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Chip Morphology and Chip
Formation Mechanisms During
Machining of ECAE-Processed
Titanium
Severe plastic deformation (SPD) processing such as equal channel angular extrusion
(ECAE) has been pioneered to produce ultrafine grained (UFG) metals for improved
mechanical and physical properties. However, understanding the machining of SPD-
processed metals is still limited. This study aims to investigate the differences in chip mor-
phology when machining ECAE-processed UFG and coarse-grained (CG) titanium (Ti)
and understand the chip formation mechanism using metallographic analysis, digital imag-
ing correlation (DIC), and nano-indentation. The chip morphology is classified as aperi-
odic saw-tooth, continuous, or periodic saw-tooth, and changes with the cutting speed. The
chip formation mechanism of the ECAE-processed Ti transitions from cyclic shear local-
ization within the low cutting speed regime (such as 0.1 m/s or higher) to uniform shear
localization within the moderately high cutting speed regime (such as from 0.5 to 1.0 m/s)
and to cyclic shear localization (1.0 m/s). The shear band spacing increases with the
cutting speed and is always lower than that of the CG counterpart. If the shear strain rate
distribution contains a shift in the chip flow direction, the chip morphology appears saw-
tooth, and cyclic shear localization is the chip formation mechanism. If no such shift
occurs, the chip formation is considered continuous, and uniform shear localization is the
chip formation mechanism. Hardness measurements show that cyclic shear localization is
the chip formation mechanism when localized hardness peaks occur, whereas uniform
shear localization is operative when the hardness is relatively constant.
[DOI: 10.1115/1.4038442]
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1 Introduction

Titanium alloys, such as Ti–6Al–4V (Grade 5), are extensively
used in various advanced applications including medical implants
and other prosthetic devices due to their excellent mechanical and
physical properties [1]. Due to the addition of alloying elements,
such as aluminum and vanadium, however, there are concerns
about their possible alloying element diffusion–induced biotoxic-
ity [2]. This is of particular importance for dental and medical
implants, which have direct contact with bone, tissue, or bodily
fluids [2]. Recently, commercially pure, coarse-grained titanium
(CG Ti) is being increasingly considered as a viable alternative to
titanium alloys due to the absence of biotoxic alloying elements
[3]. However, CG Ti does not have enough mechanical strength
as titanium alloys for many medical applications, and if CG Ti is
to be used as a viable biomaterial to substitute for titanium alloys,
its mechanical performance must be improved.

Fortunately, severe plastic deformation (SPD) processing, which
imposes large strains on various engineering metals, enables CG Ti
to have comparable mechanical strength to that of commonly used
titanium alloys. The two most popular SPD processes are equal
channel angular pressing ([4])/equal channel angular extrusion
(ECAE [5]) and high-pressure torsion [6]. SPD processing results
in an ultrafine grained (UFG) material consisting of a refined micro-
structure having submicron grain sizes. SPD processing improves
the mechanical strength while retaining the attractive biocompatible
nature of CG Ti. Generally, the drastic grain refinement results in
changes in the mechanical properties such as the yield strength,
ductility, and fatigue life and physical properties such as the corro-
sion and wear resistance, as well as thermal conductivity. Since
SPD processing usually produces billets or disks, secondary
machining/forming operations are usually required to further make
them into final commercial or consumer products. Due to the prom-
ising application of SPD-processed UFG materials into the medical
industry and the need for further post-SPD machining, it is of
importance to understand the chip morphology and corresponding
chip formation mechanism during UFG material machining.

The objectives of this study are to investigate the differences in
chip morphology when machining ECAE-processed UFG and CG
Ti and further elucidate its associated chip formation mechanism.
The chip morphology is characterized according to its cross-
sectional geometry using cutting speeds from 0.1 to 10 m/s. The
chip formation mechanism is investigated using in situ high-speed
imaging for cutting speeds of 0.1 and 0.5 m/s. Metallographic
analysis of the machining chips’ free surfaces, nano-indentation
across the primary shear zone (PSZ), and digital image correlation
(DIC) are implemented to further investigate the chip formation
mechanism. Each chip formation mechanism can be correlated
with its corresponding chip morphology. Since both the chip mor-
phology and chip formation progression are dependent on the
dynamic material response within the primary and secondary
shear zones, the resulting understanding can be used as a starting
point for developing improved high strain rate relevant constitu-
tive models that are relevant under machining conditions. More-
over, this knowledge can be utilized to help efficiently machine Ti
and its alloys, and the methodology can be easily applied to
develop models for other engineering materials.

2 Background

Ultrafine grained materials are formed using a thermomechani-
cal processing method such as inert gas condensation [7] or high-
energy ball milling [8]. However, these methods are unattractive
for producing large, fully dense samples due to porosity or impur-
ities introduced during processing. In addition, the processing
parameters for these methods are alloy specific and are only capa-
ble of producing grain structures in the 1–10 lm range [9]. These
limitations have led to the development of SPD-processing meth-
ods, which can refine the microstructure to the submicron level by
imposing large strain deformations to bulk metals. SPD-

processing methods induce large plastic strains within the bulk
microstructure, which subdivides large grains via dislocation pile
up or a recrystallization mechanism. Although it is not applicable
to process bulk metals, it should be noted that UFG materials can
be produced using large strain deformation machining (this is not
applicable to process bulk metals) in addition to the aforemen-
tioned equal channel angular pressing [4]/ECAE [5,10] and high-
pressure torsion [6]. The processed material has enhanced mechan-
ical and physical properties compared to unstrained material. The
substantial change in the bulk microstructure of SPD-processed
materials is expected to alter the deformation characteristics, espe-
cially at high strain rates. As a result, the chip formation mecha-
nism and resulting chip morphology are expected to be different
compared with a CG counterpart. Since secondary machining is
usually indispensable for SPD-processed UFG materials, it is of
importance to understand their machining performance in terms of
the chip morphology and chip formation mechanism, in particular.

