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Supplementary Information

S1 Evaluation of Cut Surface

The quality of the (residual) cut surface of the workpiece, viz, the surface in the wake of the
wedge, after approximately 6 s of cutting, was measured using a laser scanning confocal microscope
(Keyence VK-X250). Fig.[ST|(A) clearly shows that the arithmetic average surface roughness (R,)
of the cut surface sharply decreases when the SAM chain length exceeds 8. Thus the change in flow
mode, from sinuous to segmented caused by the MC effect, also leads to significant improvement
in cut surface quality. In cutting of the bare Al, CH3(3) and CH3(6) workpieces, where sinuous
flow is dominant and there is no MC effect, the R, is quite large, ~12.5 um, see Fig. [ST|(A); and
the surface is pockmarked by periodic cracks and tears due to material pull-out (Fig. [S1|(B)).
The rough surfaces, with material pullout, are a consequence of the large forces associated with
the sinuous flow; and the periodic pull-out is the cause of the oscillations seen in the force trace
(see Fig. 2A of main text). This type of rough surface was seen to occur consistently with the
sinuous flow. In contrast, the surfaces produced with the long-chain SAMs (CH;3(10), CH3(16), and
SA(17)), wherein segmented flow is observed, were always smooth (R, = 0.5 um), see Fig. [S1|(A)
and Fig. [ST|(C), indicating that the MC effect should be beneficial also for enhancing quality of

machined products.
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Figure S1: Characterizing cut surface quality with and without the MC effect. A) Variation of arithmetic average
surface roughness (R,) with SAM chain length. There is more than an order of magnitude improvement in
the surface roughness (R,) for chain lengths > 10 (MC effect), compared to chain lengths < 8 and the bare
Al case (no MC effect); this improvement is concomitant with the large force reduction due to the MC effect
(Fig. 2B). B) Cut surface of bare Al showing extremely poor surface quality with periodic cracks and tears.
C) Cut surface of workpiece produced with CH316 SAM layer showing excellent surface quality, with surface
devoid of cracks and tears.

S2 Continuum Model

In order to study ductile versus brittle behavior of crystals, a key feature of sinuous-to-segmented
flow transition underlying the MC effect, we use the framework developed by Rice and Thomson
[38]. Their approach is to explore the behavior of an atomically-sharp notch tip in a material that
is loaded remotely. When the load reaches a value equal to the Griffith stress, depending on the
material properties, the notch will do one of the following two things, 1) allow a crack to propagate
into the material, thus extending the length of the crack (brittle) or 2) emit dislocations and get
blunted in the process (ductile). Crystals for which dislocation emission is spontaneous can be
expected to be ductile and others wherein there exists a large energy barrier for this emission
can be expected to be good candidates for brittle cleavage. Using such an approach they were
able to predict the ductility or lack thereof of several metallic and ionic crystals. We extend this
framework to probe how the behavior of a crystal changes in the presence of a surface-stress at
the notch-tip induced by an adsorbate.

In order to assess, the effect of the surface-stress using the Rice-Thomson model, consider a
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Figure S2: Schematic of an elastic half-space with a notch of length a at the origin. The body is assumed
to be loaded remotely with a shear stress, 7g. The free surface of the body is assumed to be covered by an
adsorbate. The adsorbate induces a change in the surface stress, f. The coverage is assumed complete except
at the tip of the notch, O. At O there exists a small region of length 2d where there is no adsorbate. This
non-homogenous coverage induces a force dipole, M = 2fd. The problem is formulated to calculate the stress
in the vicinity of the notch due to the combined remote loading and the force dipole. This stress is then used
to evaluate the propensity of the notch to emit a dislocation.

semi-infinite elastic body with a notch at the surface, shown schematically in Fig. [S2] Let the
length of the notch be a. Assume further that the free-surface of the body, including the two notch
faces are covered by an adsorbate. The adsorbate, where it is present, induces a change in the
surface-stress, f. Let the coverage of the adsorbate be perfect except at the tip of the notch, O,
where there is a very small region of length 2d that is not covered by the adsorbate.

We wish to evaluate the change in the bulk stress field due to the modified surface stress. A
surface-stress can influence the bulk stress field either from regions where it is not homogeneous
or from regions having curvature [42]. The role of curvature is only to influence the hydrostatic
component of the stress and hence has no influence the movement of dislocations. Thus ignoring
curvature effects the only regions from which the surface-stress can “load” the crystal are near the
point of surface-stress discontinuity, i.e. vicinity of point O. Since there is a discontinuous change
in the surface-stress where the adsorbate coverage ends, the “loading” from the surface-stress field
can be replaced by two line loads of magnitude f acting in opposite directions at a distance 2d

apart around the point O, as shown in Fig. (right). Since this loading consists of two forces



of equal magnitude acting in opposite directions and situated a small distance apart, we denote it

as a force-dipole loading system.

