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A macroscopic ductile-to-brittle transition in chip formation with ductile gummy metals, arising from 3.5 to
100 nm thick organic films on the workpiece surface, is demonstrated. The principal characteristics of the
phenomenon, with annealed aluminum, are change in the flow mode from one dominated by large-strain
plasticity to one controlled by fracture; and up to 70% reduction in cutting force. This embrittlement has
important benefits for machined surface quality — nearly an order of magnitude reduction in roughness, >
50% reduction in residual plastic strain, and smaller hardness change. Implications of the phenomenon for

material removal processes and beyond are discussed.
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1. Introduction

A continuous chip of uniform thickness in cutting of metals forms
by large-strain deformation typically confined to a narrow shear
zone [1]. The underlying material flow, to use a fluid mechanics anal-
ogy, is laminar, characterized by homogeneous (uniform) deforma-
tion. However, important exceptions to this type of chip formation
do exist, wherein the plastic flow is non-uniform [2,3]. Among the
latter, of relevance to the present work, are segmentation involving
fracture [2,4—6], and sinuous flow with large-amplitude folding and
significant redundant deformation [2,7,8].

When cutting very ductile polycrystalline metals such as annealed
Al, Cu, Ni alloys and stainless steels, the chip is often very thick (h, ~
10hyp), with wrinkled “mushroom-like” features on its back surface,
see Fig. 1a from linear cutting [2,7—-9]. The corresponding chip mor-
phology labeled type 1 is fundamentally different from that of the
continuous laminar-flow chip [2]. Type 1 chip formation is often
characterized by large cutting forces and poor surface finish despite
the workpiece metal being relatively soft [2,7,10]. Recently, utilizing
high-speed image photography, the micro/meso scale details of the
sinuous flow underlying the type 1 chip have been elucidated [7],
reinforcing the important early observations by Nakayama [2]. The
flow details have helped explain the large forces and why these met-
als are “gummy” to cut [7]. Non-uniform flow is also typical of the
type 3 saw-tooth or segmented chip (Fig. 1b), which is commonly
observed with alloys of low workability (e.g., hard steels, work-hard-
ened brass) [2,4-6]. The segmentation arises from quasi-periodic
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fractures that are usually initiated on the workpiece surface ahead of
the advancing tool and which then propagate into the chip thickness
towards the tool edge [2,3,5]. The occurrence of the fractures limits
the plastic deformation (strain) in the type 3 chip — a potential bene-
fit — with the cutting forces also correspondingly being much smaller
than otherwise expected [2,10].

At first glance, the type 1 and type 3 chips, standing at opposite
ends of the machining spectrum in terms of deformation strain, flow
modes and forces, appear to have little in common; and, indeed, this
is often the case. However, it has been found recently that with
gummy metals such as annealed Al, Cu, Ni and Ta, the typical sinu-
ous-flow (type 1) chip, with large forces/strains, is suppressed and
replaced by the segmented-flow (type 3) chip, with much lower
forces/strains, if the cutting is done in a suitable environment
(medium). Under such conditions, the metal is no longer “gummy” to
cut. The chemical media that trigger this flow transition are organic
molecules that adsorb (physisorb or chemisorb) onto the surface and
form nanometer scale films, that locally “embrittle” the metal (work-
piece) surface [11,12]. The embrittling substances, surprisingly,
include commonly available chemicals such as permanent marker
inks and adhesives. The observations have thus led to a link between
the two very disparate flow types, via the embrittling phenomenon
termed organic monolayer embrittlement (OME) [12].

In the present study, we explore, in cutting of gummy metals, the
principal features of the OME-induced flow-to-fracture transition — a
nanometer scale phenomenon, with macroscopic consequences - and
how this phenomenon affects machined surface quality. The explora-
tion is guided by the hypothesis that the plastic flow field features,
which control chip formation, also determine the machined surface
attributes such as finish, residual plastic strain and hardness
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(strength). We use annealed Al 1100 workpiece, a prototypical exam-
ple of a highly ductile gummy metal [13]; cutting at low to moderate
speeds (0.3 to 100 m/min); and characterization of material flow and
surface attributes, in this exploration. The observations show that the
segmented type 3 chip triggered by the OME is beneficial for surface
quality — as reflected in smaller roughness, lower residual plastic
strain and smaller hardness changes, and reduced density of meso-
scale defects (pull-outs, pits). Implications for industrial machining of
gummy metals, with applications in energy, chemical, aerospace and
orthopedic sectors, are briefly discussed.

