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A B S T R A C T   

We examine a, hitherto, little-studied and curious machining chip morphology, with tell-tale signs of folding at 
two different length scales, that is common in cutting of certain ductile and highly strain-hardening metals like 
soft aluminum alloys, tantalum and niobium. This chip morphology does not appear in the usual catalogues of 
common chip types. The mechanics of formation of the “dual-scale folded chip” is studied in model material 
systems of commercially pure aluminum alloys (AA 1100 and AA 8040), that prominently exhibit this chip 
morphology. The flow, folding and associated plastic instabilities are investigated using micro/macro structure 
observations of the chip in a plane-strain cutting framework, with high-speed in situ imaging and image analysis 
of material flow; and force measurements. The smaller-scale folding is shown to develop in the primary defor
mation zone while the larger-scale folding occurs as the chip traverses the rake face of the tool. The resulting chip 
is composed of irregularly-spaced large folds, superimposed onto which are the quasi-periodic small folds. The 
representative wavelengths of the two folds differ on average by an order of magnitude, 0.1 mm vs. 2 mm. The 
observations reveal a direct coupling between the material flow and chip morphology, and how specific attri
butes of the dual-scale folded chip arise from the flow mechanism. Plastic buckling is found to play a key role in 
the folding at both length scales. The small-scale folds are characteristic of a sinuous plastic flow mode, while the 
large-scale folding is characterized by buckling and stick-slip along the tool rake face, triggered by adhesive 
pinning of the chip to the tool. Important consequences of the dual-scale folding are very large cutting forces, and 
force oscillations of large amplitude, despite the alloys being very soft, only ~25 HV. The dual-scale folding is 
why many of these alloys are classified as “gummy” to machine. Since the dual-scale folded chip is associated 
with large cutting forces and poor surface quality, there is much to be gained by disrupting this flow type in 
practical machining applications. Methods for controlling the folding to improve machining performance with 
the gummy alloys are briefly discussed.   

1. Introduction 

Chip formation by machining involves large-strain deformation, 
which spawns a rich variety of flow modes and flow instabilities 
depending on the mechanical and physical properties of the workpiece 
alloy [1,2]. The flow mode is important for determining process attri
butes, such as specific energy and forces, as well as surface quality at
tributes of the workpiece, e.g., finish, material pull-out and residual 
plastic strain and microstructure [2–6]. Of course, these process and 
quality attributes are also critically influenced by other factors such as 

cutting zone temperature and tool wear (rubbing). It has long been 
known that the flow mode underlying chip formation is reflected in the 
chip morphology. For example, unsteady flow modes characterized by 
shear banding and/or quasi-periodic fracture instabilities give rise to the 
so-called saw-tooth and segmented chips [3,4,7], while smooth 
shear-zone/plane deformation with steady laminar flow results in a 
continuous ribbon chip of near-uniform thickness. This mapping or 
one-to-one correspondence between the flow mode and chip 
morphology has been further confirmed by recent in situ studies of chip 
formation using high-speed imaging techniques [4,8,9]. The in situ 
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observational approach has also revealed new insights. One of these 
pertains to how an irregular chip morphology, characterized by 
mushroom-shaped features on the back (free) surface of the chip, and 
usually observed in cutting of relatively soft and ductile commercially 
pure metals (e.g., Al, Cu, Fe), arises from an unsteady flow mode called 
sinuous flow [8]. The sinuous flow involves large-amplitude fold for
mation in the Primary Deformation Zone (PDZ), triggered by plastic 
buckling on the workpiece surface [9], and significant redundant 
straining, both of which result in highly non-uniform, unsteady defor
mation and large forces/energy. Sinuous flow causes certain highly 
strain-hardening metals to exhibit poor machinability, despite being 
soft, thus earning them the “gummy metals” moniker [4,8–10]. 

The observations and connections between flow and chip 
morphology suggest that cutting can provide a framework for funda
mental study of plastic deformation modes and flow instabilities in 
metals; and that the chip morphology can serve as a basic signature of 
the process state. Studies of flow and chip attributes can, of course, be of 
value also for improving the performance and capability of machining 
processes, such as by suppression of flow instabilities and improved 
control of flow modes [3,4,11]. 

The present study examines a, hitherto, little-studied and curious 
chip morphology, see Fig. 1, with tell-tale signs of folding on its free 
surface at two different length scales, that is quite common in cutting of 
certain ductile and highly strain-hardening metals like tantalum, 
niobium and soft Al alloys [4,11–14]. This morphology does not appear 
in the usual lists of chip types [3,15]. The morphology is best described 
as being composed of (irregularly) recurring fan-shaped large folds 
(Fig. 1a), onto each fold of which are superimposed numerous sub-folds 
(Fig. 1b) of much smaller wavelength (small-scale folds). This type of 
chip, with dual-scale folding, has been observed at both low and high 
speeds when cutting the afore-mentioned alloys. Clearly, the 

morphology must arise from a unique underlying flow mechanism(s) 
and specific flow instabilities. 

We hypothesize, based on fold-morphology observations, that the 
folding at the two length-scales is controlled by similar pinning mech
anisms, i.e., pinning of material flow and occasional plastic buckling. 
The pinning mode in itself may be quite different for each of the fold 
length-scales. To examine and validate this hypothesis, we study cutting 
of commercially pure aluminum alloys (AA 1100 and AA 8040), a model 
material system, that prominently exhibits this dual-scale folding char
acteristic. The flow and associated plastic instabilities are investigated 
using high-speed in situ imaging and image analysis; and micro/macro 
structure observations of the chip and workpiece, and force measure
ments. The observations reveal a) how specific attributes of the dual- 
scale folded chip arise from pinning of the material flow - for the 
small-scale folds, this pinning is found to occur quasi-periodically just 
ahead of the PDZ, while for the large-scale folds the pinning happens 
irregularly along the tool rake face; and b) a direct coupling between the 
flow and chip morphology, as with other chip-types The observations 
confirm the hypothesis for the dual-scale folding, as arising from flow- 
pinning followed by plastic buckling. Since the dual-scale folded chip 
morphology is associated with large cutting forces and poor surface 
quality, there is much to be gained by disrupting this flow mechanism. 
Implications of the results for both component machining, and materials 
manufacturing (e.g., strip and flat wire production) by chip formation, 
are briefly discussed, along with methods for controlling the dual-scale 
folding. 

2. Experimental details 

The mechanics of dual-scale folding and underlying plastic flow are 
explored through cutting of soft aluminum alloys under plane-strain 
conditions. The nucleation and evolution of the two types of folds are 
examined using in situ imaging, and ex situ observations of chip macro-/ 
micro-structure and force analysis. The deformation conditions are 
specifically selected to study the folding hypothesis and parametric ef
fects on the folding. 

