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Effects of Crystallographic
Anistropy on Orthogonal
Micromachining of Single-Crystal
Aluminum
Anisotropy of workpiece crystals has a significant effect in micromachining since the
uncut chip thickness values used in micromachining are commensurate with character-
istic dimensions of crystals in crystalline materials. This paper presents an experimental
investigation on orthogonal micromachining of single-crystal aluminum at different crys-
tallographic orientations for varying uncut chip thicknesses and cutting speeds using a
diamond tool. Micromachining forces, specific energies, effective coefficient of friction,
shear angles, shear stresses, and chip morphology were examined for six crystallo-
graphic orientations at uncut chip thicknesses ranging from 5 �m to 20 �m and cutting
speeds ranging from 5 mm /s to 15 mm /s. Three distinct types of forces were observed,
including steady (Type-I), bistable (Type-II), and fluctuating (Type-III) force signatures.
The forces were seen to vary by as much as threefold with crystallographic orientation.
Although the effect of cutting speed was small, the uncut chip thickness was seen to have
a significant orientation-dependent effect on average forces. Chip morphology, analyzed
under scanning electron microscopy, showed shear-front lamella, the periodicity of which
was seen to vary with crystallographic orientations and uncut chip thicknesses.
�DOI: 10.1115/1.2917268�
Introduction
As current trends toward miniaturization accelerate and more

pplications are realized, garnering a comprehensive understand-
ng of the micromanufacturing processes becomes imperative for
ptimizing current technologies and developing future technolo-
ies. Mechanical micromachining, which includes the application
f traditional machining techniques such as milling, drilling, and
urning to the microscale, is gaining momentum as a flexible and
fficient way to make truly three-dimensional microscale features
nd parts from a wide selection of materials �1–5�. Although ki-
ematically similar, micromachining is fundamentally different
rom conventional �macro� machining.

An important difference arises from the considerable effect of
orkpiece microstructure on the micromachining processes �6–8�.
haracteristic dimensions of grains in metals are commensurate
ith the uncut chip thickness values experienced in micromachin-

ng. Therefore, the process takes place within individual grains or
ithin a few grains at a time. Since crystalline lattices exhibit

lastic and plastic anisotropy �9�, the mechanical properties
hange when crossing into different grains. Therefore, machining
orce magnitudes and direction, rake and flank-face friction, as
ell as amount of elastic recovery will vary during the process

7,8,10–20�. In contrast, since a large number of grains are en-
ountered during macroscale cutting processes, an averaged effect
rom the workpiece microstructure is experienced, and the mate-
ial can usually be assumed to behave isotropically.

Although there have been numerous studies on different aspects
f cutting processes over the years, only a handful of those inves-
igated micromachining of single-crystal materials. The first
nown study on single-crystal machining was published in 1950
y Clarebrough and Ogilivie �21�, who microtomed large crystals
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of lead, and observed a strong correlation between the crystallo-
graphic orientation and lamellae spacing. Early studies of Black
and co-workers shed light on various aspects of microscale chip
formation in single-crystal cutting �15,22–24�. They performed a
quantitative study of chip formation mechanisms in single-crystal
copper and aluminum via an ultramicrotomy process with speeds
of 1 mm /s and uncut chip thicknesses from 25 nm to 2 �m.
Scanning electron microscopy �SEM� was used for the first time
to examine chip morphology. It was hypothesized that the single-
crystal cutting process involves a periodic chip-formation behav-
ior referred to as shear-front lamella �23–25�. The compression
ahead of the tool produces a dislocation cell structure. During
shearing, this cell structure acts as a barrier, and the dislocations
initiated from the tool tip must recombine to penetrate or circum-
vent this barrier. When the applied stress �from the tool� becomes
sufficiently large, a catastrophic shear front develops as a narrow
band. Therefore, the chips generated through this process include
a periodic lamellae structure separated by narrow bands of shear
fronts. During the annihilation of these shear fronts, a large
amount of heat releases and temporarily reduces the shear stress;
accordingly, the shear stress was considered to include thermal
and athermal components. The lamellae thickness was seen to be
affected by the crystallographic orientation and uncut chip thick-
ness �below 2 �m� �23,24,26�. It was also observed that the crys-
tals go through little rotation during shearing. Since the energy
required for recombining dislocations depends on the stacking
fault energy �SFE�, SFE was considered as an important param-
eter in cutting of single crystals, where the materials with high
SFE requires less energy to move through the metastable disloca-
tion cell structures �22�. It was postulated that the vicinity of the
preferred slip system �i.e., �111� �110� directions for face-centered
cubic �fcc� metals� to the shear direction was critical in determin-
ing the shear behavior and the thickness of lamellae.

