vdW forces eventually supersede
the electrostatic repulsion contribution, making the overall
surface-stress tensile. Interestingly, an analogous interaction is
also responsible for the well-known monotonic increase in
boiling point with I_ in a homologous organic series,”” pointing
to the significant strength of this interaction.

The calculations show that by varying I, it is possible to
systematically change f while keeping y constant, thus

https://doi.org/10.1021/acs.nanolett.1c02887
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02887/suppl_file/nl1c02887_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02887?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

suggesting a controlled method to probe the origins of OME-
type phenomena. To this end, we used molecular self-assembly
to deposit different alkanosilane molecules (silane headgroup)
with I. between 0 and 16, on an annealed Al surface (see the
Supporting Information for details). Analogous to the earlier
notation, these molecules are denoted Sil-X-CHj, with Sil for
the silane headgroup, X = I, and the same terminal group
(CH,). Relevant physical properties of the adsorbate films and
adsorbate-coated substrates were characterized. The thickness
of the adsorbed films was measured using ellipsometry; see the
blue curve in Figure 2. The average thickness changes from
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Figure 2. Characteristics of monolayers deposited on the Al surface.
(Left axis) Contact angle from measurements with deionized water
and (right axis) adsorbate-film thickness from ellipsometry.

10.6 A (Sil-4-CH;) to 27.0 A (Sil-16-CH;), typical of
monolayers. In addition, contact angle measurements, before
and after coating the Al substrate gave 68.1° (uncoated) and
~106° (silane-coated); see the black curve in Figure 2. The
inset images show the corresponding drop configurations. The

contact angles are also independent of [, as expected. The
microhardness of the Al samples, with and without the
adsorbates, was measured using Vickers indentation (10 g
force load). Ten samples were measured for each adsorbate
condition. The average hardness, across all the samples, was
25.4 + 1.3 HV. The hardness did not show any dependence on
I, or even on the presence/absence of the organic monolayers
(annealed Al hardness = 24.6 HV).

The OME was experimentally evaluated by subjecting a thin
surface layer of the coated/uncoated Al substrates to 2D shear
deformation; see Figure 3(a) and the Supporting Information
for details. High-resolution in situ imaging and concurrent
force measurements (parallel to V;) were used to analyze the
deformation by evaluating strain fields, mapping flow patterns,
and tracking potential fracture events. This framework provides
an explicit demarcation between ductile and brittle deforma-
tion—the former if extensive plastic deformation is observed
and the latter if periodic fracture events are recorded,
accompanied by a reduction in force.

The time-dependent deformation force is shown in Figure
3(b) for five different Al workpieces: bare (blue), two short-
chain organic monolayer (Sil-3-CH; and Sil-6-CHj;), and two
long-chain organic monolayer adsorbates (Sil-10-CH; and Sil-
16-CHj). The first three cases are practically indistinguishable,
the force rising gradually from zero to a maximum of ~420 N
near the steady state. In addition, after ~6 s of deformation,
small oscillations appear in the force trace due to tears that
were seen to form in the wake of the wedge. Similar large
forces were seen with all of the monolayers with J. < 6. In
dramatic contrast, with the long-chain molecules (I, > 8), the
deformation force is ~70 N, an approximately 85% decrease
relative to the bare and short-chain cases. Moreover, the force
is relatively constant during the entire deformation process,
reaching steady state within 1 s of deformation imposition.
This type of small (constant) deformation force was observed

Sil-16-CH,
0 2 4 6 8

(b) Time (s)

/T
12 Bare Al
J 1Si3-GH,
¥ S Sil-6-CH
08
06 L\ Sil-3-SH ",
= [sil-0-oH ®  Si-10-CF
' si8CHy, | .. . CA16-QH,
e L SN,
“. Y
02 | | e
Sil-10-CH;  Sil-16-CH
0

0 3 6 9 12 15 18
Length of hydrocarbon chain,

(€)