2.1. Workpiece materials 

The model material systems are AA 1100 and AA 8040, in the 
annealed and as-cast conditions, respectively, selected for their pro
pensity to exhibit the dual-scale folding consistently across a range of 
speeds from low to high (3 mm/s to 6 m/s). The 1100 alloy was acquired 
as a ¼-in thick plate in the half-hard (H14) condition from McMaster- 
Carr, Elmhurst, IL, USA. The plate was annealed at 300 ◦C for 2 h to 
attain the O-temper condition with hardness 27 ± 2 HV. The 8040 alloy, 
typically used for production of electrical-conductor wires, was obtained 
in a commercial as-cast condition, in the form of a wire bar from Prys
mian Group (General Cable), Indianapolis, IN, USA. This condition is 
representative of the softest state (28 ± 1 HV) of the alloy. The two al
loys have very similar chemical composition (Table 1) with the main 
impurity elements (Fe and Si) limited to 1 wt% maximum. The only 
notable difference is the addition of Zr in the 8040 in amounts that 
precipitate Al3Zr particles for purposes of high-temperature strength 
stability [16]. The similarities of the two alloy systems in terms of 
composition (Table 1) and strength (hardness <30), while differing in 
micro/macro structure (wrought vs cast), also made them suitable 
candidates for comparison under similar deformation conditions. 

The fully annealed and as-cast microstructures of the two alloy 

Fig. 1. Dual-scale folding in cutting of soft aluminum Al 1100 alloy. a) Large 
folds in thickness view of the chip, b) enlarged view of a single large fold with 
smaller-scale (sub) folds. CFD is chip flow direction and RFN is rake face normal 
direction. Undeformed chip thickness (to) = 125 μm, speed (Vo) = 1 m/s and 
rake angle (α) = 5◦. 

Table 1 
Chemical composition of workpiece alloys [17].   

Fe Si Cu Mn Zn Zr others Al 

AA1100 1.0 0.05–0.2 0.05 0.1  0.15 rest 
AA8040 1.0 0.2 0.05 0.2 0.1–0.3 0.15 rest  
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workpieces are shown in Fig. 2. The 1100 alloy exhibits an equiaxed 
grain structure with average grain size of ~50 μm (Fig. 2a). Because Fe 
and Si are ever-present impurity elements in Al (Table 1) and the solid 
solubility of Fe in Al is very small (0.05 wt%), phases of Al–Fe or 
Al–Fe–Si are usually seen in the microstructures of all the 1xxx series 
alloys except for the super-pure Al [17–19]. Minor impurity elements 
such as Cu and Mn are not present in sufficient amounts to form their 
own second phases. For the 8040 alloy, the initial metallography reveals 
the cast microstructure to contain both columnar and equiaxed grains 
resulting from directional solidification, as expected (Fig. 2b). During 
solidification, the columnar grains grow in a preferred crystallographic 
direction, opposite to the direction in which heat is conducted away. 
Due to the presence of Zr, precipitates of Al3Zr can also be seen in the 
microstructure (Fig. 2b). 

2.2. Tool details 

The tools were made of M2 high-speed steel. The tool cutting edges 
were prepared by grinding with edge radius of ~5 μm. This radius is 
about one-twentieth the undeformed chip thickness, minimizing any 
edge effects on the chip formation (e.g., plowing). The tool cutting edge 
width was kept greater than the workpiece width (~6 mm) to ensure 
plane strain-conditions in the PDZ. 

2.3. Deformation conditions and related analysis 

Two plane-strain cutting configurations (rotary (high-speed, 1–6 m/ 
s) and linear (low-speed, 3–5 mm/s)) were used in the experiments to 
study the plastic flow modes and flow instabilities under a range of 
deformation conditions. The use of the low and high speeds (up to 6 m/ 
s) was to understand deformation rate effects on the folding and flow 
mode, establish the generality (or lack thereof) of the dual-scale folding 
phenomenon, and enable process mapping. For the rotary cutting 
(Fig. 3), disk-shaped workpieces, 6 mm thick x 140 mm diameter, were 
machined from the annealed plates of the 1100 alloy. Similar disks were 
cut from 8040 round bar, using a band saw, and then milled to the 
desired disk diameter and thickness. The 8040 disks remained in the as- 
cast condition for the machining experiments. Chip formation was 
effected by feeding a tool radially into the rotating disk workpiece at 
preset undeformed chip thickness (feed), to, as shown in Fig. 3. Various 
key terms and variables are defined in this figure. A chip of thickness, tc 
> to, resulted; the chip formed by simple shear nominally confined to a 
narrow deformation region called the Primary Deformation Zone (PDZ) 
(AB in Fig. 3). The back (free) surface of the chip is shown with corru
gations in Fig. 3 to highlight rough surface features that typically result 
from various flow instabilities. A range of deformation conditions was 
studied: cutting speeds of 1 m/s to 6 m/s to vary the deformation rate, 
rake angle (α) of 5◦ to 45◦ to vary strain, and to set to 100–200 μm. The 
cutting was done mostly dry (without fluid application), unless other
wise stated. Forces were measured with the cutting tool fixed to a 3- 
component piezoelectric dynamometer with measuring range up to 
10 kN (KISTLER Type 9257B). 

Deformation modes under lubricated conditions (lower friction) 
were examined in low-speed cutting (3 mm/s) using a linear cutting 
mode. A rectangular plate-shaped workpiece 65 mm (cutting length) x 
45 mm × 6 mm (width), cut from the annealed 1100 and cast 8040 
alloys, was moved relative to a stationary cutting tool. The cutting fluid 
was Mobil Vactra Oil No. 1, an oil-based fluid. The fluid was applied 
close to the tool rake face in a continuous flow mode at a rate of ~5 mL/ 
min. At this low speed, it is relatively easy for the fluid to access the tool- 
chip interface and lubricate the contact thus enabling the friction effect 
on flow to be deciphered. The chip formation and underlying material 
flow were imaged, in situ, from a side of the workpiece, through a glass 
block that was clamped alongside the workpiece length, in order to 
minimize out-of-plane deformation [9]. A high-speed camera (Photron 
FASTCAM Mini), coupled to a compact optical microscope (InfiniFlex 

with high-definition DS 4x lenses of 0.13 NA), was used to make the 
observations. The working distance of the imaging system from the 
deformation region of interest was ~20 mm. High-resolution images of 
the deformation region were obtained at a frame rate of 500 fps. The 
image sequences were then analyzed using a Digital Image Correlation 
(DIC) technique to characterize the flow attributes [9,20]. The attributes 
included velocity, and effective (von Mises) strain and strain rate fields; 
and flow line mapping in terms of streaklines and pathlines.1 

Micro- and macro-structures of the workpiece and chip samples were 
characterized by metallography, and optical and scanning electron mi
croscopy. For this ex situ characterization, the samples were mounted in 
epoxy to avoid heating, ground with various grit sizes of SiC paper, and 
finally polished with diamond and colloidal silica (0.06 μm). The spec
imens were etched by immersion in NaOH (10 g in 100 mL H2O) for 5 
min. The microstructure was then observed under an optical micro
scope. High resolution SEM images of chip surfaces were acquired using 
a Quanta 650 FEG-SEM. Macrostructure, topography and fold charac
teristics of the chips were analyzed using optical microscopy (including 
stereo-imaging) and 3D profilometry (Zygo NewView 9000) to quantify 
attributes of the dual-scale folding. 