Cohen �27� performed in situ cutting experiment for the first
time inside an SEM on single-crystal and polycrystalline alumi-
num and copper while measuring the machining forces. These

plunge-turning experiments included continuously changing crys-
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allographic orientations. It was observed that the changes in cut-
ing forces and shear angle exhibited a four-fold symmetry ex-
ected from the crystal structure of fcc metals. Contrary to the
receding literature, Cohen found that the shear stress varies with
he crystallographic orientation and tool geometry. A simplified

odel for the shear angle was derived by minimizing the total
nergy expended for primary shear and rake-face friction �27�.

Ueda et al. �13� presented an experimental study on orthogonal
utting of single-crystal �-brass inside an SEM. These in-situ ob-
ervations of chip formation revealed significant variations in
hip-formation mechanism at different crystallographic orienta-
ions. Sato et al. �28� presented an experimental investigation on
rthogonal cutting of a textured material by turning the end of a
ube made from a rolled aluminum sheet. The specific cutting
nergy and calculated shear angle were seen to periodically fluc-
uate during the process. They concluded that the period of fluc-
uations roughly corresponds to the orientation of the crystallo-
raphic texture. These observations motivated investigation of
rthogonal cutting of single-crystal aluminum at specific crystal-
ographic orientations �29–31�. Different orientations of single-
rystal aluminum were machined, and it was seen that the specific
nergy varies with crystallographic orientation.

Various other works have investigated diamond turning and fly-
utting of single-crystal copper �11,14,18,19,32–36� and single-
rystal aluminum �17,37,38�. Some studies found a correlation
etween different crystallographic orientations and resulting sur-
ace roughness �17,36,39�. Moriwaki and co-workers �11,39,40�
bserved that for uncut chip thicknesses below 0.1 �m when mi-
romachining already-machined surfaces, the shear angle, cutting
orce, and surface roughness were not affected by the crystallo-
raphic orientation. This was explained by considering the signifi-
ant subsurface damage �dislocations� left from previous cutting
asses.

Although a number of studies have been performed through the
ears, our fundamental understanding on single-crystal machining
as not advanced since the aforementioned works of Black, von
urkovich, and Cohen. This paper presents a careful experimental

nvestigation on microplaning of single-crystal aluminum in six
ifferent crystallographic orientations for varying cutting speeds
nd uncut chip thicknesses. A diamond tool is used to perform
rthogonal cutting to minimize the effects from the cutting edge
adius and to simplify the cutting geometry. Unlike other studies
n literature, the long cutting lengths used in each crystallographic
rientation enabled revealing different types of forces and chip
orphology that were not previously observed. Furthermore, the

hear stresses and coefficients of friction were seen to vary not

v
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Fig. 1 „a… Diagram of the single-crysta
crystallographic orientations onto the s
nly with the crystallographic orientation, but also with the cut-
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ting conditions. Therefore, the presented experimental study fur-
thers the fundamental understanding on the effect of crystallo-
graphic orientations in cutting forces, chip morphology, shear
stress, and effective coefficient of friction for machining single-
crystal aluminum.

2 Experimental Setup and Procedure
The experimental investigation presented here utilized a single-

crystal diamond tool with a 2 mm straight cutting edge. The mo-
tivation behind using a sharp-edged diamond tool was to isolate
the crystallographic effects of the workpiece by minimizing the
complexities arising from the edge radius �41,42�. The tool pro-
vided a rake angle of 0 deg and a nominal clearance angle of
10 deg. To assess the edge sharpness and edge condition, atomic
force microscope �AFM� measurements and SEM imaging of the
diamond tool were conducted in a similar manner as in Ref.
�42–45�. It was seen that the cutting edge has a few minor nicks
with sizes less than 400 nm. By measuring multiple locations
along the cutting edge, the average edge radius was determined to
be 25.5 nm with a standard deviation of 9 nm. SEM imaging after
the completion of the experiments indicated no measurable wear
on the diamond tool.

2.1 Workpiece Characterization and Cutting Orientations.
A schematic representation of the single-crystal microplaning pro-
cess is given in Fig. 1�a�. The cutting-plane normal, cutting direc-
tion, and the workpiece orientation �the width direction� are la-
beled using the Miller-index notation as �prq�, �klm�, and �abc�,
respectively. Also shown in the figure are the width of cut w, the
uncut chip thickness hc, and the cutting speed v.