Several studies have been devoted to the machining of SPD-
processed UFG materials and compared the machining perform-
ance of UFG materials with those of CG materials. Morehead
et al. [11] compared the machinability of SPD-processed and CG
Ti under a wide range of cutting conditions: the radial component
of cutting force was found to be approximately 25% higher when
cutting the SPD-processed Ti while there were no pronounced dif-
ferences in tool wear and chip morphology. Morehead et al. [12]
further studied the machinability of ECAE-processed UFG copper
and reported a reduction in both tool wear and surface roughness.
Antonialli et al. [13] measured the cutting forces, tool wear, and
surface roughness to evaluate the difficulty in machining ECAE-
processed Ti. The main cutting and feed forces were found to be
the largest for the ECAE-processed Ti, which were nearly double
that of bulk CG material and even slightly higher than the
Ti–6Al–4V alloy. Similarly, both the tool wear and surface rough-
ness increased as a result of SPD processing, indicating a reduc-
tion in the overall machinability of the ECAE-processed Ti. These
results contradict what was found previously by Morehead et al.
[11] and may be due to differences in the routes adopted during
SPD-processing and/or the cutting tool used. Lapovok et al. [14]
studied the thermal properties of ECAE-processed Ti and found a
reduction in the thermal conductivity of SPD-processed materials.
It was found that the change in thermal properties resulted in a
serrated chip morphology at the free surface and the serration
spacing of the SPD-processed Ti was smaller when compared
with that of CG Ti. Davis et al. [15] studied the chip morphology
during machining ECAE-processed grade 4 Ti at some selected
cutting speeds and found the chip morphology to transition from
saw-tooth to continuous as cutting speed increased. Despite these
previous efforts to appreciate the machining performance of SPD-
processed UFG materials, the underlying chip formation mecha-
nism during machining, in particular, has been largely ignored
and not investigated.

Generally, the chip formation mechanism is classified due to
adiabatic shear localization [16,17] or crack initiation and propa-
gation [18]. Adiabatic shear localization occurs when the rate of
thermal softening exceeds the rate of work hardening and mani-
fests inside a thin region known as a shear band. Crack initiation
occurs when the shear stress at the free surface is a maximum
prior to propagation along the primary shear plane. Accordingly,
each chip formation mechanism manifests itself in different chip
morphologies. Previously, the majority of research efforts on chip
formation mechanisms have adopted a quick-stop approach,
which abruptly removes the cutting tool from the cutting edge,
leaving only a partially formed chip [19]. The arrested chips are
then analyzed using postmachining metallographic analysis. How-
ever, the use of quick-stop devices and postmachining metallurgi-
cal analysis present several challenges for the understanding of
chip formation process. First, quick-stop devices abruptly remove
the cutting tool from the cutting edge by mechanical or explosive
retraction. The abrupt removal may induce unwanted disturban-
ces, which can initiate cracking or other undesirable perturbations.
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Second, metallurgical analysis, while necessary, may produce
erroneous results by removing important features of the chip mor-
phology during sample preparation. Thus, in order to gain further
insight into the chip formation process, in situ inspection of the
chip formation progression together with postmachining metallo-
graphic analysis is needed, which helps identify the underlying
chip formation mechanism when machining SPD-processed
UFG Ti.

In order to study the chip formation process in situ, high-speed
imaging has been adopted as an enabling tool [20–23] because it
is advantageous over quick-stop devices by providing instantane-
ous snapshots of the chip formation progression without the unde-
sirable effects of abrupt cutting tool retraction. However, the vast
majority of prior work utilizing high-speed imaging-based sys-
tems use plane strain sliding experimental setups where the work-
piece moves relative to a fixed cutting tool (similar to planing) to
mimic the machining process. As such, the cutting process is
actually interrupted with each machining stroke such that cutting
may not be under steady-state conditions. It is unclear if the
resulting chip formation mechanism studied during plane strain
sliding remains the same as during conventional metal cutting.
Ideally, such high-speed imaging evaluations should be conducted
using an actual machining setup.

3 Materials and Methods

3.1 Materials. In this study, CP CG grade 4 Ti (CG 4, Serv-
ice Steel Aerospace Corp., Seattle, WA) was selected for SPD
(ECAE) processing using the method outlined in Ref. [10], and
the resulting ECAE-processed Ti bars were further used to investi-
gate the chip formation mechanism and chip morphology during
machining. In particular, the ECAE Ti bars, denoted ECAE 1 and
ECAE 2, were processed using route 4Bc (90 deg rotation about
the long axis for four passes) at 320 �C on 25� 25� 150 mm bars.
Extrusion speeds of 0.05 m/s and 0.01 m/s were used for all extru-
sion passes for ECAE 1 and ECAE 2, respectively. The thickness
of ECAE 1 was reduced by approximately 6% by rolling between
extrusion passes, while no additional rolling was used for ECAE
2. The ECAE processing conditions for each specimen are also
summarized in Table 1.

Under these conditions, the ECAE processing led to a substan-
tial reduction in grain size (approximately 200 nm of the ECAE Ti
bars compared with 10–20 lm of the CG Ti bars [2,14]). Both the
ECAE and CG Ti bars, originally square, were machined down to
25 mm in diameter and further used in orthogonal machining
experiments, which were designed to elucidate possible differen-
ces in the chip morphology and chip formation mechanism.

3.2 Machining Setup. The machining experiments were con-
ducted with two different machine tools under an orthogonal dry
cutting configuration using an uncoated tungsten carbide grooving
tool (NG3125R K313, Kennametal, Latrobe, PA). A manual
Whacheon HL 435 lathe (Whacheon, Huntington Beach, CA) was
used to elucidate the chip formation mechanisms during low-
speed machining (0.1–0.5 m/s) whose open space enabled the
high-speed imaging of the chip formation process. This cutting
speed range was chosen to facilitate high-speed imaging studies
by avoiding damaging imaging lens at a short focal length
(approximately 50 mm herein) due to high cutting temperatures

and providing quality images for DIC analysis. In addition, a com-
puter numeric control Mikron UCP 600 Vario machining center
(Georg Fischer AG, Schaffhausen, Switzerland) was used to eval-
uate the chip morphologies during high-speed machining (up to
10.0 m/s). It should be noted that differences in machine tool
rigidity may result in variations in machining dynamics. As such,
the chip morphology from both machine tools, produced at the
same cutting speed, was compared, and the difference was found
insignificant. The feed rate and depth of cut were held constant at
0.1 mm/rev and 2.0 mm, respectively, while the cutting speed var-
ied from 0.1 to 10.0 m/s. The cutting conditions used in the pres-
ent study are chosen to evaluate the effect of a wide range of
cutting speeds even that some cutting speeds within this range
may be beyond those suggested by the tool manufacturer and
those used in industry. The effective tool rake angle was held at
0 deg, and a new cutting tool was used for each cutting speed.