3. Results and discussion 

A 3D surface profilometer picture of the free (back) surface of an AA 
8040 chip, taken at low magnification, is shown in Fig. 4a. Quasi- 
periodic features of amplitude ~0.7 mm and wavelength ~1 mm are 
seen to occur along the length of the chip in this region, similar to the 
surface features in the AA 1100 chip in Fig. 1a. These features arise from 
a recurring variation in the thickness of the chip. We call each one of 
these features a large fold, based on similar feature morphologies 
observed in cutting and sliding [8,14]. The quasi-periodic folded regions 
were interspersed with other areas where there were very few or no 
folds. Quantitative details of the thickness variations and dimensional 
attributes of the large folds are further revealed in the 3D surface pro
filometer picture of the chip free surface shown in Fig. 4a. Each of the 
large folds is seen to run across the entire width of the chip. Upon 
examining these at higher magnification, see Fig. 4a and b, it is evident 
that each of the large folds is in turn composed of additional surface 
features of much smaller amplitude (<0.1 mm) and wavelength (<0.2 
mm, equivalently higher spatial frequency). These smaller features 
which ride on the larger folds, and which occur along the entire length of 
the chip, will henceforth be referred to as small folds, due to the simi
larity in their morphologies. Thus, the chip free-surface resembles a 
surface that is formed by repeated folding occurring at two length scales 
– dual-scale folding – with the small folds superimposed onto the larger 
fold(s). The use of the term folds to describe these surface features will 
become clear when we analyze the underlying flow mechanism that 
leads to the formation of these features. 

When observed from the top thickness edge of the chip, the large 
folds encompass clusters of the small folds (Fig. 4c). The small folds 
resemble mushroom-like structures when observed in the CFD-RFN 
plane (Fig. 4b). But they are in fact long interweaving strands of 
lamellae that run across the width of the chip as seen in the plan view of 
the chip free surface (Fig. 4c). The large folds cause the chip thickness to 
be highly non-uniform, consisting of hills and valleys. The thicker re
gions (peaks) of the large folds are typically more than twice as thick as 
the thinner regions (valleys). A “shear dimple” is consistently seen 
directly below each large fold (Fig. 4b), on the underside of the chip that 
is in contact with the tool rake face. As will be seen in the ensuing, the 
dimples play an important role in the formation of the large folds. 

The chip morphology with dual-scale folding was observed with both 

1 A pathline is the trajectory along which an individual particle (material 
point) travels, while a streakline is the locus of all particles that have passed 
through a particular spatial point [9,20]. 
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the Al alloys, and across the spectrum of cutting speeds. This 
morphology is also common with Ta and Nb alloys [12–14]. 

3.1. Fold size 

Size-related details of the folds were quantified by 3D surface pro
filometry. The quantification was done in terms of the wavelength 
(peak-to-peak spacing) and height (amplitude) of the folds. For the 
wavelength characterization, a Power Spectral Density (PSD) analysis 
was performed on the 3D chip free-surface (topography) profiles 
(Fig. 5a) to obtain the spatial frequencies corresponding to the small and 
large folds. Fig. 5b shows the PSD peaks thus obtained. The average 
spacing of the small folds, i.e., wavelength, is seen to be ~0.15 mm, and 
that of the large folds ~2 mm (representative spacing) in the regions 
where they occur quasi-periodically (Fig. 5b). The large folds have a 
much larger wavelength than the small folds. It should be noted with the 
large folds, however, that although in this region of the chip examined 
(Fig. 5a), they are quasi-periodic with representative wavelength of ~2 
mm, this spacing varied significantly (0.8–5 mm range) along the length 
of the chip. Furthermore, the quasi-periodic regions were typically 
interspersed with other regions that were nearly devoid of the large 
folds, see also Supplementary Fig. S2. Hence, the large folds are best 
described as being stochastic in nature in terms of their overall spacing. 
This type of variation was noted at every cutting speed condition where 
the large folds occurred. The stochastic nature of the large folds is to be 

Fig. 2. Optical micrographs showing a) equiaxed microstructure of annealed AA 1100 and b) as-cast microstructure of AA 8040 with both columnar and equiaxed 
grains, and embedded Al3Zr particles. 

Fig. 3. Schematic of rotary configuration used for plane-strain cutting. The tool 
is fed radially into the workpiece, as in plunge turning, to produce the chip. Key 
process variables are defined. Other definitions: nominal primary deformation 
zone (PDZ) AB; RFN, TD and CFD are the rake face normal, transverse and chip 
flow directions, respectively. 

Fig. 4. Macrostructure of chip free (back) surface 
highlighting key attributes of the dual-scale fold 
morphology in AA 8040. a) 3D optical profilometer 
trace of a 10-mm long chip section showing repeating 
large folds along the chip length and the small folds as 
lamella strands; b) optical microscope image of a 
large fold, with smaller (sub) folds resembling 
mushroom-like structures; and a shear dimple, 
directly underneath the large fold, on the rake-face 
side of the chip; and c) plan-view SEM image of the 
chip free-surface showing the small folds as elongated 
lamellae along the chip width that cluster together 
within the large fold. α = 5◦, Vo = 6 m/s and to = 125 
μm.   
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contrasted with the largely periodic nature of the small folds. 
To determine the height-related (amplitude) information, the small 

folds were first separated from the large folds in the profiles by a Fast 
Fourier Transform (FFT) filtering process. The amplitude information 
was then obtained from the maximum peak-to-valley heights (Rmax) in 
the filtered profiles. The FFT filtering was done by applying a wave
length cutoff (λc = 0.15 mm) that is approximately equal to the spacing 
of the small folds, as determined by the PSD analysis. Fig. 5c shows the 
filtered surface profiles of the high-frequency, small-folds and the in
formation and the residual large fold profile layer. The mean Rmax 
(amplitudes) values of the small and large folds are 0.09 and 0.57 mm, 
respectively. The two sets of fold amplitudes differ by a factor of ~6. For 
this deformation condition, where to = 125 μm, the large fold corre
sponds to a thickening of the chip by a factor of ~12 during its forma
tion. This is also indicative of a large strain imposed in the chip. Both the 
fold amplitude and spacing (wavelength) were usually smaller with the 
annealed AA 1100 compared to the cast AA 8040 alloy. 

It is reasonable to conclude, based on the similarity in the 
morphology of the two types of folds, that the underlying flow mecha
nisms for the two folds must have significant common features. 

3.2. Fold formation mechanism 

Past work using in situ imaging, complemented by ex situ observa
tions, has shown a one-to-one correspondence between the flow mode 
and chip morphology in various alloys [3,4]. Hence, we examined the 
flow pattern and its attributes to determine how the chip morphology 
features and dual-scale folding arise in the present case. 

An initial broad examination of the chip macrostructure under 
various process conditions showed that the dual-scale folding was the 
norm at the higher cutting speeds, be it when cutting dry or with a fluid 
applied. At the lower speeds (e.g., 3 mm/s), however, the large folds did 
not form when the cutting was done in the presence of the fluid, but did 
form under conditions of dry (unlubricated) cutting. Also, concomitant 
with the occurrence of the larger folds was the consistent appearance of 
a (shear) dimple located mid-way within the larger fold on the chip 

underside (rake face side), as shown in Fig. 4b. These observations 
suggested that the origin of the large folds was likely linked to the 
adhesion/friction condition at the tool-chip interface, with higher 
adhesion/friction accentuating their formation and development. 
Earlier in situ observations had shown that the small-scale folding in 
commercially pure metals such as Cu and Fe, and alloys such as stainless 
steels, arises from a plastic buckling instability on the workpiece surface 
ahead of the tool, with a sinuous flow mode resulting [4,9]. The 
nucleation of the buckle, however, was found to be little influenced by 
the frictional condition at the tool-chip interface. Hence, we hypothe
sized that the small-scale folds in the present study represent primary 
folds driven by a plastic flow instability and associated sinuous flow, as 
in the prior work; and the large-scale folds are secondary folds related to 
a flow phenomenon that is coupled to the adhesion conditions at the 
tool-chip contact. The two flow mechanisms then operate in tandem 
under conditions of higher adhesion/friction to orchestrate the 
dual-scale folding. 