Figure 3. Simple-shear deformation to study effect of I, on plastic flow and embrittlement. (a) Experimental configuration: annealed Al workpiece
coated with organic monolayer (blue) and experimental parameters hy, @, and V;. (b) Measured deformation force for bare workpiece (blue),
workpiece with short-chain adsorbates (Sil-3-CHj and Sil-6-CHj,), and workpiece with long-chain adsorbates (Sil-10-CH; and Sil-16-CH;). The
large force decrease with the long-chain molecule suggests embrittlement. (c) Plot of nondimensional force parameter (I') as a function of I.. The
data from adsorbates with silane (Sil) headgroup and CHj; terminal group (Sil-X-CHj;) are blue circles. Data for other short- and long-chain
monolayers shown as diamonds: Sil-0-OH (purple), Sil-3-SH (yellow), Sil-10-CF; (blue) and Sil-11-N; (green).
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Figure 4. Effect of adsorbate-induced surface stress on shear deformation of Al. Top row: Single frame each from high-speed image sequences of
the shearing and plastic flow: (a) without adsorbate, (b) with short-chain adsorbate (Sil-3-CHj, f compressive), and (c) with long-chain adsorbate
(Sil-16-CHj, f tensile). In (a) and (b), the plastic deformation is severe and highly unsteady, while in (c), the flow is interrupted by quasi-periodic
fracture events emanating at the free surface (yellow arrows), with much smaller strains. Bottom row: SEM images of the deformed chip: (d)
without adsorbate leading to folds (red arrows) on a chip-free surface indicative of redundant plastic deformation and (e) the long-chain adsorbate
case (CA-16-CH;) with cracks running across the width of the chip that correspond to the quasi-periodic fractures in (c).

with all of the I. > 8 monolayers, pointing to a severe
disruption of surface plastic flow, potentially, via onset of a
fracture instability—the OME phenomenon.

The effect of I. is highlighted in Figure 3(c) using a
nondimensional parameter I' € (0, 1], defined as the ratio of
maximum deformation force with the monolayer to maximum
force without any film. The ~85% reduction for Sil-16-CHj
corresponds to I' &~ 0.15 in Figure 3(c). Hence I' is an
indicator of embrittlement, with I' < 1 indicating that the
surface is embrittled and I' = 1 has no effect. Figure 3(c)
includes force data not only from the Sil-X-CH; molecules
(blue circles) but also from other assorted short/long-chain
monolayers. The latter force data include Sil-0-OH (purple
diamond), a molecule with a terminal —OH group directly
attached to the silane headgroup, and Sil-3-SH, Sil-10-CF;, and
Sil-11-N3 molecules, shown as yellow, blue, and green
diamonds, respectively, in the figure. There are also data for
a molecule with a different headgroup (—COOH)—CA16-
CH, (red circle)—corresponding to the molecule system
studied in the simulations. The overwhelming conclusion from
Figure 3(c) is that ' ~ 1 when I, < 6, transitioning to I' ~ 0.15
for I. > 8. Figure 3(c) also shows that the effect of the
monolayer headgroup and terminal group on the force is
secondary (if any) in comparison to the chain length.

Exactly how OME comes about is revealed by high-speed in
situ imaging observations of material flow. The top row of
Figure 4 shows one frame each from three high-speed image
sequences: with bare Al workpiece (4a) and Al with short-
chain organic monolayer (Sil-3-CH;, 4b) and long-chain
organic monolayer (CA-16-CH;, 4c). Material flow is
represented in these images by superimposed virtually
computed streaklines” on a background plastic strain field
(color). With the bare workpiece, a thick chip forms (h./hy ~
25) due to severe plastic deformation during the shearing