For the Whacheon manual lathe-based chip formation study,
the Ti workpiece was in the form of a disk produced from the
25 mm square cross section bars. Each disk was prepared by
machining a grove 2.0 mm from an end of the disk sample as
shown in Fig. 1(a). During machining, the tool fed radially toward
the axis of rotation, simulating an orthogonal cutting configura-
tion. A high-speed camera system (Photron SA-5, San Diego,
CA), aligned along the axial direction and focused on the PSZ,
was used to capture the chip formation process. The camera sys-
tem was mounted directly to an adjustable XY fixture attached to
the linear slide, which guaranteed the camera motion synchron-
ized with that of the cutting tool during machining. The Photron
camera system has a 12-bit ADC CMOS censor with a
1024� 1024 pixel resolution. During the machining test, frame
rates up to 50,000 fps were used to image the deformation of the
PSZ. For better imaging results, a Navitar zoom lens system
(Navitar, Rochester, NY) was used with the high-speed camera
system by adding a 1� lens attachment and a 2� lens extender,
resulting a final magnification, spatial resolution, and field of view
of approximately 15�, 3 lm, 0.5� 0.5 mm2, respectively. The
focal length of the lens was approximately 50 mm. Fine focus was
achieved by manual adjustment on the lens. In addition, two Sug-
arCUBE LED-based light sources (Nathaniel Electronics, Verg-
ennes, VT) were used to illuminate the cutting area of interest:
one SugarCUBE was coupled with the Navitar lens system using
coaxial illumination and the other was used as an external light
source. The experimental setup is shown in Fig. 1(b).

3.3 Postprocessing of Machining Chips. After machining,
the chips were collected and cast in a low-viscosity epoxy (Pace
Technologies, Tucson, AZ) to characterize chip morphology.
First, the cast chip samples were mechanically ground using SiC
sandpaper with grits from 600, 800, 1000, and 1200 successively
for approximately 5 min each. Following mechanical grinding, the
samples were polished using a 1 lm polycrystalline diamond
solution for 20 min. The final polishing step utilized a 0.05 lm
alumina solution until a mirror finish was achieved. The time for
the final polishing step was typically 20 min. The chip samples
were then etched using Kroll’s reagent (92 mL DI-H2O, 6 mL
HNO3, 2 mL HF) (Sigma-Aldrich, St. Louis, MO) for approxi-
mately 20 s to reveal fine features in the microstructure to aid in
classifying different chip morphologies. Finally, scanning electron
microscopy (SEM) (Phenom ProX, NanoScience Instruments,
Alexandria, VA) was used to image the chip morphology. The
shear band spacing and shear angle [24] were measured directly
from the SEM images. The average shear band spacing was deter-
mined by taking five successive shear band spacing measurements
from five different chips at each cutting speed.

In addition, the hardness of the Ti machining chips was meas-
ured by mounting in epoxy and characterized with a HysitronTM

TI Premier indenter (Hysitron, Minneapolis, MN) equipped with a
Berkovich tip (Hysitron, Minneapolis, MN). After quasi-static
nano-indentation, the loading-unloading curves were analyzed

Table 1 Processing parameters for ECAE processing (proc-
essing temperature at 320 �C and rotation angle of 190 deg)

Extrusion speed (m/s)

Materials N1 N2 N3 N4 Comments

ECAE 1 0.05 0.05 0.05 0.05 Rolled 6% between extrusions
ECAE 2 0.01 0.01 0.01 0.01 Not rolled between extrusions
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using the method proposed by Oliver and Pharr [25]. Three-row
indentation arrays were carried out perpendicular to the shear
bands on the chips with each indent spaced 5 lm apart. A peak
load of 4000 lN and a 5 s peak load holding time were used dur-
ing the analysis. Each indent was separated by more than ten
times their depth, which ensured they would be unaffected by
neighboring indents. Using the three-row arrays, averages and
standard deviations were calculated for each column correspond-
ing to a discrete distance from the shear band. In some cases,
unloading curves exhibited behavior characteristic of false
engagement on the sample surface. In these cases, the clearly erro-
neous curves were eliminated from statistics calculations. The
resulting data were used to describe the hardness as a function of
distance from the shear band in the machined chips.

4 Results and General Discussion

4.1 Chip Morphology. The chip morphologies of both
ECAE 1 and ECAE 2 machined in the cutting speed range of
0.1–10.0 m/s are shown in Fig. 2 (cross-sectional view) and Fig. 3
(free surface view). In general, the machining chips can be classi-
fied into three chip morphologies: aperiodic saw-tooth chips, con-
tinuous chips, and periodic saw-tooth chips. As suggested by
Barry and Bryne [26], aperiodic and periodic saw-tooth chips are
differentiated using the surface topography of the saw-tooth seg-
ments. Herein, if the saw-tooth segments extend continuously
through the chip width, the saw-tooth chip morphology is consid-
ered periodic, whereas if the saw-tooth segments are interrupted
through the chip width, the saw-tooth chip morphology is consid-
ered aperiodic. Representative chip surface topographies of
machining chips at different cutting speeds are shown in Fig. 3.