3.2.1. Sinuous flow causes the small folds 
To establish whether the smaller-scale surface features on the chip 

are formed by folding, we carried out in situ imaging of the cutting at low 
speed (3 mm/s) in the presence of a fluid (Mobil Vactra Oil No. 1). At 
this low speed, the fluid penetrates the tool-chip contact along the rake 
face providing adequate lubrication. Under such well-lubricated condi
tions, the large folds did not form, while the small-scale surface features 
did. This enabled the nucleation and development of the smaller-scale 
features and underlying flow to be characterized via the in situ 
observations. 

Fig. 6 shows four frames from a high-speed image sequence of the 
low-speed cutting. The sequence of images was analyzed using a digital 
image correlation (DIC) technique. The images in Fig. 6 show the strain 
map, along with several overlaid streaklines. It is immediately apparent 
that the streaklines are highly wavy throughout the chip thickness, 
indicative of the material folding over repeatedly. The chip is thus 
comprised of a series of folds stacked on top of one another. The wavy 
streaklines also mean that the flow is unsteady. It is this type of flow with 

Fig. 5. 3D profile data from chip free surface showing fold attributes. a) Topography of AA 8040 chip surface. b) PSD plots showing spatial frequencies corre
sponding to the small fold spacing of 0.15 mm and large fold spacing of ~2 mm. c) Filtered FFT surface profiles of the chip free surface in a) using cut-off wavelength 
(0.15 mm) set equal to the small fold spacing. Peak-to-valley height (Rmax) of small folds = 0.09 mm, and 0.57 mm for the large folds. α = 5◦, Vo = 6 m/s and to =

125 μm. 
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material folding that has been called sinuous flow [8]. The unsteady 
nature of this sinuous flow is seen in the large variations in von Mises 
effective strain (between 2 and 6) across the chip thickness. No fracture 
features are seen in any of the images. The connection between the 
irregular mushroom-like features on the free surface of the chip, the 

wavy streaklines, and the material folding explains why we label these 
surface features as small folds. 

The formation of the small folds can be visualized at the mesoscale by 
following the motion of two points on the workpiece surface – marked 
with red and yellow circles – ahead of the advancing tool and PDZ 

Fig. 6. Select frames from a high-speed image sequence showing development of the small folds in AA 1100 using streaklines. Background color is strain field. α =
20◦, to = 100 μm, Vo = 3 mm/s, fluid – Mobil Vactra Oil No. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Micrographs showing small-fold features in AA 8040. a) Overall morphology of the small folds, b) higher magnification image showing the flow line pattern 
characteristic of the folding mechanism. SEM images showing c) grooves between two consecutive small folds formed by surface plastic deformation, and d) small 
folds as interweaving strands of lamellae traversing the chip width. Cutting condition: α = 20◦, to = 125 μm, and Vo = 3 mm/s. 
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(Fig. 6). At time t = 0 s, the region between the two points is relatively 
flat, as it has not entered the deformation zone (frame a). In frame b, 
this region has entered the deformation zone and a protuberance (or 
bump) has formed between the two points. This bump forms by a surface 
plastic buckling instability that is closely tied to microstructure (grain- 
level) heterogeneity of flow stress [8]. Simultaneously, all the streak
lines immediately underneath this region also begin to form similar 
buckles indicating that the folding permeates the full thickness of the 
chip and is not just restricted to the surface. In frame c, the bump has 
grown in size and rotated about the “plane of shear” to become a fold of 
larger amplitude by the time the material exits the deformation zone. 
Each surface fold manifests as a mushroom-like surface feature with the 
amplitude of this feature corresponding to the amplitude of the surface 
streakline. Also, immediately following and underneath this 
fully-formed fold, another bump is beginning to form (frame c). This 
bump evolves analogously to eventually form another fold (frame d). 
The process of bump and fold formation repeats quasi-periodically, as is 
apparent from Fig. 6, indicating that the sinuous flow is not a transient 
(one-off) phenomenon. The chip thus consists of a series of plastically 
folded regions that are stacked on top of each other. The small folds are 
all completely formed by the time the material exits the primary 
deformation zone. And it is these small folds that appear, in the ex situ 
observations, as mushroom-like structures on the chip free surface in the 
side view (Fig. 4b). 

Fig. 7a is a micrograph of a chip from the lubricated low-speed 
cutting (V0 = 3 mm/s), that shows the morphology of the small folds. 
Under this lubricated condition, the large folds do not form. The 
deformation pattern within each small fold is revealed by the flow line 
inclinations (Fig. 7b). The flow line inclinations are consistent with the 
fold development mechanism –a sequence of events involving surface 
pinning, subsequent buckling in the pinned region, and finally rotation 
of the fold in the PDZ, as shown by the streakline patterns in Fig. 6. The 
micrographs of Fig. 7 also clarify the nature of the interfaces between 
the small folds. It is easy to misconstrue these interfaces (serrations) as 
cracks and, hence, attribute the formation of these interfaces to recur
ring fractures. However, Fig. 7c shows that these are actually grooves 
formed by surface plastic deformation that separate one fold from 
another. The grooves and interfaces are regions of strain localization, see 
Fig. 6. In the plan view of the chip free-surface, the small folds appear as 
lamellar strands that traverse the chip width (Fig. 7d). Again, no evi
dence for cracking can be seen in this view. 

3.2.2. Large fold formation also occurs by buckling 
To understand the mechanism of how the large folds form, ex situ 

observations were made of the morphology of chips formed at the higher 
cutting speeds (>1 m/s) under dry cutting conditions. Particular 
attention was paid to the flow line patterns in the chip. Typically, the 
deformation in the shear zone (PDZ) is well-reflected in the flow line 
signatures in the chip bulk. 

Optical microscope observations of the large folds (Fig. 8a) at to =

125 μm and V0 = 3 m/s reveal a flow line pattern that is quite similar to 
the fan-shaped pattern seen at and near the surface of the small folds 
(dashed lines in Fig. 7b), but fundamentally different from that of con
ventional chip formation (laminar flow). In particular, the flow lines in 
the chip are seen to rotate by ~40◦ about the shear dimple (depression), 
see arrow in Fig. 8a, assuming a fan-like morphology centered at the 
dimple. The extremities of this fan are demarcated by dashed lines in the 
figure. This suggests that the large fold forms by plastic buckling of the 
chip material around the dimple, akin to the buckling observed on the 
workpiece surface ahead of the tool that produces the small folds [9,21]. 
The claim that plastic buckling is the cause for the large fold formation is 
unambiguously clear upon reducing the undeformed chip thickness from 
125 μm to 50 μm, see Fig. 8b. At this smaller chip thickness, the buckling 
even causes a section of the chip around the dimple to lift off from the 
rake face. As a consequence, a crease (self-contact) is seen to form 
around the dimple by compression of the buckle. Similar plastic buck
ling and lift-off of the chip, with large-fold (and crease) formation, was 
also observed at to = 70 μm. It was only when to > 100 μm that the 
buckling occurred without gross lift-off, being confined to the upper part 
of the chip thickness as in Fig. 8a. This is largely because of an increase 
in the longitudinal and transverse (structural) stiffness of the chip ma
terial at the larger chip thickness. 