The workpiece used in this work was a 99.999% pure single-
crystal aluminum from Goodfellow Corp. with the �0 0 1� orien-
tation �parallel to the axis of the workpiece�. Originally, the work-
piece was shaped as a disk with 2 mm thickness and 12 mm
diameter. The thickness �width of cut� of the workpiece was re-
duced to 1 mm using the wire-electro discharge machining pro-
cess, followed by a light polishing �using 0.1–1 �m aluminum-
oxide abrasive particles� to remove the small damaged layer. The
final width of cut was estimated to be 1�0.020 mm. Laue X-ray
diffraction measurements confirmed the single-crystalline nature
and orientation of the workpiece.

Since aluminum is an fcc material, it exhibits cubic symmetry
in its atomic lattice structure, and its mechanical behavior is
strongly influenced by this symmetry �46�. When choosing the
cutting planes, care was taken to distribute the crystalline orienta-
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tion of these planes such that if symmetry is applied, the results
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an be extended to cover the entire range of crystallographic ori-
ntation about the �0 0 1� direction. Figure 1�b� shows the projec-
ion of the crystallographic orientations onto the standard stereo-
raphic base triangle for single-crystal aluminum and indicates the
ix cutting planes �facets� selected for the current investigation.
igure 2 depicts the workpiece and the crystallographic orienta-

ion of the facets with the normal and cutting directions on each
acet. After the cutting experiments, Laue X-ray diffraction mea-
urements were performed to determine the exact orientation of
he cutting facets with 1 degree resolution.

A convenient way to represent the crystallographic orientations
s to specify the angle of rotation of each plane normal from a
pecific direction. Table 1 provides the counterclockwise rotation
� in Fig. 2� of each plane normal about the �0 0 1� direction from
he �1 0 0� direction. Also given in Table 1 are the rotation � of the
utting direction from �1 0 0� orientation, and the rotation � of the
utting plane normal from the �1 0 0� orientation when the crys-
allographic symmetry is considered. On the discussion below, the
utting facets are identified with the symmetric Miller-index no-
ation �all positive numbers� of their normals or the �symmetric�
otation angles �.

2.2 Experimental Facility. The testbed used in this experi-
entation, shown in Fig. 3, is composed of a microplaning attach-
ent integrated into a miniature machine tool platform with

0 nm resolution. A Phantom V7 camera enabled acquiring high-
peed video images up to 160,000 frames /s with a 12� zoom
ens. Three orthogonal machining-force components were mea-
ured with a Kistler 9256C1 MiniDyn dynamometer with a noise
hreshold less than 2 mN. The force data were collected with a

inimum sampling rate of 1 kHz. The workpiece was held with a
iniature vise, which was attached to the dynamometer.
A series of experiments were conducted to determine the loop

tiffness of the experimental setup. A steel specimen with 10
10 mm2 cross section and 15 mm length was attached to the
iniature vise in place of the workpiece. After contacting the tool

(270)

(12 5 0)

(6 -7 0)

(-2 -9 0)

(-4 -11 0)

(-3 2 0)

(001)

[-7 2 0]

[-2 -3 0]

[11 -4 0]

[9 -2 0]

[7 6 0]

[-5 12 0]

Cutting Direction Cutting
Plane Normal

WORKPIECE
(010)

(100)

θ

ig. 2 Diagram of the cutting planes and cutting directions
sed during the experimentation

able 1 Miller indices and angular orientations of cutting fac-
ts and cutting directions

utting facet � �deg� � �deg� � �deg� �� �deg�

−2 −9 0� 257.5 347.5 77.5 0.15
2 7 0� 74.1 164.1 74.1 −0.69
−4 −11 0� 200.0 290.0 20.0 0.08
12 5 0� 22.6 112.6 22.6 0.27
−3 2 0� 146.3 236.3 56.3 0.51
6 −7 0� 310.6 40.6 40.6 0.21
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fixture near the actual tool location, the slides were driven with a
triangular wave with 3 �m amplitude. Actual deflection of both
the slides and the tool fixture were measured using a laser Doppler
vibrometer while simultaneously measuring the forces from the
dynamometer. The captured forces and deflections showed a linear
correlation. The loop stiffness of the system was calculated to be
1.7 N /�m in the direction normal to the cutting speed �i.e., the
thrust direction�. Further measurements indicated that the stiffness
does not vary measurably along the cutting direction. During the
experimentation, the actual uncut chip thickness hc was deter-
mined for each case by subtracting the amount of deflection
caused by the average �measured� thrust force from the prescribed
uncut chip thickness hcp.