As shown in Fig. 2, the chip morphology of both ECAE-
processed Ti workpieces is aperiodic saw-tooth at a cutting speed
of 0.1 m/s while the chip free surface looks like folds. This chip
morphology has been frequently reported during machining of Ti
[27,28] and its alloys [26,29]. As the cutting speed is increased to
0.5–1.0 m/s, a continuous chip morphology is apparent. The con-
tinuous chip morphology is common during machining of ductile
metals for cutting speeds less than 2 m/s [30]. This transition from
aperiodic to continuous chips indicates that a different chip forma-
tion mechanism is operative as the cutting speed increases.
Further increase of the cutting speed to 2.5 m/s results in the for-
mation of periodic saw-tooth chips, which indicates that a second
transition in the chip formation mechanism occurs. Periodic saw-
tooth chips remain the primary chip morphology up to 10.0 m/s. It
is worth mentioning that discontinuous chips are commonly
formed if sufficiently large cutting speeds are used [30]. From
Fig. 2, little difference between the chip morphologies for ECAE

1 and ECAE 2 is observed, illustrating the 6% rolling condition
may not result in a pronounced effect in the chip morphology.

For comparison, the chip morphology of the CG grade 4 Ti is
also shown in Fig. 2. Similar to the ECAE-processed Ti, the chip
morphology at the cutting speed of 0.1 m/s is aperiodic saw-tooth.
In contrast, as the cutting speed increases to 0.5–1.0 m/s, the ape-
riodic saw-tooth chip morphology remains, which indicates that
the chip formation mechanism differs from that during ECAE-
processed Ti machining. When the cutting speed increases to
2.5–10.0 m/s, the periodic saw-tooth chip formation dominates.
The primary difference in the chip morphologies between the
ECAE-processed Ti and CG Ti occurs within the cutting speed
range from 0.5–1.0 m/s. Within this range, the chip morphology
of the ECAE-processed Ti is continuous, while the aperiodic saw-
tooth chip morphology is observed for the CG Ti. Thus, ECAE-
processing alters the dynamic deformation response of the Ti,
which is indicated by the transition in the chip morphology from
aperiodic saw-tooth to continuous as the cutting speed increases
during the cutting speed range of 0.5–1.0 m/s.

4.1.1 Shear Band Spacing. For each chip morphology shown
in Fig. 2, the shear band spacing at each cutting speed was meas-
ured experimentally from postmachining metallographs. Since no
pronounced shear bands are observed in the ECAE-processed Ti
when machining at 0.1 m/s, the saw-tooth segment spacing is used
for comparison purposes. In addition, the shear band spacing for
the continuous chip morphology is assumed to be infinitesimally
small and is reported to be zero. Figure 4 shows the measured
shear band spacing of both the ECAE-processed Ti and CG Ti
chips. In general, the shear band spacing increases with the cutting
speed for both ECAE-processed Ti and CG Ti chips, which agrees
well with previous reports during machining of CG materials
[24,31]. Compared with the CG Ti chips, the shear band spacing
is always smaller for the ECAE-processed Ti chips, owing to the
reduction in grain size and difference in material response at
higher strain rates. This observation agrees well with the results
reported during machining of SPD-processed Grade 2 Ti [14].
Comparing the two ECAE-processed Ti chips, the shear band
spacing increases at the same rate; however, the shear band spac-
ing of the ECAE 1 chips is slightly higher than that of the ECAE
2 chips. This result may be due to the differences in the ECAE-
processing conditions; however, the measurements are within the
one-sigma standard deviation and the difference is considered
negligible.

Molinari et al. [31] considered the shear band spacing as a func-
tion of cutting speed and thermal properties, in particular, the ther-
mal softening coefficient and thermal conductivity. Lapovok et al.
[14] investigated the thermal properties of ECAE-processed Ti

Fig. 1 (a) Schematic representation of the experimental setup and (b) high-speed camera system implemented on
the Whacheon lathe
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and found a reduction in thermal conductivity. The thermal soft-
ening effect intensifies due to the increased thermal generation at
high cutting speeds during ECAE Ti machining. During
machining, shear band formation occurs when the rate of thermal
softening exceeds the rate of work hardening [17]. As such,
ECAE-processed materials should be more susceptible to shear
band formation, resulting in a smaller shear band spacing.
Because the microstructure of ECAE-processed materials is
already refined, machining, as an SPD process, may not be able to
further refine their microstructure. Under certain cutting condi-
tions such as the cutting speed of 0.5–1.0 m/s, ECAE-processed
Ti accommodates excess deformation and reduces the tendency
for shear band formation, resulting in the continuous chips, and it
calls for further metallurgical examination of this phenomenon.

4.1.2 Degree of Segmentation. The degree of segmentation
(G), which is a ratio of the maximum and minimum thickness
(peak-to-valley thickness) of the chip cross section, can be meas-
ured using the procedure described elsewhere [32,33] as follows:

G ¼ h1 � h2

h1

(1)

where h1 is the peak chip height and h2 is the chip valley height
between two adjacent segments. When the degree of segmentation
is 0, this indicates continuous chip formation, whereas as G
approaches 1 the chips turn to be discrete, discontinuous seg-
ments. As shown in Fig. 5, when the cutting speed increases, the

degree of segmentation increases for both the aperiodic and peri-
odic saw-tooth chips.

At low cutting speeds when the aperiodic saw-tooth chip mor-
phology is observed, CG Ti has the largest degree of segmenta-
tion. This observation is possibly due to the high ductility of the
CG Ti at low cutting speeds, which facilitates segment sliding
during the saw-tooth chip formation process. Since the reduction
in thermal conductivity may result in increased ductility at higher
cutting speeds due to thermal softening, longer sliding distances
may occur during saw-tooth chip formation. As the cutting speed
increases, periodic saw-tooth chips are observed for the ECAE-
processed Ti, which has the largest degree of segmentation. As
with the shear band spacing, the degree of segmentation for
ECAE 1 is slightly higher than that of ECAE 2.

4.2 Chip Formation Progression. As shown in Fig. 2, a dis-
tinct transformation in chip morphology occurs for the ECAE-
processed Ti when increasing the cutting speed from 0.1 m/s to
0.5 m/s and again from 1.0 to 2.5 m/s. This indicates that the
dynamic material response, in terms of the chip formation mecha-
nism, changes with cutting speed. Each chip morphology is a
direct result of a specific chip formation mechanism such as uni-
form (homogeneous) shear deformation [19,30], adiabatic shear
localization [17,34], and crack initiation and propagation [18,27].
Moreover, the second chip morphology transition of ECAE Ti
occurs at a cutting speed of 2.5 m/s, which is very difficult to
image with high spatial resolution. Therefore, the in situ investi-
gation of chip formation progression using high-speed imaging is

Fig. 2 Representative chip morphology variations of ECAE 1, ECAE 2, and CG grade 4 Ti chips as a function of
cutting speed
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only carried out in the range 0.1 � Vc � 0.5 m/s, even though
these cutting speeds may not be high for Ti and its alloys.