2. Experimental

Plane-strain (2-D) cutting, utilizing a linear (shaping) configuration,
was used to analyze chip formation, flow modes and workpiece sur-
face quality, with and without chemical media, in low-speed cutting.
The cutting parameters were speed v. = 300 mm/min, undeformed
chip thickness h, = 50 to 100 pm, rake angle y = 0° to 10° and chip
(workpiece) width of 3 to 6 mm. The material flow and deformation
underlying chip formation were observed/recorded from a side of the
workpiece with a high-speed camera (Photron FASTCAM Mini WX-
100), coupled to a microscope assembly (InfiniFlex with high-defini-
tion DS 4x lens of 0.13 NA). The image sequences were analyzed by
particle image velocimetry (PIV) to obtain (von Mises) effective strain
(&), strain-rate, and rotation fields; flow modes using streaklines; and
residual plastic strain in the machined surface/subsurface [7,14] (Note:
a streakline is the locus of all particles that have passed earlier through
a particular spatial point). Higher speed cutting experiments at
v = 100 m/min, h, = 100 pm, and depth of cut = 0.8 mm, were done
using 2-D face turning on a lathe. The flow mode at this speed was
inferred from ex situ chip morphology observations, based on the
established one-to-one correspondence between flow and chip type
[2,3]. The cutting forces were measured using a piezoelectric dyna-
mometer (KISTLER, Type 9254). All the experiments were conducted
dry without application of any cutting fluid.

The cut surface quality was characterized in terms of surface
topography and roughness via optical profilometry (Zygo NewView
9000); residual plastic strain by the PIV; mesoscale defects (material
pull-outs, tears) by optical microscopy; and hardness (strength) as a
function of depth from the machined surface by Vickers indentation
(25 g load). The workpiece material was Al alloy 1100 (274+1HV, 99%
Al) in an initial annealed condition. This alloy is very ductile (uniform
elongation ~ 45%) and usually classified as being gummy to machine
in the annealed condition [13]. The tool for the low-speed cutting
was high-speed steel, and for the higher-speed cutting, a WC—Co
cemented carbide. Both tools had cutting-edge radius (~ 5 pm) that
was less than 1/10 h,,.

The chemical media used were a stearic acid monolayer, a perma-
nent marker ink (an adhesive organic film), and isopropyl alcohol
(IPA), enabling both thin and ultrathin (nanoscale) films to be formed
on the workpiece surface. The stearic acid (CH3(CH;);6COOH) mono-
layer of thickness 3.4 nm, as estimated by ellipsometry, was depos-
ited (chemisorbed) onto the initial workpiece surface by a molecular
self-assembly method, see Ref. [11] for details. This monolayer is
henceforth referred to as Self-Assembled Monolayer (SAM). The ink
was applied to the initial workpiece surface with two strokes of the
pen and allowed to dry just prior to the cutting. In some of the
experiments, this film coating was applied to only part of the cutting
length, to observe the flow transition in a single cutting pass. The
ink-film thickness was 100 to 200 nm as estimated by optical profil-
ometry. The IPA was applied to the workpiece just after it exited the
machining zone; this application was used mainly with the high-
speed cutting experiment for ease of studying (inducing) the embrit-
tlement action. The reaction of the IPA with freshly generated Al sur-
faces results in an ~ 15 nm thick surface layer of aluminum
isopropoxide (reaction layer), one of a class of metal alkoxides
[15—17]. This oxide is a white solid that melts at 118 °C. The use of
the diverse media, all known to induce the OME, was mainly to study
film length-scale effects on plasticity/fracture, and the effect of the
OME on workpiece surface condition at the different speeds.