process. The wavy streaklines and nonhomogeneous strain
field imply that the deformation field is additionally highly
unsteady, with significant redundant components (rotation,
material folding); see also Figure 4(d) and Supplementary
Movie 1. The corresponding von Mises plastic strain in the
deformed chip varies between 3.5 and 7. There is also no
visible evidence of any fracture, only plastic folding in the
deformed material, as further confirmed by metallography
(Figure 4d). This type of unsteady, mesoscale flow, common in
simple shearing of very ductile metals and called sinuous
ﬂow,28 was also seen in workpieces with I. < 6 (see Figure
4(b)). The extreme redundant straining accompanying the
sinuous flow is responsible for large deformation forces (~420
N) in both the bare and short-chain cases; cf. Figure 3(b).
A fundamentally different surface plastic flow mode is seen
with I, > 8, see Figure 4(c). First, a much thinner chip is
formed, h./hy ~ 8; cf. Figure 4 panels (a) and (b), indicating
that the extent of plastic deformation is now much reduced.
Second, and most importantly, the peeled chip has a
fundamentally different, “segmented” morphology, due to
quasi-periodic fracture events that nucleate on the free surface
(yellow arrows, Figure 4(c)) and propagate toward the wedge
tip, see also Supplementary Movie 2. Once nucleated, the
propagation of the crack into the material bulk is driven by the
enhanced loading due to the advancing wedge (usui). The
strain rate at the crack tip during the propagation was ~80 s™*
(Vo = S mm/s), as measured using digital image correlation
analysis. This type of crack propagation from the free surface
was observed even at higher deformation speeds, V; = 1 m/s
(strain rate ~2 X 10* s™"), with the long-chain adsorbates. The
quasi-periodic fractures manifest as cracks that run across the
width of the chip-free surface; see Figure 4(e). This type of
surface fracturing was observed not just with CA-16-CH; but
with all I, > 8, providing clear evidence that the organic
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monolayers have embrittled the surface leading to disruption of
surface plastic flow. Other observations pertaining to the long-
chain molecule cases, typified by Figure 4(c), are that the
peeled layer is composed of trapezoidal segments separated by
fracture regions; the strain within each segment being small
(<2), compared to the bare and shorter-chain cases.
Consequently, the deformation force is also very small ~70 N.

The dislocation mechanism that causes ductile and brittle
behavior in crystalline solids has been explained by Rice and
Thomson by examining what hagpens in the vicinity of an
incipient notch in the material.”” A loaded sharp notch in
ductile materials typically self-blunts by dislocation emission,
while in brittle materials, cleavage and crack propagation result.
Even though the Rice—Thomson model applies to quasi-static
loading, we use an analogous picture to explain the onset of
crack growth in the presence of an adsorbate-induced surface
stress. Once crack propagation begins, the loading field
changes dynamically due to the advancing wedge and leads
to continued crack growth (cf. Figure 4). To fully simulate this
situation, we revert to molecular dynamics simulations of crack
initiation and growth in the presence of a suitable surface
stress. Figure 5 shows MD simulations of a notched Al

@)

Notch
Blunting

-3.08

Figure S. Atomistic simulations of notch behavior in the Al subject to
remote tensile loading in the Z-direction, with and without
adsorbates, and with various f levels at the notch tip: (a) no
adsorbate, i.e., bare Al (b) with adsorbate f = —0.6 N/m
representative of short-chain monolayer, and (c) with adsorbate f =
0.4 N/m representative of a long-chain monolayer. In (a), and (b),
dislocation (white dotted lines) emission blunts the notch tip
(ductile), while in (c), the notch cleaves (brittle). Adsorbate atoms
are shown as spheres with a 20% larger radius than the Al atoms.
Colors represent stress levels within the sample.

specimen, loaded remotely in tension; see Figure S. Adsorbates
are mimicked by a single atomic layer on the crack faces and
suitable surface stresses realized by tuning the lattice mismatch
between this layer and the substrate (see Supplementary for
details). The adsorbate atoms are depicted with larger spheres
than the Al atoms. Atoms in the panels of Figure S are colored
by the local stress value.