S2.1 Elastic stress field due to force-dipole

The elastic-stress field due to the force-dipole can be estimated using the Flamant solution. This

solution for a single line load parallel to the half-space is,

= —ﬁ cos
Opp T (0) (1)
Opy — 0 (2)
Tpo =0 (3)

where 6 is measured with respect to the plane boundary.
Using the superposition principle and with a suitable change of coordinates, the shear stress

field due to a force-dipole acting on an elastic half-space 7,4, for p > d, is,

2fd M
Top = —WLPQSin(QQS) = _7T_p2 sin(2¢) (4)

This 7,4, will now be used to evaluate the force on a virtual dislocation close to the notch-tip.

S2.2 Force on a virtual dislocation

We are now in a position to evaluate the force on a virtual dislocation close to the notch-tip that is
covered by an adsorbate. The Rice-Thomson model evaluates the force on the dislocation when the

stress intensity factor due to the remote stress is equal to the critical stress intensity factor. The
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critical stress intensity factor for Mode-II loading is equal to K& = A virtual dislocation
close to the notch-tip experiences two forces, a Peach-Koehler force due to the shear-stress field
and an image force which tends to attract it to the notch-tip. The Peach-Koehler force has two

parts, one due to the remote loading and one due to the force-dipole (see Eq. .For a straight



edge dislocation, this force equilibrium leads to
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, where E is the Young’s modulus, £ = p/b and F' and G are purely functions of ¢ defined by

3 1
F(¢) = B cos(3¢/2) + B cos(¢/2) G(¢) = sin¢cos ¢ (6)
Eq. [ can then be simplified as follows,
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3
, where ( =v(1 —v)/uband n = M(1 —v)/ub?.

Let &* denote that & which is a solution for Eq.[7]and hence the location where the forces on the
dislocation are balanced. If £* > &.,(&, is the non-dimensionalized core radius and is equal to 2 for
fcc solids) then any dislocation emitted at O(Fig. must overcome an energy barrier to leave
the notch-tip. In this case, crack-propagation is the preferred mode resulting in segmented type
flow. Similarly if £* < &. then dislocations are spontaneously emitted thereby preventing crack
propagation. Under this condition sinuous flow should develop. The solution to Eq. (7] is shown

in Fig. 4B of the main text and used to discriminate between the conditions for sinuous (no MC

effect, ductile) and segmented flow (MC effect, brittle).

S3 Molecular Dynamics (MD) Simulations

In order to verify the predictions of the continuum model that a modified surface-stress can indeed
induce embrittlement in any otherwise ductile metal we performed simulations using the open-
source software LAMMPS [43]. The model material was aluminum, simulated using the Embedded
Atom Method (EAM) interatomic potential. The simulations mimic the configuration of the Rice-

Thomson framework as shown in Fig. . An orthorhombic aluminum crystal (L, x L, x L, =



40 nm X 5 nm X 40 nm) containing a notch is subjected to remote tensile loading. The notch
was ~ 2 nm in length and ~ 0.8 nm in width and lies parallel to the X-direction ((100)). Periodic
boundary conditions (PBC) are imposed in the Y-direction to simulate plane-strain conditions. An
NVT ensemble, with T" = 300K, was simulated using a Langevin thermostat and a velocity-Verlet
algorithm with integration time steps of 1 fs. The remote tensile loading was simulated by moving
the top-row of atoms in the Z-direction, maintaining a strain-rate of 10 s~!, while holding the
bottom row of atoms fixed stationary.

Simulations corresponding to Fig. 4C (bottom row) had adsorbate atoms at the notch-tip.
The adsorbate atoms were modeled as Lennard-Jones solid. This minimizes the parameters that
the adsorbate brings to the simulation, such as charge of atoms, polarity etc., thereby making
the results easy to interpret. The adsorbate induced surface-stress at the notch-tip was controlled
by changing the equilibrium distance between the LJ adsorbate molecules. The lattice-mismatch
between the LJ atoms and the aluminum atoms can be modified to control the magnitude and
sign of the surface stress. In the actual experiments, the SAM molecules induce surface stress on
the metal workpiece because of van-der Waals interactions between the long chain molecules, not
because of a lattice mismatch.

The adsorbate induced surface stress was estimated in a separate simulation where interaction
of the LJ adsorbate atoms were studied on a (L, X L, X L, = 75 nm x 75 nm x 80 nm) orthorhombic
aluminum crystal. Periodic boundary conditions were imposed in the X and Y directions while
adsorption was allowed to occur on the planes perpendicular to the Z-axis. The surface stress is
calculated using the magnitude of the interatomic forces of the surface Al atoms relative to the

bulk Al atoms, utilizing the stress/atom routine in LAMMPS.
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