Additional information about the chip-underside dimple (depres
sion) region in the large folds is obtained from optical profilometry of 
the free (top) and bottom (underside) surfaces of the chip. Fig. 9a and b 
shows the topography profiles for the two chip surfaces, respectively. It 
is clear from these contours that successive dimples on the chip under
side are located approximately in the center of successive large folds, i. 
e., in the middle of the buckle region, consistent with the optical mi
croscope observations. Note that while in the chip side view the dimple 
appears like a point, it is actually a region of small but finite thickness 
that runs across the entire width of the chip (Fig. 9b). The maximum 
vertical height of the dimples is ~80 μm for cutting conditions with to >

100 μm. Fig. 9b shows that while the dimpled regions exhibit significant 
surface coarsening, the regions between the dimples themselves are 
relatively smooth, indicating intimate contact between the chip and the 
tool rake face in these areas. A higher magnification SEM micrograph of 
the dimpled region (Fig. 9c) reveals classical ductile shear fracture 
characteristics – elongated shear dimples, with the dimples stretched out 
in the chip flow direction (Note that the use of the word dimple to denote 
two different features – depression and ductile fracture feature– should 
not be confusing as the specific reference is clear from the context). The 
roughened surface is very likely a consequence of shear fracture that 
occurs at the dimple during the buckling event. The SEM micrograph 
indicates that the fracture has occurred within the chip material, close to 
the rake-face contact region with the tool. The reason for referring to this 
region of the chip underside as a shear-dimple region is now obvious – 
the combination of a depression, and classical shear-fracture with 

Fig. 8. Micrographs showing a) flow line pattern in a large fold, and b) lift-off of the chip from the rake-face contact due to the severity of the plastic buckling at 
smaller to. The arrows in both figures point to the shear dimple. Note also the crease at arrow in b) formed by compression of the buckle in the dimpled region. AA 
8040, α = 20◦, and Vo = 3 m/s. 
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elongated dimples in the depression. 
Sometimes, in cutting, a thin deformed surface layer created by a 

cutting pass can influence the chip formation in subsequent passes, 
especially with initially annealed metals. As a result, the chip 
morphology can vary in successive cutting passes. This variation is best 
illustrated by the large-scale chip thickness oscillations observed when 
cutting annealed Cu (see Fig. 10). As revealed by high-speed imaging of 
the cutting zone, the chip thickness varies between two extremum 
values (thick/thin) across successive cutting passes. When cutting the 
initially annealed Cu, the chip formed in the first pass is thick, due to 

sinuous flow and folding (Fig. 10a); but transitions to a significantly 
thinner chip, with uniform laminar flow, in the second revolution 
(Fig. 10b and c). This is because in the second pass, the tool is cutting 
through a highly strained surface layer that has been left behind on the 
annealed Cu surface after the first pass. In the third revolution/pass, the 
chip formed is once again thick, like in the first pass (Fig. 10d). This is 
because, the residual surface layer left behind at the end of the second 
pass, after cutting through a highly strained surface layer, is no longer 
that severely strained [22]. Hence, in the third pass, the cutting once 
again occurs in a largely annealed material (surface layer), with a thick 

Fig. 9. Surface profiles of a) chip free surface showing the dual-scale folds and b) corresponding chip underside region highlighting the shear dimples and ductile 
fracture therein. The shear fracture characteristics (e.g., elongated dimple features) within the dimple are highlighted in the enlarged optical micrograph of this 
region in c). AA 8040, α = 5◦, to = 125 μm, and Vo = 3 m/s. Does the folding persist in successive cutting passes?. 

Fig. 10. Chip thickness oscillations in cutting of Cu 
in an initially annealed condition. a) Thick chip in 
first pass of cutting over annealed material; b) tran
sition from thick to thin chip at the beginning of the 
2nd pass; c) thin chip during the middle of the 2nd 
pass; and d) transition from thin to thick chip in the 
beginning stage of the 3rd pass. The oscillations occur 
due to the effects of the residual plastically strained 
layers created in the prior cutting pass. Vo = 100 mm/ 
s. The tool location is to the left in each frame. Evo
lution and mechanism of the dual-scale folding.   
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chip by sinuous flow resulting. This type of recurring chip thickness 
oscillation persisted throughout the cutting process (100 + passes for the 
observation duration) in the cutting of the annealed Cu, driven by the 
changes in the intensity of the deformation of the surface layers pro
duced in successive passes.. 

This was not, however, the case when cutting the annealed Al alloys. 
The dual-scale folding was seen to occur over the entire length (>100 
revolutions) of the cut in the rotary cutting, with a minimum of at least 8 
large-scale folds (with superimposed small folds) forming in each rev
olution (cutting pass) of the workpiece, see also Supplementary Material 
Fig. S2. The overall dual-scale folded morphology of the chip remained 
qualitatively similar over a cutting length of >1 m, indicating that this is 
the steady-state chip morphology; this may also be inferred from the 
profilometric traces of the chip back surface in Fig. 9 and the force os
cillations in Fig. 12. Thus, any deformed layer created on the workpiece 
surface by a prior cut did not significantly affect the chip formation in 
the ensuing pass with the Al. 

This observed difference in the cutting behavior of Al and Cu, per
taining to chip morphology and flow patterns in successive passes, likely 
arises from differences in their strain-hardening behavior and selection 
of to (vis-à-vis surface strained layer thickness). Copper has a much 
higher strain-hardening exponent (n ~ 0.3) compared to Al (n ~ 0.15), 
and a much lower stacking fault energy (SFE~90 mJ/m2 for Cu vs ~250 
mJ/m2 for Al) [23]. A consequence of this SFE difference is that partial 
dislocations in Cu have a wider equilibrium separation that can impede 
cross-slip. This difficulty of cross-slip in Cu, coupled with its greater 
propensity to strain-harden (n ~ 0.3), can result in a much more intense 
and concentrated surface strain layer on the cut surface of initially 
annealed Cu (i.e., after the 1st pass). Hence, when cutting through this 
hardened layer in the second pass, uniform laminar flow and a thin chip 
can be expected to be the norm (Fig. 10c). With the higher stacking fault 
energy Al, narrowly-spaced partial dislocations are more likely to result, 
that can facilitate cross-slip. This, coupled with the smaller strain 
hardening capacity of Al (n ~ 0.15), should result in a more diffusely 
strained layer on the cut surface of the annealed Al (Differences of this 
nature have indeed been noted in recent experiments [6]). Hence, each 
successive cutting pass in the Al will occur in more of an “annealed” 
material, with sinuous flow, folding and the dual-scale folded chip 
morphology resulting at the steady state. Of course, this steady state 
condition in Al may be expected to change over certain ranges of the 
undeformed chip thickness [24], depending on the ratio of to strained 

layer thickness. 
Based on the flow line pattern and chip lift-off of Fig. 8, the structure 