4.2.1 Saw-Tooth Chip Formation (V¼ 0.1 m/s). Figure 6
shows a representative image sequence of the chip formation pro-
gression of a single saw-tooth segment during machining of
ECAE-processed Ti using a cutting speed of 0.1 m/s. In general,
four stages of deformation can be identified: (1) wedge-shaped
compression, (2) free surface upsetting, (3) instability, and (4) seg-
ment sliding. Stage 1 is depicted in Fig. 6(a) where a wedge-
shaped volume of material ahead of the cutting tool, delineated by

Line OA, enters the PSZ and is compressed against the tool rake
face. During this stage, the frictional force in the secondary shear
zone and the affinity between the cutting tool and workpiece mate-
rial increases the tendency for sticking at the tool tip, which results
in the formation of a cyclic built up edge (BUE). The formation of
a cyclic BUE at the tool tip increases the local shear strain and
forces the material at the free surface to rise above the horizontal
plane (along Line AB) as shown in Fig. 6(b). A closer examination
of Fig. 6(b) reveals what likes look a notch already formed at the
free surface during stage 2, which is actually due to the imaging
quality-induced perception. Material failure is still under its devel-
opment during the second stage, which distinguishes it from

Fig. 3 Surface topographies of ECAE-processed Ti chips (perpendicular to the chip surface): (a) aperiodic saw-tooth chip for-
mation (0.1 m/s), (b) continuous chip formation (0.5 m/s), and (c) periodic saw-tooth chip formation (10 m/s). For comparison,
the corresponding surface topographies of CG Ti chips are also shown in (d)–(f).

Fig. 4 Shear band spacing of ECAE-processed and CG Ti
chips (6 sigma error bars)

Fig. 5 Segmentation ratio of ECAE-processed and CG Ti chips
(6 sigma error bars)
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stage 3. This is known as free surface upsetting and has been
reported to be a precursor to instability during saw-tooth chip for-
mation [35]. Free surface upsetting concludes with the initiation of
instability in the form of shear localization within the PSZ as
shown in Fig. 6(c). As with many other studies, the instability is
assumed to initiate at the tool tip (point O) and propagate toward
the free surface to Point A0 [17,26,30,34]. Instability occurs due to
the reduction in flow stress within a localized region. Conse-
quently, this region is weakened and is the preferred sliding direc-
tion during segment sliding along the adjacent workpiece as shown
in Fig. 6(d). As observed, the relative sliding between adjacent seg-
ments is the main contributor to the overall shear strain within the
shear localized region. Generally, the relative sliding is modeled as
two linear sliders moving relative to each other, acting as an addi-
tional thermal source. If their temperature is sufficiently high,
dynamic recrystallization ensues, and pronounced shear bands are
clearly visible in the chip microstructure. Thus, the lack of such
metallographic features indicates that shear localization does not
lead to the formation of well-defined shear bands herein. Moreover,
while there are no observable shear bands in the microstructure, the
absence of observable cracks in the high-speed image sequences or
in the chip metallographs indicates that cyclic (inhomogeneous)
shear localization is the primary chip formation mechanism rather
than crack initiation and propagation as typically reported during
machining of CG Ti [27]. It should be pointed out that the chip for-
mation phenomenon can also be simplified as a three stages pro-
gression: compression, shear instability, and sliding.

4.2.2 Continuous Chip Formation (V¼ 0.5 m/s). Figure 7
shows a representative image sequence of the chip formation pro-
gression of the continuous chip morphology during machining of
ECAE-processed Ti at a cutting speed of 0.5 m/s. In general, the
most significant difference between the continuous and saw-tooth
chip formation is that no segmentation occurs (i.e., no instability
or segment sliding) during continuous chip formation. Figure 7(a)
shows that a parallelogram-shaped volume of material, delineated
by OABC, flows from the workpiece and into the PSZ where it is
compressed against the tool rake face. This is similar to stage 1 of
deformation during saw-tooth chip formation. However, the
primary difference is that the increase in both strain rate and tem-
perature suppresses the formation of a cyclic BUE as shown in
Fig. 7(b). As such, material upsetting does not occur, and the local
cutting temperature increase improves the ductility, which hinders
segmentation. As chip formation process continues, all the incom-
ing workpiece material is elongated uniformly along the shear
direction. Figure 7(c) shows an undeformed element and the

corresponding deformed element once the material passes through
the PSZ. During machining of CG materials, increases in the cut-
ting temperature and strain rate facilitate shear localization due to
thermal softening within the PSZ [30]. However, for ECAE-
processed Ti, excess deformation is accommodated under high
strain rate and temperature conditions; the material is uniformly
deformed as it travels through the PSZ, and segmentation is sup-
pressed. Grain elongation can also be observed microscopically in
the chip metallographs shown in Fig. 2. Therefore, it is concluded
that the chip formation mechanism for ECAE-processed Ti at
0.5 m/s is due to uniform shear localization. The differences
between this mechanism and cyclic shear localization, which is
the primary chip formation mechanism during saw-tooth chip for-
mation, will be discussed further in Sec. 5.

Generally, differences in the material response within the PSZ
result in different chip formation mechanisms and chip morpholo-
gies. As observed, the ECAE-processed Ti forms a saw-tooth chip
by cyclic shear localization at a cutting speed of 0.1 m/s. Increas-
ing the cutting speed to 0.5 m/s produces a transition in chip for-
mation mechanism to uniform shear localization. Comparing with
the chip formation progression for CG Ti, the chip formation
mechanism within this cutting speed range (0.1 � Vc � 0.5 m/s) is
due to cyclic shear localization, and no transition of chip morphol-
ogy is observed. While notable changes in the chip formation
mechanism are discussed from a macroscopic perspective based
on the high-speed images, microstructural phenomena responsible
for differences in the chip formation mechanism during ECAE Ti
machining are further investigated in Sec. 5.