3. Results

The experiments have provided interesting insights into the main
characteristics of the embrittlement phenomenon mediated by the
organic media and its effects on various elements of machined sur-
face quality.

3.1. Principal characteristics of chip formation

Fig. 1 shows select frames from high-speed image sequences of
the cutting of the Al at v, = 300 mm/min, with superimposed white
streaklines and (von Mises) effective strain field (background). The
figure illustrates the embrittlement arising from the stearic acid SAM
application. When cutting the bare Al (no film), the chip formed is
very thick, with sinewy streaklines and repeated folding (with free-
surface ripples) characteristic of the sinuous flow (Fig. 1a, type 1
chip). There is no cracking on the chip free surface, just the occur-
rence of fold interfaces which could be (and have been) mistakenly
interpreted as “cracks”. The chip strains are quite large, as high as 6
over a significant part (1/2) of the chip thickness, and highly non-uni-
form. In contrast, when cutting the ink-coated workpiece, a seg-
mented (type 3) chip occurs, with cracks initiating on the free
surface, quasi-periodically, and propagating part way into the chip
thickness towards the tool edge (Fig. 1b). The chip now shows much
less nominal thickening. It can also be inferred from the strain field,
by assigning a representative strain (volume averaged), that this
strain value for the segmented chip is only ~ 35% of that for the sinu-
ous flow chip. The transition from the type 1 to type 3 chip — a local
ductile-to-brittle transition - effected by the SAM is a distinguishing
characteristic of the embrittlement phenomenon. This characteristic
was also seen with the embrittling ink and alkoxide media.

Concomitant with the flow transition from sinuous (highly duc-
tile) to the fracture-dominated segmentation, a large decrease in the
cutting force is observed (Fig. 2) — the second distinguishing charac-
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Fig. 1. Image frames of chip formation in linear cutting showing a) sinuous flow (bare),
and b) chip segmentation (SAM). Streaklines overlaid against background strain () field
(color). A1 1100, (y = 5°, h, = 100 um, v, = 300 mm/min).

teristic of the embrittlement. This decrease is as much as 70% due to
the organic media. In contrast to the sinuous flow case, Fig. 2 also
shows that the force is more stable and uniform with the media,
reaching steady state much more quickly. An intriguing feature is
that all the media that induce the embrittlement cause essentially
the same relative force decrease compared to the bare cutting. If we
note that one of the adsorbates is a SAM molecule and another is an
alkoxide reaction layer of near-molecular thickness, then it becomes
clear that the embrittlement is very likely mediated just by a mono-
molecular layer that is in immediate contact with the metal surface.
This conclusion is reinforced by the very similar results obtained
with various other SAMs (molecules) [11,12]. Hence, even with the
thicker ink film, it is most likely that the embrittlement is mono-
layer-induced - by the one-molecule film layer that is intimately
adsorbed onto the workpiece surface.

Many of the organic media that triggered the embrittlement were
found to have very little commonality in their chemical constituents,
ruling out a purely chemical origin for the effect. The observations
therefore strongly reinforce the notion of the phenomenon as one of
monolayer-induced embrittlement, with the specific medium chem-
istry being of secondary importance to the phenomenon, and, by
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Fig. 2. Specific cutting force with various organic media films/layers (h, = 50 pm,
v = 300 mm/min, y = 10°). The specific force is the force divided by the undeformed
chip cross-section area.

extension, to its consequences. Henceforth, we will refer to this phe-
nomenon as the OME to emphasize the key role of the monolayer.