of the chip underside as seen in Fig. 9, the comparison with the flow 
pattern in the small folds (Figs. 6 and 7), and the elimination of the 
residual strain effects of previous cuts in Al, we can reconstruct a 
plausible description of how the large folds form. The similarity in the 
flow line inclinations/rotations, see dashed lines, within the small folds 
(Fig. 7b) and the large folds (Fig. 8), points to a plastic buckling 
mechanism (flow instability) also as the cause for the large-fold for
mation. The nature of the flow line rotation and chip lift-off observed at 
small undeformed chip thickness in the vicinity of the dimple, suggests 
that a pinning point develops because of local severe adhesion between 
chip and tool in the region behind the dimple, and towards the periphery 
of the tool-chip (intimate) contact length. This adhesive pinning im
pedes chip motion along the rake face. Consequently, a back pressure 
(compression) on the chip material can be expected to develop around 
the dimple region, especially since fresh chip material is continuously 
emerging, being fed in, from the tool edge. This back pressure causes the 
chip to plastically buckle in the dimple region, akin to a beam under a 
compressive load between pinned ends. At small undeformed chip 
thickness, the buckling can even cause a section of the chip to lift-off 
from the tool rake face, as seen in Fig. 8b. In the course of the buck
ling, there is ductile fracture in the dimple region. At small to, the two 
sides of the chip in this region can even form a self-contact or crease 
because of continued compressive loading. After the buckling and for
mation of a large fold, the pinning is removed. The cycle then repeats 
with the formation of a new pinning point, buckling, and folding, and so 
on. Since the formation of the pinning points occur in an irregular 
(random) manner, both in space and time, this irregularity explains the 
largely stochastic nature of the large folds in terms of their spacing (see 
also Supplementary Fig. S2). This type of plastic buckle (fold) formation, 
with out-of-plane deformation, will necessarily cause the flow lines to 
rotate while being centered at the dimple. In contrast to elastic buckling, 
the plastic buckling is not of the snap-through type. Instead, the buckle 
develops by gradual out-of-plane deformation with increasing 
compression back-pressure [25–27]. 

As to the location of the dimple pinning point - it is well-known that 
the tool-chip contact along the rake face is characterized by a region of 
intimate contact, wherein the real and apparent contact areas are equal 
[15,28,29], followed by a region of less-intimate (intermittent) contact 
that resembles a conventional sliding contact. The intimate contact 

Fig. 11. Schematic of proposed buckling mechanism 
for the dual-scale fold formation in aluminum cutting. 
The mechanism can be understood by considering the 
movement of the five marked points A, B, C, D and E. 
Points A and B are on the surface of the workpiece, 
while C, D and E are either in contact with, or even
tually reach, the rake face of the chip. (a) The chip at 
this stage consists of several mushroom shaped fea
tures on the surface, which are manifestations of 
small folds formed earlier. (b) A bump nucleates be
tween (pinning) points A and B by plastic buckling, 
which is a precursor to the next small fold. At this 
time, points C, D and E are in contact with the rake 
face. (c) The bump between the points A and B has 
now transitioned into a small fold by deformation and 
rotation of the buckled region. Whenever point C 
sticks to the rake face, the region between points C, D 
and E undergoes plastic buckling, losing contact with 
the rake face - the initial stage in formation of a large 
fold. (d) With further advance of the tool, the chip 
continues to form several small folds. Simultaneously, 
the amplitude of the large fold in region CDE in
creases, with a crease CDE (self-contact) eventually 
developing due to local compression for small to. This 
cycle repeats, resulting in small-scale and large-scale 
folds.   
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region typically extends from the cutting edge to some distance along 
the rake face (approx. 75% of tool-chip contact length), and is charac
terized by very high normal and shear stresses. Microscopy observations 
suggest that the pinning point occurs close to the edge of the tool-chip 
contact length, perhaps in the transition zone between the intimate 
contact and intermittent contact regions. The trigger (reason) for the 
recurring formation of pinning points by local adhesion after each 
buckling event is as yet unknown. 

To summarize, the observations suggest the following stages in the 
development of the chip with the dual-scale fold morphology (see 
Fig. 11). Fig. 11a shows a snapshot of the workpiece/chip at some point 
in time. The workpiece is being deformed by the tool at this time to 
produce a chip with mushroom-like features (prior small folds) on its 
free surface. The mushroom features are a consequence of repeated 
small-scale folding, see Fig. 6 and Refs [8,9,22], that has already 
occurred on the workpiece surface ahead of the advancing tool. To 
follow the subsequent dual-scale fold development, consider two points 
on the workpiece surface (A and B) ahead of the tool, and three points in 
the workpiece that eventually come into contact with the tool 
rake-surface (C, D and E). A bump nucleates by plastic buckling in the 
region between points A and B, which are pinned. This is a pre-cursor 
(nucleation) event for formation of another small-scale fold (Fig. 11b). 
At this time, points C, D and E are now all in contact with the 
rake-surface. Due to strong local adhesion between the Al chip and the 
tool, a material point such as point C sometimes sticks to the rake face 
while the material trailing it continues to move. This pinning of the 
material at point C and the resultant compression in the region CDE, 
causes the CDE to also plastically buckle, resulting in loss of contact with 
the rake-surface (Fig. 11c); this is the pre-cursor (nucleation) event to a 
large-scale fold (Note the adhesive pinning does not occur, as is to be 
expected, under well-lubricated conditions). Meanwhile, as the tool 
advances, the bump that has formed between points A and B undergoes 
continued plastic deformation with rotation, developing into a (fully 
formed) small-scale fold in the chip. Finally, in Fig. 11d, the large-scale 
fold is also fully developed, with the region CDE becoming a crease 
(self-contact) due to compression of the larger buckle therein, the analog 
of Fig. 8b. Also note that at larger to, the buckling may occur without 
gross lift-off (analogous to Fig. 8a) due to an increase in stiffness of the 
chip (beam) structure. This cycle repeats, with the rake face buckling 
occurring irregularly, leading to the unique dual-scale fold structures in 
the chip. 

With the large folds occurring quite regularly in certain lengths of the 
chip, although their overall spatial distribution has a large stochastic 

element, one can envisage that, the repeated formation and “destruc
tion” of the pinning points in the rake-face contact region, will lead the 
chip motion to resemble classical stick-slip (jerky motion), such as that 
seen in the motion of a friction slider in metals [30,31]. In the latter case, 
the stick-slip arises from repeated material pile-up ahead of the slider 
(our pinning) followed by fracture in the pile-up region (our buckling); 
this type of stick-slip is usually accompanied by large force oscillations. 
Such large force oscillations are also seen in our case, see Fig. 12a, which 
shows the measured cutting and thrust force (the latter is approximately 
equal to the force component parallel to the tool rake face, since rake 
angle is 5◦) – and their variation with cutting length in the chip flow 
direction (CFD). The force oscillations in the figure have peak-to-peak 
amplitudes in excess of 500 N. An FFT analysis of the thrust force 
(Fig. 12b) highlights the main frequency components and their (half 
peak-to-peak) amplitudes. The three principal force frequencies in the 
figure translate to equivalent fold spacing (wavelength) values of 4.3, 
1.5 and 0.7 mm (Fig. 12b). This spacing is in the range of the measured 
fold spacing from the chip free-surface profiles (Fig. 5) over this length 
of the chip. 