5 Discussion on Chip Morphology and Chip

Formation Mechanism

In general, ECAE processing leads to a substantial reduction in
grain size, with commensurate increases in yield strength and
hardness and a decrease in ductility at room temperature. The
microstructure of such SPD-processed materials contains signifi-
cant lattice distortions associated with high internal stresses,
poorly defined grain boundaries, and a high dislocation density
[36]. Moreover, deformation twins in high densities have been
reported in ECAE-processed Ti [37]. These microstructural fac-
tors suggest that the deformation mechanisms of ECAE-processed
Ti may differ from those governing CG Ti. In addition to the
aforementioned chip formation differences between the ECAE-
processed and CG Ti based on the chip morphologies and high-
speed image sequences, such differences are further examined
using the chip free surface, DIC [38–40], and nano-indentation.

Fig. 6 Progression of a single saw-tooth segment of ECAE-processed Ti machined at a cutting speed of 0.1 m/s. The sche-
matics illustrate the four deformation stages: (a) stage 1, (b) stage 2, (c) stage 3, and (d) stage 4.
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5.1 Chip Morphology

5.1.1 Topographical Free Surface. In addition to instantane-
ously imaging the chip formation progression at incremental time
steps, the free surfaces were examined to provide insight into the
microstructural mechanisms responsible for the formation of
different chip morphologies. In this study, the microstructural fea-
tures on the chip free surfaces obtained at the cutting speeds of
0.1, 0.5, and 10.0 m/s are inspected using SEM where the viewing
direction is perpendicular to the free surface as shown in
Fig. 8(a). These cutting speeds were selected to show the differen-
ces in the free surfaces due to the change in the chip formation
mechanism as the cutting speed increases.

Figure 8 shows the free surfaces of both ECAE 1 and CG Ti at
the aforementioned cutting speeds. Since little difference in the
chip morphology is observed for ECAE 1 and ECAE 2, the chip

formation mechanism is assumed to be the same, and only the free
surfaces for ECAE 1 are presented. In general, the free surfaces
show several distinct textures such as rippled texture, smooth sur-
face, and elongated dimples. Figures 8(b), 8(e), and 8(f) shows the
free surface of the aperiodic saw-tooth chip morphology formed
by cyclic localized shearing for ECAE-processed Ti and CG Ti,
respectively. These free surfaces are very similar in texture, and
the chip formation mechanism is assumed to be the same. The rip-
pled texture arises due to ductile shear and is elongated along the
chip flow direction, which is due to the relative sliding between a
segment and its adjacent workpiece. Figure 8(c) shows the free
surface of the continuous chip morphology formed by uniform
shear localization. As shown, the free surface with fine lamellae
differs from that of the aperiodic saw-tooth chip. These fine lamel-
lae are assumed to be due to the moving shear front as the micro-
structure is deformed uniformly [26,41]. Figures 8(d) and 8(g)

Fig. 7 Progression of continuous chip formation of ECAE-processed Ti machined at a cutting speed of 0.5 m/s

Fig. 8 Free surfaces of ECAE-processed Ti chips: (a) schematic of a saw-tooth segment showing the viewing direction, (b) rip-
pled texture at 0.1 m/s, (c) fine lamellae at 0.5 m/s, and (d) smooth surface/elongated dimples at 10.0 m/s. For comparison, the
corresponding free surfaces of the CG Ti chips are also shown in (e)–(g).
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shows the free surface of the periodic saw-tooth chip morphology
machined at the cutting speed of 10.0 m/s. Two distinct textures
are readily observed: a smooth surface in the upper region of the
PSZ, and elongated dimples in the lower region. Generally, a
smooth free surface is indicative of a brittle deformation mecha-
nism resulting from crack initiation and propagation. Gu et al.
[42] suggested that this smooth texture occurs due to a rapidly
moving sharp-tip crack within a transformed shear band. It is pos-
sible that the intense thermal generation due to the high cutting
speed is sufficient to result in thermal softening and even a phase
transformation within the shear band. The phase transformation
would result in a loss in ductility, which facilitates crack propaga-
tion [35]. The texture on the free surface within the lower region
of the PSZ consists of large elongated dimples, which occur due
to ductile fracture. The elongation occurs due to the intense ther-
mal generation at the tool tip and the relative sliding between a
segment and its adjacent workpiece. Such elongated dimples have
been reported elsewhere during machining of Ti–6Al–4V Ti alloy
[26] and AISI 1045 hardened steel [43].

5.1.2 ECAE-Processed Ti Chip Microstructure. It has been
recognized that saw-tooth chip formation occurs primarily by adia-
batic shear localization and manifests in localized bands known as
shear bands [35]. In other works, the appearance of shear bands has
been used as an indicator to suggest that adiabatic shear localization
is the operative chip formation mechanism [34]. Usually, the micro-
structure inside a shear band consists of a highly refined grain struc-
ture, which may be attributed to the recovery/recrystallization
mechanism. Thus, the formation of such microstructural features
requires specific levels of strain, strain rate, and temperature.
While no pronounced shear bands are observed in the ECAE Ti
chip metallographs at the cutting speed of 0.1 m/s as shown in
Fig. 2, this does not discount the adiabatic shear localization
mechanism; rather, it indicates that other microstructural factors
contribute to the chip formation process. The substantial grain
size reduction resulting from ECAE-processing produces a none-
quilibrium grain structure, which gives rise to possible grain
boundary sliding, dislocation motion, and/or superplasticity at
high strain rates and relatively low temperatures to accommodate
excess deformation [44] and might be related to the suppression
of shear bands within the PSZ. As such, adiabatic shear localiza-
tion may still be the chip formation mechanism while there are no
pronounced shear bands seen in the chips of during ECAE-
processed Ti.

Increasing the cutting speed to 0.5 m/s results in a change in the
chip morphology of the ECAE Ti, indicating a change in chip for-
mation mechanism. Generally, increases in the cutting speed show
an increased propensity for the formation of saw-tooth chips [30].
However, this phenomenon is not observed during machining of
ECAE-processed Ti. Instead, the chip morphology changes from
aperiodic saw tooth to continuous when the cutting speed
increases from 0.1 to 0.5 m/s. The increase in cutting speed, which
also increases the strain rate and cutting temperature, may
increase the local ductility and be responsible for the suppression
of the saw-tooth formation.