3.2. Surface finish and topography

Fig. 3 shows optical profilometry images of the workpiece surfa-
ces. The top row is for the low-speed cutting without and with the
OME, while the bottom row is an equivalent set for the higher-speed
case. In the top row, the initial part (~ 50%) of the workpiece length
was bare, while the remaining part was coated with the ink (OME)
prior to the cutting. The contrast between the roughness in the two
regions (top row, Fig. 3) is quite dramatic. The cut surface corre-
sponding to the bare region is characterized by deep pits and pull-
outs, with peak-to-valley Rz ~ 93 pm. The latter is based on 20-line
scans across the topography. The corresponding Ra value is not
reported given the very rough nature of the cut surface. The linear
density of defects (tears, pull-outs, pits) on the cut surface, as deter-
mined from the profilometry and optical microscopy, was ~ 0.35/
mm. The cut surface in the coated region is significantly smoother,
with Rz ~ 1.34 pm and Ra ~ 0.2 pm. Furthermore, there is very little
evidence of any surface damage (e.g., pull-outs or tears) on this sur-
face; in fact, the measured linear defect density was essentially zero.
The low-speed cutting results specifically highlight an extraordinary,
nearly 1.5 order of magnitude, improvement in the surface roughness
arising from the OME.

The improvement in surface roughness enabled by the OME was
also found to occur in the higher speed cutting with v, = 100 m/min
(bottom row, Fig. 3). In this experiment, the IPA was applied to the

Rz = 1.34 pm’
Ra = 0.2pm

200 pm

100

Fig. 3. Cut surface topography without and with the OME. Top row: low cutting speed
- 300 mm/min. Bottom row: higher cutting speed - 100 m/min (y = 10°, h, = 100 xm).

workpiece in and around the process zone, so that the freshly cut Al
surface emerging from this zone could immediately react with the

alcohol. The workpiece surface entering the process zone for the next
cutting pass is thus covered with an alkoxide layer, enabling the
OME. The Ra value on the cut surface from the alkoxide-coated region
is ~ 1.18 pm (Rz ~ 6.2 pm), representing a greater than 5-fold reduc-
tion in roughness compared to the bare case, Ra ~ 8.3 ym (Rz ~
46.9 pm). Furthermore, as in the low-speed cutting, the density of
surface defects on the cut surface is also significantly reduced by the
OMEE. In fact, the bottom row of the figure shows essentially no macro
or meso scale defects on the cut surface in the alkoxide-coated region.
The other distinguishing characteristics of the OME — drop in the cut-
ting force and change in the chip morphology — were also observed
in these higher speed experiments. Although not shown here, a seg-
mented chip, typical of the OME, resulted in the alkoxide (IPA) case,
whereas the chip showed the sinuous flow characteristic in the bare
case. Concurrently, an ~ 33% reduction in the cutting force was
observed with the IPA. This reduction, while somewhat smaller than
the 70% reduction observed in the low-speed cutting due to the OME,
is still quite substantial.

The higher speed cutting results show that the OME can, poten-
tially, be quite effectively used even at industrial cutting speeds pro-
vided a monolayer of the “right” organic medium can be adsorbed
sufficiently rapidly on the workpiece surface (or equivalently chemi-
cal reaction layer formed) between successive cuts. This, however,
will be very much determined by factors such as adsorption kinetics
of the medium and mode of medium application, besides of course,
the core ability of the medium to trigger the OME with the specific
workpiece metal. Further experiments are planned to determine the
speed limit, if any, at which the OME “disappears”.

3.3. Surface strain and hardness

We now turn our attention to another very important element of
machined surface quality - surface integrity - which is largely deter-
mined by the plastic deformation state of the surface [18]. Since the
OME changes the plastic flow mode and deformation state in the
chip quite dramatically, it is reasonable to expect that the residual
deformation state of the machined surface will also be significantly
altered. We characterized the surface integrity using two measures —
the residual plastic strain on the cut surface and the near-surface
hardness which is directly influenced by this strain. To quantify this
plastic strain, we employed the same approach as that used to obtain
the strain field in the chip. Using the PIV high-speed image analysis,
we tracked path lines followed by material elements that enter the
workpiece near-surface at various depths in the wake of the tool. The
residual strain on the cut surface is then obtained by accumulating
the incremental strain along these path lines [14].