The occurrence of the larger-scale plastic buckling along the rake 
face of the tool is also supported by a first-order buckling analysis of the 
chip in this region [9,21,25,26]. Consider a beam (chip) of length 2 mm 
(large-fold wavelength, roughly equal to length CE in Fig. 11b), width 6 
mm (chip width) and thickness 0.7 mm (deformed chip thickness), 
pinned at both ends, and subjected to an axial force, in our case, the 
thrust force. If yielding has already occurred in the chip in this rake face 
region, then plastic buckling of the chip (beam) will occur at a force as 
small as ~ 270 N. But since the force required to cause yielding in a 
hardened Al beam of this dimension by uniaxial compression is ~480 N 
(>270 N), we can conclude that the beam will plastically buckle as soon 
as this higher yield force of 480 N is reached. Of course, this is only a 
lower bound on the buckling (thrust) force since the chip (beam) in the 
present case will be stabilized by the transverse (cutting) force that is 
imposed approximately normal to the chip-tool contact length. Since the 
experimentally measured “axial” (thrust) force is ~2000 N (≫ 480 N), 
see Fig. 12a, we need have no doubts about plastic buckling occurring in 
the chip. The force observations, both pertaining to the oscillations as 
well as the buckling analysis, thus provide strong support for the plastic 
buckling hypothesis and the stick-slip that ensues. 

We could rule out other possible sources for the force oscillations 
such as built-up edge (BUE) formation or system dynamics effects. Op
tical microscopy did not show any evidence for BUE, and the system- 
based origin could be eliminated based on stiffness and system- 

Fig. 12. Force attributes a) Variation of thrust and cutting forces with length of cutting over a region wherein large folds occur. The trace shows force oscillation due 
to large-fold formation. b) FFT of extended thrust force profile highlighting spatial frequencies corresponding to the large folds in this cutting length. AA 8040, α =
5◦, to = 125 μm, and Vo = 6 m/s. 
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dynamics characterization. 
The specific cutting force, the power component, is also found to be 

very high ~2000 N/mm2, with both the Al alloys. And it shows oscil
lations just like the thrust force (Fig. 12a). Similar force characteristics 
were observed across the range of cutting speeds to 6 m/s, see Supple
mentary Material Fig. S1. To calibrate the severity of this cutting force, it 
is worth recalling that both the Al alloys are very soft, with initial 
hardness ~25 HV. The specific force value of 2000 N/mm2 is also much 
higher (2X to 5X) than what is predicted for equivalent chip shape- 
transformations, were they to occur purely by homogeneous shear- 
plane type deformation (laminar flow case) [22]. The very large spe
cific cutting force is thus a consequence of the dual-scale folding and 
underlying sinuous flow. Consequently, these Al alloys are to be classi
fied as gummy (poor machinability). If the machinability of these alloys 
is to be improved, it will be necessary to eliminate the sinuous plastic 
flow mode and replace it with a much less energy-intensive flow mode 
involving significantly less redundant deformation. Suppression of the 
plastic buckling and, by extension, the sinuous flow, will also enable the 
force oscillations to be minimized or eliminated altogether. 

4. Folding and plastic buckling: some modeling observations 

We use physical modeling structured around finite element analysis 
and a model (foil) experiment to bring out the critical roles played by 
pinning of the material flow and plastic buckling in triggering folding at 
two length scales. The modeling observations provide further support 
for our folding hypothesis. 

4.1. Finite element (FE) modeling of fold development 

The small-scale folding phenomenon can be well-captured using a 
continuum FE model of the cutting that also incorporates grain-level 
heterogeneity in the material flow stress [32,33]. We discuss this 
using simulation of cutting of Cu (Fig. 13) for which detailed grain-level 

flow stress data is available. Prior experimental work has shown that the 
small-scale folding in annealed Al and Cu is identical. Grain-level flow 
stress data and assumed grain size distributions for the Cu simulation are 
the same as in Refs. [32,33]. 

The FE simulation is seen to well-capture the details of the small- 
scale folding. Similar to the DIC analysis in Fig. 6, the initial bump 
development indicated by the yellow arrow (Fig. 13a), follows the 
origination of pinning points at the thick black line and green line 
markers with a separation distance >150 μm. The bump begins to slip 
under an already fully formed fold just ahead of it, initiating a crease or a 
small self-contact, whose base is marked by the red ‘+’ symbol. In frames 
b, c, and d, the bump continues to slide under the neighboring fully 
formed fold, elongating the self-contact (fold) and pushing the base 
further into the chip. Note that the Lagrangian yellow line in frame a is 
stretched and rotated in subsequent frames. After self-contact, there is 
also a characteristic secondary (but perceptible) local rotation about the 
contact point, causing the yellow line to develop an increasingly sharp 
‘crook’ near its free-surface end in frames b, c and d. The solid black line, 
which is on the other side of the self-contact, is seen to develop a ‘crook’ 
in the opposite direction. Also note that the elongation of the Lagrangian 
yellow line manifests an increment in fold amplitude with a corre
sponding decrease in the pinning point separation distance to <80 μm 
(tracking the distance between the green and black line markers in frame 
a through to d). This mimics a plastically buckled beam loaded under 
compression at its ends. In frame d, the fold is fully formed while a new, 
follow-on bump begins to form behind the recently formed fold. 

Prior in situ studies of cutting annealed Cu, thermally etched to 
expose the workpiece grain structure, have shown a direct correlation 
between the grain size and the pinning point separation distance. The 
initial bump formation – the fold nucleation step – is by plastic buckling 
of the grains (flow instability) that are pinned at the grain boundaries 
just ahead of the PDZ [9]. The small-scale folding thus occurs by 
repeated bump formation between pinning points (likely grain bound
aries or analogous defect structures), and subsequent stretching and 

Fig. 13. Finite element simulation showing the development of the small fold formation in annealed Cu. The frames are taken at simulation times t = a) 0.61 s, b) 
0.64 s, c) 0.67 s, and d) 0.70 s. The background color shows effective plastic strain. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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rotation of the bumps to form self-contacts (folds). Similar plastic 
buckling, folding and sinuous flow has been observed in cutting of 
ductile polymers wherein the buckle size agreed well with that predicted 
from the forces [21]. 

While analogous FE simulations of the large-scale fold development 
along the rake face are difficult, the present simulation findings about 
the small-scale folds can be extrapolated in the sense that given a 
pinning mechanism and a sufficiently long ‘pinned beam length’, fold- 
formation via buckling is inevitable. Along the rake face, the pinning, 
which causes the fold nucleation, is promoted by stagnation or reduced 
flow velocity in the ‘stick’ phase of stick-slip; this pinning triggers sub
sequent fold formation. Higher friction along the rake face, while not the 
primary cause of the large-scale fold nucleation, can however enhance 
the fold development significantly. 