While superplasticity has been reported for ECAE-processed
materials, many of these studies show that it occurs under high
temperatures (T> 600 K) and low strain rates (10�4� 10�2 s�1).
Ko et al. [44] suggested that possible grain boundary sliding, dis-
location motion, and/or superplasticity can be an operative defor-
mation mechanism at lower temperatures and higher strain rates
(10�2 s�1) at nonequilibrium grain boundaries within the micro-
structure to accommodate excess deformation. However, the
strain rate during machining of SPD-processed Ti at the cutting
speed of 0.5 m/s is the order of 1000 and much higher than 10�2

s�1; it calls for a future study whether the continuous chip forma-
tion and uniform shear localization are governed by possible grain
boundary sliding, dislocation motion, and/or superplasticity at
nonequilibrium grain boundaries.

5.2 Chip Formation Mechanism

5.2.1 Shear Strain Rate Progression Using DIC. As shown in
Fig. 6, the instability (stage 3) of the ECAE-processed Ti is attrib-
uted to cyclic shear localization, which is assumed to initiate at
the tool tip and propagate toward the free surface. While there is
no indication of shear localization in the form of shear bands from
the high-speed images or by metallographic analysis, the possible
existence of shear localization with the PSZ for both aperiodic
saw-tooth and continuous chips is examined using DIC. Specifi-
cally, DIC is used to make inferences about the chip formation
mechanism for ECAE Ti for cutting speeds up to 0.5 m/s based on
the high-speed images using DaVis StrainMaster, a specialized
DIC software package (LaVision Inc., Goettingen, Germany)
using a procedure outlined elsewhere [45]. The chip formation
mechanism can be analyzed using the time-dependent, incremen-
tal shear strain rate distribution.

Figure 9 shows the shear strain rate progression of chip forma-
tion during a single cycle for ECAE-processed Ti. It is noted that
due to the similarities in chip morphology and free surfaces
between the ECAE-processed Ti and CG Ti at the cutting speed
of 0.1 m/s, the shear strain rate progression is assumed the same.
Figure 9(a) shows the progression of a single saw-tooth segment
machined at 0.1 m/s. It is evident that the position of the PSZ is
not a constant and shifts in the chip flow direction as deformation
progresses. Generally, the deformation during saw-tooth chip for-
mation is localized within a thin region between adjacent bulk
segments, which undergo little deformation. Thus, once the defor-
mation is localized within the shear band, this region moves with
the chip in the direction of chip flow. As seen from Fig. 9(a), the
peak distribution at t¼ 0 ms shows the progression for stage 1, the
peak distribution at t¼ 0.10 ms shows the progression for stage 2,
etc., clearly illustrating the shift of the shear strain rate peak,
which indicates the formation of saw-tooth segments. As observed
based on those of the ECAE and CG Ti materials, the peak shift is
similar through stages 1 and 2. However, once instability occurs,
the peak shift is slightly larger for CG Ti, which is most likely due
to the difference in the shear band spacing or segmentation ratio
(Figs. 4 and 5) once the segment begins to slide along the adjacent
workpiece.

Figure 9(b) shows the time dependent shear strain rate progres-
sion during the formation of a continuous chip over a similar
period. Since continuous chips do not form with any periodicity,
the time domain is chosen such that the number of frames used for
Figs. 9(a) and 9(b) are the same. Due to the increase in cutting
speed associated with Fig. 9(b), the interframe displacement is
larger at the higher cutting speed; thus, the sampling period is
shorter for the same number of frames studied. As hypothesized,
continuous chip formation occurs by uniform shear deformation
where grains are deformed along the shear direction [26,30]. This
suggests that shear strain localization occurs uniformly at the
same location as opposed to cyclically as during saw-tooth chip
formation. Thus, criteria can be established such that for saw-
tooth chip formation, the PSZ shifts in the direction of chip flow
whereas for continuous chip formation, the location of the PSZ
remains constant.

These observations can be further evaluated by examining the
shear strain rate distributions across a larger time period. Figure
9(c) shows the shear strain rate distribution for the development
of multiple saw-tooth segments, and Fig. 9(d) shows the shear
strain rate development for a continuous chip using the same num-
ber of frames as with Fig. 9(c). As shown, even when multiple
segments are produced, deformation occurs cyclically for the saw-
tooth chip, indicating that the PSZ shifts in the direction of chip
flow and there is a volume of relatively less deformed material
(interior of segment or bulk segment) between two sequential
shear bands. Additionally, the magnitude of the shear strain rate
reduces as the PSZ flows away with a chip segment. On the other
hand, the shear strain rate of continuous chips remains localized at
a fixed position even over a longer period as shown in Fig. 9(d).
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It should be noted that these results show the shear strain rate
(and shear strain) is always localized regardless of the chip forma-
tion mechanism or chip morphology. By using DIC to analyze the
shear strain rate development throughout one or several chip for-
mation cycles, criteria to define the chip morphology and associ-
ated chip formation mechanism can be established. If the shear
strain rate distribution contains a cyclic PSZ, meaning the peak in
shear strain rate shifts as deformation progresses, the chip mor-
phology is considered saw tooth. This observation agrees with
previously reported work [35] and indicates the shear strain rate is
localized within a thin region and its adjacent material is rela-
tively less deformed. On the other hand, if there is relatively little
peak shift in the shear strain rate distribution as shown in Figs.
9(b) and 9(d), this indicates that a continuous chip forms and
while the deformation is localized, it occurs due to uniform shear
or uniform shear localization and all are deformed to similar lev-
els of strain.