3 Results and Discussion
The experiments were conducted at three cutting speeds

�5 mm /s, 10 mm /s, and 15 mm /s� and three prescribed uncut
chip thicknesses �5 �m, 10 �m, and 20 �m� on each of the six
cutting facets of the workpiece. For each test case, at least three
cuts were performed to ensure the repeatability of the results.
Between each cut, multiple 1 �m depth cleanup cuts were per-
formed to remove the material with possible subsurface damage
from the previous cut. During the experiments, no stable built-up
edge �BUE� was observed under any condition.

3.1 Characteristic Force Signatures. The forces experienced
during this investigation can be categorized as one of the three
distinct types �see Table 2�. The force signature that is commonly
seen during macroscale planing, where the forces rapidly rise and
remain at a constant level until the end of the process, was seen in
a number cases. This steady force signature is considered to be of
Type-I, an example of which is given in Fig. 4�a�. The Type-I
force indicates a steady shearing/slip process associated with ei-

SpecimenSpecimen

Diamond
Tool

Diamond
Tool

ViseVise

DynamometerDynamometer

3-axis
slides
3-axis
slides

Fig. 3 The experimental testbed

Table 2 The force types encountered under different speeds
and depths „prescribed uncut chip thicknesses…

Speed v �mm/s� 5 10 15

Depth hcp ��m� 5 10 20 5 10 20 5 10 20

�2 9 0� I I I II II I II I I
�2 7 0� III III I III III I I I I
�4 11 0� I I I II I I II I I
�12 5 0� I I I II I I II I I
�3 2 0� II I I I I I II I I
�6 7 0� I II I II II II II II II
JUNE 2008, Vol. 130 / 031116-3
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her single-slip behavior or persisting multislip behavior. High-
peed video images collected during these conditions showed a
teady chip-formation tendency, where the chip thickness and cur-
ature remained unchanged throughout the cut.

A number of other cases produced a bistable force signature, in
hich two distinct force levels were experienced within a cut.
xamples of this Type-II force signature are given in Figs. 4�b�
nd 4�c�. Under different conditions, the behavior of Type-II
orces was seen to vary considerably. The duration and relative
agnitude of the two force levels strongly varied with crystallo-

raphic orientation and secondarily with cutting conditions. Gen-
rally speaking, increased uncut chip thickness seemed to delay
he transition between the two force levels. Also, in most cases,
he first portion of the forces was not constant, but rather showed
slow increase until reaching the transition point. The high-speed
ideos and SEM images of the chips indicated that the chip thick-
ess and curvature drastically changed at the point of transition.
ince the loop stiffness does not vary along the cutting direction,

he Type-II behavior is not related to the stiffness.
The possible source of this behavior is the nonlinear bifurca-

ions experienced in slip/shear behavior. It is possible that various
trains are accumulating from the beginning of the cut, inducing
ncreased strain hardening. When a certain level is reached, the
tate of the stress makes it energetically more preferable for slip to
ccur on a different system�s�. This new slip system is also stable
nd it remains in effect until the end of the cut. This mechanism
ay also be assisted by the changes in friction �and secondary

eformation� on the rake face since increased resistance to chip
ow would favor activation of lower shear planes. It is postulated
ere that such a bistable phenomenon may not be observed when
large number of crystals are involved in cutting �macromachin-

ng�, since the material behaves quasi-isotropically with average
echanical properties. This observation also suggests that for pro-

esses with interrupted chip formation �e.g., micromilling�, the
orces encountered for some crystallographic orientations would
e lower than those for processes with continuous chip formation.

Another type of force signature observed during the tests is
eferred to as Type-III forces. The Type-III forces were character-
zed by large, cyclic fluctuations, such as those seen in Fig. 4�d�.
nly the forces in facet �2 7 0� indicated Type-III behavior. The
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Fig. 4 Cutting „C…, thrust „T…, and latera
and 20 �m, „b… „6 7 0… facet with 10 mm/
and 5 �m, and „d… „2 7 0… facet with 5 m
ariations of cutting and thrust forces reached 50% and 90% about
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the average values, respectively, when cutting with 5 �m pre-
scribed uncut chip thickness and 5 mm /s speed. The severity of
fluctuations decreased with increasing uncut chip thickness.

Various possible causes of these fluctuations include external
vibrations, presence of unstable BUE, the loop stiffness of the
setup, and periodic changes to the effective material characteris-
tics. Since such fluctuations were not observed on other crystallo-
graphic orientations under the same cutting conditions when the
force magnitudes were similar or higher, external �and self-
excited� vibrations and loop stiffness can be ruled out as possible
causes. Although the presence of an unstable BUE is a possible
cause, absence of such fluctuations in other facets reduces its
probability as a cause. In addition, the high-speed video images
and post-test observations of the tool did not show any indication
of BUE. Therefore, we can conclude that the observed phenom-
enon is directly related to the shear/slip behavior of single crys-
tals. It is possible that, similar to the Type-II behavior, more than
one preferable slip system exists. Unlike in Type-II, however, nei-
ther of the two slip systems possesses long-term stability. With
changing stress state, the preferable slip system fluctuates between
the two possible systems. Such force signatures are expected in
symmetric orientations where two �111� �110� slip systems are
available.