Fig. 4a) shows the variation of residual plastic strain with depth
from the surface. The OME effect is quite significant. The maximum
strain in both cutting cases, i.e., with and without the OME, occurs at
the surface. The strain value is ~ 3.25 when cutting the bare Al and ~
1.4 when cutting with the OME, representing a nearly 60% reduction
in the strain due to the OME. In both cases, the strain is seen to
decrease smoothly and monotonically with depth from the surface. If
we define the deformed region as that part of the sub-surface with
strain > 1, then the thickness of the deformed region in the OME case
is ~ 25 nm. In comparison, the corresponding thickness for the bare
Al case is much greater than 60 um (Note: the 60 pm depth is the
maximum depth over which the strain distribution was measured).
Thus, the OME causes a significant reduction not only in the maxi-
mum surface strain, but also a concomitant reduction in the depth of
the intensely deformed surface layer. It may be of interest to note
here that we have observed even larger decreases in these two attrib-
utes — maximum surface strain and deformed layer thickness — of
the strain field intensity in machined Cu, also due to the OME.

(ho =50 um, v, = 300 mm/ min, y = 10°)

Measurements of the cut surface hardness and its variation with
depth into the subsurface showed a pattern consistent with the strain
field intensity (Fig. 4b). But the strengthening by the residual plastic
deformation is only about 35%, with respect to the (baseline) bulk
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Fig. 4. Variation of a) strain and b) hardness with depth into the workpiece subsurface,
with and without OME-enabling film.

annealed Al, in the OME case. Whereas in the bare Al case, the corre-
sponding strength increase is > 100%, in keeping with the larger sur-
face strain here. These strength changes closely mimic the strain
patterns on the two cut surfaces. The strain-field and the closely cor-
related hardness observations suggest that the OME-enabled cutting
could be a viable approach for producing “minimally strained” surfa-
ces. This could be of value not only for enhancing performance of
structural and mechanical components, but also for specimen prepa-
ration procedures. Another consequence of the OME residual strain
field is that it could facilitate more stable chip formation by eliminat-
ing the chip thickness oscillations sometimes observed with soft Cu,
Ta and Nb [7]. Indeed, we have noted such a stability improvement in
OME-enabled turning experiments involving these metals.

4. Summary, observations and implications

The study of cutting of Al 1100 in the presence of organic media
such as permanent marker ink, isopropyl alcohol and stearic acid has
shown an interesting local ductile-to-brittle transition in material
behavior mediated by nanoscale (3.5 nm to 100 nm) surface films.
This ductile to brittle transition, labelled organic monolayer embrit-
tlement (OME), is truly a nanoscale phenomenon - a visible macro-
scopic change in the mechanical behavior of the metal triggered by
nanometer-scale films. Its principal characteristics are a) effecting a
change in chip type from one controlled by sinuous, large-strain plas-
tic flow (ductile) to one of fracture-controlled segmentation with
much lower primary deformation zone strain; and b) corresponding
large-reductions of up to 70%, in the cutting force. The OME charac-
teristics are largely independent of the medium chemistry, as long as
the phenomenon is enabled by the adsorption or chemical reaction.
The OME has important benefits for machined surface quality, includ-
ing 5 to 10 fold reduction in the principal roughness parameters; sig-
nificantly reduced density of surface defects such as pull-outs and
pits; > 50% reduction in plastic strain and deformed layer thickness
on the cut surface; and smaller changes in hardness of the machined
surface. A limited set of experiments has shown that the benefits of
the OME for surface quality can also be realized at industrial cutting
speeds. The results thus indicate that the OME can be quite beneficial
for cutting of gummy metals, impacting industry sectors as diverse as
aerospace, energy and orthopaedics.

The OME likely belongs to one of the many chemical effects that
have been suggested to occur in material removal processes [19—-23].
However, the specificity of the effect with the nanoscale films shows
that there is now a metrology tool (self-assembled monolayers
(SAMs)) available to systematically probe the effect. That it can occur
with common benign (household) media that are non-corrosive, and
which do not embrittle the residual cut surface (in contrast to say lig-
uid gallium), suggests applications opportunities, not only for cutting,
but also for other material removal processes such as grinding, pol-
ishing and comminution. While the mechanism underlying the OME
is not yet fully known, there is emerging evidence to suggest that it

way; and one should be careful when routinely and casually marking
metal surfaces with ink — you may be unwittingly embrittling it!
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