5.2.2 Shear Band Hardness Evaluation Using Nano-Indentation.
Adiabatic shear localization manifests itself in the form of shear
bands, which are metallographic features consisting of a refined
microstructure between adjacent, less refined segments. Critical
cutting conditions are required for shear bands to appear in any
chip. Previously, shear bands have been used as an indicator to
suggest that adiabatic shear localization is the operative deforma-
tion mechanism. However, for ECAE-processed materials

machined at low cutting speeds, no pronounced shear bands exist;
thus, it is difficult to identify the chip formation mechanism using
metallography only. In this study, microhardness measurements
were conducted across the sheared region using nano-indentation.
As with the free surface analysis, cutting speeds of 0.1, 0.5, and
10.0 m/s were used to investigate the microhardness associated
with different chip formation mechanisms.

Figure 10 shows the variation in hardness across the shear band
of both ECAE-processed and CG Ti. In general, the hardness
increases across the localized shear zone, with the maximum hard-
ness occurring inside the shear band. As shown in Fig. 10(b), there
is a clear difference in the hardness measurements for the machin-
ing chips within the cutting speed range from 0.1� 0.5 m/s. At
the cutting speed of 0.1 m/s, two localized peaks are observed,
which represent two adjacent shear bands. Thus, despite the
absence of pronounced shear bands in the chip metallographs,
regions of localized shear of aperiodic saw-tooth chips may still
exist between adjacent segments as reflected by the hardness
peaks, which are around 4.9 GPa. Increasing the cutting speed to
0.5 m/s results in a relatively constant, lower hardness (1.0 GPa),
which indicates that deformation occurs uniformly through the
PSZ without a less deformed bulk segment. Figure 10(b) also
shows the hardness measurements for periodic saw-tooth chips
using the cutting speed of 10 m/s. In this case, the hardness within
the shear band of periodic saw-tooth chips (6.5 GPa) increases
substantially compared with that of the bulk segment. Calamaz

Fig. 9 Shear strain rate ( _c) progression for ECAE-processed Ti during (a) formation of a single saw-tooth segment (aperi-
odic saw-tooth chip), (b) formation of a single continuous chip, (c) formation of several aperiodic saw-tooth segments, and
(d) formation of a single continuous chip over a longer period than in (b) (SB: shear band)
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et al. [34] suggested that the deformation within the bulk/interior
of segments is similar to that occurring during continuous chip
formation. However, in this study, the hardness found for the con-
tinuous chip morphology is much lower than that of the bulk seg-
ment of saw-tooth chips (1.0 GPa versus 3.0� 3.8 GPa). This is
most likely due to the difference in heat generated within the bulk
segment of chips and the initial strain hardening during stages 1
and 2 during saw-tooth chip formation. For comparison, the hard-
ness of CG Ti chips machined at the same cutting speeds is shown
in Fig. 10(c). As expected, the hardness measurements are all
localized within the shear bands of their saw-tooth chips, and the
peak hardness value increases as the cutting speed increases. The
aforesaid results show that cyclic shear localization is the govern-
ing chip formation mechanism when localized hardness peaks
occur, whereas uniform shear localization is operative when the
hardness is relatively constant. It is noted that the reduction in
hardness due to uniform shear localization has implications for
better understanding of the physical mechanism at high strain
rates and elevated temperatures, and warrants further investigation
in future work.

6 Conclusions

The chip morphology and chip formation mechanisms during
machining of (ECAE)-processed ultrafine grained titanium (UFG
Ti) have been identified using metallographic analysis together
with high-speed imaging. The observations have been compared
with those during machining of CG Ti, and a number of conclu-
sions are drawn:

(1) The chip formation mechanism of the ECAE-processed Ti
transitions from cyclic shear localization within the low
cutting speed regime (such as 0.1 m/s or higher) to uniform
shear localization within the moderately high cutting speed

regime (such as 0.5 � Vc � 1.0 m/s). When the cutting
speed increases to 1.0 m/s, the chip formation mechanism
transitions back to cyclic shear localization. In order to
determine the specific microstructural mechanisms respon-
sible for the changes in the chip formation mechanism,
further work is required;

(2) The shear band spacing is found to increase as the cutting
speed increases and is always lower than that of the CG
counterpart;

(3) During machining of ECAE Ti, if the shear strain rate dis-
tribution contains a shift in the chip flow direction, the chip
morphology appears saw-tooth, and cyclic shear localiza-
tion is the governing chip formation mechanism. If no such
shift occurs, the chip formation is considered continuous,
and uniform shear localization is the governing chip forma-
tion mechanism;

(4) While the formation of pronounced shear bands is consid-
ered an indicator for the adiabatic shear localization mecha-
nism, digital image correlation results show that shear
localization may still be responsible for the formation of
saw-tooth chips, regardless of the formation of pronounced
shear bands. The formation of adiabatic shear bands [46]
should be modeled for the understanding of the formation
of saw-tooth chips; and

(5) Hardness measurements show that cyclic shear localization
is the governing chip formation mechanism when localized
hardness peaks occur, whereas uniform shear localization is
operative when the hardness is relatively constant.

7 Future Work

To better understand the underlying physics during the ECAE-
processed Ti chip formation process, much future work is

Fig. 10 Nano-indentation measurements across the PSZ: (a) Schematic representation of the indents for (b) ECAE-
processed Ti and (c) CG Ti
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required: (1) While the DIC images produced herein provide
some insight into the chip formation mechanisms, difficulties arise
in identifying key features during machining, in particular, at high
cutting speeds. In order to improve the quality and accuracy of the
correlation, further work is required to better acquire high-speed
images and delineate specific features of chip and workpiece
surfaces. It should be noted that if the sliding during chip forma-
tion (stage 4) is not a continuous deformation process (that is, brit-
tle machining instead of ductile machining), the DIC approach
should not be applied to estimate shear strains and shear strain
rates; (2) in this study, a zero rake angle cutting tool has been
adopted to gain some machining insight during ECAE-processed
Ti machining. Since cutting tools with positive rake angles are
typically used to for chip flow control, the effect of rake angle on
the chip morphology and chip formation mechanism should be
further examined; and (3) since the dynamic material response
during machining is dependent on the material microstructure, the
microstructure of ECAE-processed Ti workpieces before and after
machining should be carefully examined to correlate with the var-
iation of observed chip morphologies by utilizing electron back-
scatter diffraction and/or transmission electron microscopy
(TEM). Such microstructural changes along the chip flow direc-
tion may be further correlated with hardness measurements.
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