4.2. Plastic buckling at the surface: a model Al foil experiment 

Additional illustration of plastic buckling of a thin workpiece surface 
layer, under conditions analogous to cutting, is provided by the 
following model experiment. A piece of aluminum foil of thickness ~15 
μm was bonded to the surface of OFHC Cu using an adhesive (Gorilla 
Super Glue). A chip was produced from this material using a zero-degree 
rake angle tool, Vo = 0.1 mm/s, and undeformed chip thickness to = 115 
μm; the to value was set so that it was approximately equal to the foil +
glue layer thickness. Fig. 14 shows three frames from a high-speed image 
sequence of the chip formation, with streaklines superimposed onto the 
Al foil to illustrate the deformation. The foil upon getting fixed between 
two pinning points P1 and P2 (frame a), is seen to undergo out-of-plane 
deformation gradually with a bump developing between pinning points 
in the compressive zone ahead of the tool (frame b) – plastic buckling. 
With further advance of the tool, a full buckle on the surface results with 
delamination of the foil also occurring. This buckle is rotated and 
sheared, as it traverses the deformation zone, forming a fold (frame c). 
The resemblance between the sinuous flow and small-scale folding 
shown in Figs. 6 and 7, and the buckling-induced flow pattern of Fig. 14 
is striking, except for the scale. A similar observation may be made with 
respect to the formation of the large folds, except that the pinning and 
compressive buckling here occur in the fully developed chip along the 
tool rake face. 

Interestingly, surface plastic buckling of a similar type has been 
observed in shear- and tube-spinning processes [34,35], both with 
deformation zone geometry similar to that in cutting. In these metal 
deformation processes; the buckling can even lead to delamination of 
the component being spun from the mandrel on which it is mounted; this 
is very much akin to our observed chip lift-off and foil delamination. 

5. Implications 

The observations have shown that with soft, highly strain-hardening 
alloys like those of aluminum, plastic buckling likely plays a key role in 
the development of the chip morphology. This chip morphology is 
characterized by material folding at two different length scales that are 
roughly one order of magnitude apart (~0.1 vs 2 mm). The small-scale 
folds are formed by plastic buckling on the workpiece surface, and 
folding in the deformation zone, just ahead of the advancing tool. The 
large folds are formed by similar buckling and folding, that is tied to 
recurring pinning of the chip sliding-motion along the tool rake face. 
The buckling and folding result in a highly unsteady flow mode, sinuous 
flow, with large cutting forces, despite the alloys being extremely soft 
(~25 HV). Furthermore, the large-scale folding, which is triggered by 
the occurrence of adhesive pinning points at irregular intervals along the 
tool-chip contact length and which impede chip motion, is concomitant 
with stick-slip motion of the chip. As a result, oscillations of a large 
amplitude develop in both the thrust and cutting forces. Similar dual- 
scale folding and large forces have been observed in cutting of 
tantalum and niobium alloys, indicating that the same underlying flow 
phenomena are also operative in these material systems. Effective 
lubrication of the tool-chip interface region is seen to suppress the large 
folds, but not the small folds. Lubrication of this interface, however, can 
be difficult to accomplish in practice at commercial cutting speeds 
without use of methods such as high-pressure fluid application. The 
observations confirm once again that the flow mechanism underlying 
chip formation is reflected in the various length-scale features in the 
chip morphology, reinforcing the one-to-one correlation between flow 
and chip morphology that has been consistently observed in the cutting 
of metals. 

The folding has important consequences for machining quality. It 
results in poor surface finish on the machined surface, with material 
pull-out and tears [6]. There is evidence also indicating that the residual 
strain distribution on the machined surface is influenced by the 
dual-scale folding, though not adversely. In potential applications 
involving use of machining to produce metal strip and wire by peeling or 
cutting-extrusion, i.e., materials manufacturing, the dual-scale folding 
and the high forces are a major barrier to achieving the desired product 
form. Consequently, there is need to eliminate the “gumminess” in 
cutting arising from this plastic deformation mode. 

Several means for suppressing or minimizing the dual-scale folding 
are suggested by current and prior work. The first approach is by 
changing the deformation geometry, mainly by making the rake angle 
more positive. Fig. 15 is a process map for the Al alloys that demarcates 
the flow types in cutting speed-rake angle parameter space; this map was 
constructed from chip observations made at 15 different parameter 
conditions. The map shows where the different folding mechanisms are 
operative and when uniform laminar flow prevails. When the rake angle 

Fig. 14. Select image frames from a model cutting experiment with aluminum foil glued to Cu substrate showing buckling ahead of the primary deformation zone. 
The buckling is initiated between two pinning points P1 and P2 on the workpiece surface in a). In b), a lift-off (buckle) of the foil occurs between the pinning points 
which subsequently develops into a full fold in c). Vo = 0.1 mm/s, α = 0◦. 
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is increased from α = 5◦ to α = 45◦, both the small and large folds 
decrease in extent across the entire range of cutting speed investigated. 
Note that purely sinuous flow, without stick-slip along the tool rake face, 
gives rise only to the small-scale folds. For α > 35◦, the folding is 
generally eliminated with laminar flow becoming the dominant flow 
mode. But the use of such large positive rake angles may be difficult in 
practice because of tool wear or fracture issues. Suitable surface 
texturing of the tool rake face has also been found to enhance the pro
pensity for laminar flow [36]. 

A second means is via constrained cutting or hybrid cutting- 
extrusion wherein the exit chip geometry is fixed a priori by use of a 
second constraining tool located directly across from the primary cutting 
tool in the PDZ. The constrained cutting – hybrid cutting-extrusion – has 
been shown to suppress and even fully eliminate many plastic flow in
stabilities such as shear banding, segmentation and buckling [4]. This 
suppression mechanism needs to be explored, however, in the context of 
the large folds. A third approach involves mechanochemical means, 
using organic surface-adsorbing films that can trigger a local 
ductile-to-brittle transition in material behavior on the workpiece sur
face in the primary deformation zone (PDZ) [14,37]. The embrittlement 
also causes the forces to be significantly lowered, and the machined 
surface quality to be improved both in terms of surface finish (smoother 
surface) and residual plastic strain (reduction). While this approach has 
been shown to eliminate the smaller-scale folds that form in the PDZ 
[37], as to how this mechanochemical route will change (or suppress) 
the larger-scale folding is as yet unknown. Based on both force and 
surface quality considerations, the mechanochemical approach is likely 
the best route for realizing major improvements in machining perfor
mance with the gummy metals, provided some implementation issues 
can be solved. The various potential routes for suppressing or mini
mizing the dual-scale folding are currently under investigation. 

6. Conclusion 

A chip morphology, characterized by dual-scale folding and occur
ring in cutting of relatively soft, highly strain-hardening metals, has 
been studied with very soft aluminum alloys (hardness ~ 25 HV), using 
ex situ characterization of chip attributes and in situ analysis of material 
flow. It is shown that the small-scale folds form by folding of material in 
the primary deformation zone (PDZ), triggered by plastic buckling 
instability in a thin surface layer of material on the workpiece surface 
ahead of the PDZ and advancing tool. The large-scale folds form as the 

chip traverses the rake face, again as a result of plastic buckling due to 
the chip motion being impeded by recurring adhesive pinning of the 
chip, albeit at irregular intervals, along the rake face. Their occurrence is 
largely stochastic due to the irregular nature of the pinning. The large 
fold formation is concomitant with stick-slip motion of the chip along 
the rake face. The sinuous flow mode, which arises from the small-scale 
folding, and the stick-slip, associated with the large folds, both cause the 
cutting forces to be very large and to also oscillate with large amplitude. 
These large forces and oscillations arise despite the metal systems being 
very soft. The dual-scale folding chip morphology is shown to have a 
one-to-one correlation with the underlying flow mode and plastic 
instability phenomena in the cutting zone, consistent with what has 
been observed in the past with other unsteady and steady flow modes. 
Several methods have been identified and briefly discussed for reducing 
or potentially eliminating the undesirable dual-scale folding. 
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