Three sets of simulations are shown in Figure S, 1) bare Al,
2) Al with an adsorbate at the notch tip inducing compressive
surface stress (f = —0.6 N/m) akin to I, < 6; and 3), and 3) Al
with an adsorbate at the notch tip inducing tensile surface
stress (f = +0.4 N/m) similar to I. > 8. The notch is loaded in
tension, and the role of f is clearly evident in the resulting
behavior. In the absence of significant tensile surface stress, the
crack tip emits dislocations, leading to self-blunting. This

response, typical of ductile metals like Al, is what is seen in the
case of the bare Al sample (Figure S(a)) and those with
compressive surface stress (Figure S(b), f = —0.6 N/m).
Dislocation emission ((1/2){110)) along the {110} slip plane)
is clearly revealed by zones of localized stress in these panels. A
corresponding movie of the deformation, provided as
Supplementary Movie 3, also reveals the blunting of the
initially sharp crack by repeated dislocation emission.

In contrast, samples with a tensile surface stress of f = +0.4
N/m show a very different response to the loading,;see Figure
5(c). Here a crack propagates from the tip of the notch in lieu
of dislocation emission; see also Supplementary Movie S. This
response is typical of brittle materials; however, in the present
case the material is the same as before, with the only change
being the presence of tensile surface stress. This type of brittle
response was observed for all f > 0.3 N/m. The obvious
conclusion from the simulations is that, at the microscopic
level, the tensile surface stress suppresses dislocation emission
from the surface notch, ie, notch-tip plasticity, leading to
surface embrittlement and fracture.

The OME phenomenon observed herein has some
similarities with liquid metal embrittlement (LME), such as
of Al by Ga, but with important differences. Most notably
OME, unlike LME, is not catastrophic, and the residual
workpiece surface left behind after peeling is not embrittled,
given the absence of any diffusion pathways for the organic
molecules. OME is thus a benign form of embrittlement,
enabled just by monolayer adsorption.

Our experimental results have established that organic
monolayers with [, > 8 cause local embrittlement of the surface
under simple-shear deformation, while shorter-chain mono-
layers do not. Given that [, affects only f, the embrittlement is
caused by adsorbate-induced surface stress, and not chemical
corrosive action or change in y. It is intriguing, and perhaps a
bit counterintuitive, that the effect of surface stress due to a
single molecular layer is so clearly manifest on the macroscale.
A similar mechanism could well play a critical role in other
embrittlement phenomena such as stress-corrosion cracking
and LME. Preliminary measurements of surface stress induced
by 100—250 nm thick ink films, as well as paint coeltings,‘?'o’g’1
deposited on Al-foil substrates, have shown the presence of
sufficiently large tensile surface stresses. More detailed
measurements of adsorbate-induced surface stress in various
systems planned for the near future that should throw
additional light on this matter.

Apart from warranting a revisit of classical embrittlement
phenomena, our results on surface-stress-induced embrittle-
ment by adsorbed nanometer-scale films suggest opportunities
for practical applications. For instance, given the central role of
van der Waals’ forces in determining the surface stress, one
could envisage the use of tailored additives to cutting fluids
and sprays, applied locally to the cutting zone, to increase the
efficiency of machining and drilling processes for ductile
metals. We have, in fact, begun exploring this possibility,
showing very promising preliminary results with normally
difficult-to-machine metals.”” Adsorbate-induced embrittle-
ment could also profitably be used to increase fragmentation
rates in comminution processes > - including for production
of powders from "gummy” metals like Al, Ni, Ta, and stainless
steel. Finally, the possibility of altering the surface stress by
electrochemical means, to enhance metals processing as well as
study surface plasticity phenomena, warrants important
consideration. This idea is suggested by earlier reports of
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changes in hardness®® and yield stress’” due to external
electrical fields. We believe that our observations open several
exciting avenues for improved control of material deformation.
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Bl ADDITIONAL NOTE

“A streakline, commonly used in fluid visualization, is defined
as the locus of a fixed set of material points, as they are
convected during material deformation
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