3.2 Repeatability. To ensure the repeatability of the measure-
ments, each test was repeated at least three times. Three repeti-
tions of Type-III forces from facet �2 7 0� with 5 mm /s and 5 �m,
for instance, are presented in Fig. 5; the high level of repeatability
is clear even when severe fluctuations occur.

An analysis of variance �ANOVA� study was performed to as-
sess the repeatability of the experiments using the average specific
cutting energy values as the response metrics. All repetitions with
three-level variations of cutting speed and uncut chip thickness
were considered. The calculated values of an F-distribution are
given in Table 3, where the statistically significant effects based
on 95% confidence bands are given in bold. It is seen that, other
than three instances, all the main effects were statistically signifi-
cant. It can be concluded that the experiments captured the effects
due to change in parameters since the variations between repeti-
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tions were much less than those between different sets of input
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arameters. This indicates the high level of repeatability of the
xperiments, as well as the suitability of experiments in investi-
ating the effects of the considered parameters.

3.3 Specific Energies. Specific energies in cutting �normal�
nd thrust �friction� directions were calculated by dividing the
verage cutting and thrust forces, respectively, by the chip area.
igure 6 gives the cutting and thrust specific energies as a function
f the actual uncut chip thickness hc. In the case of Type-II forces,
he averages from the first stable region were used to calculate the
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Fig. 5 Forces from three repetitions on
prescribed uncut chip thickness

able 3 F-values from the ANOVA analysis for specific cutting
nergies

utting facet hc v Interaction

2 9 0� 1.15 9.19 3.29
2 7 0� 15.06 25.59 7.7
4 11 0� 21.54 0.29 0.36
12 5 0� 13.91 5.49 3.73
3 2 0� 11.02 3.1 0.27
6 7 0� 61.96 5.3 6.94
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specific energies.
Figure 6 shows the strong effect of the crystallographic orien-

tation on specific energy. Generally, the lowest specific energies
are experienced in the �6 7 0� facet. The highest specific cutting
energies are seen in the �3 2 0� facet, reaching more than three
times those in the �6 7 0� facet. Variations in specific thrust energy
due to crystallographic orientations were seen to be less severe
than those in specific cutting energy.

The well-known size effect is clearly seen in Fig. 6. The change
in specific energies with uncut chip thickness is nearly uniform at
different crystallographic orientations. Since a sufficiently sharp
edge radius is utilized, those contributors to the size effect arising
from the edge radius are less effective. Therefore, the main causes
of the size effect in this case are material-related phenomena. In
particular, deformations emanating from the tool tip affect a vol-
ume that is related nonlinearly to the uncut chip thickness. The
size effect was seen to be less sensitive to the changes in cutting
speed. Most importantly, the uniformity of the shift at different
orientations indicates that the size effect phenomena in this case
were independent of crystallographic orientations.

In addition to the conclusions reached above from Fig. 6, the
effects of the cutting speed and uncut chip thickness can be as-
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essed referring to the ANOVA analysis given in Table 3. It is seen
hat other than in �2 9 0� and �2 7 0� orientations, the effect of
ncut chip thickness is significantly larger than that of the cutting
peed. When speed is statistically significant, the specific energies
ere seen to increase with increasing speed. This is expected

ince in microcutting the dominant effect of speed is related to the
train-rate effect �in contrast to thermal softening in macrocut-
ing�. The cutting speed was seen to have a stronger effect at small
ncut chip thicknesses. It was also seen that �4 11 0� and �3 2 0�
rientations were insensitive to the changes in cutting speed. On
he other hand, �2 7 0� orientation, where the forces are of Type-
II, showed a high level of sensitivity to cutting speed.

3.4 Coefficient of Friction. The ratio of specific thrust energy
o specific cutting energy indicates the distribution of machining
nergy �27�. In the case of orthogonal cutting with zero rake
ngle, this ratio is equal to the effective coefficient of friction on
he rake face. Figure 7 gives the effective coefficient of friction
or constant levels of cutting speed. It is observed that the effec-
ive coefficient of friction shows significant variation with crystal-
ographic orientation. Similar to the observations of Cohen �27�,
he orientation that produced the lowest specific cutting energies
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��6 7 0� orientation� showed the highest proportion of energy ex-
pended to friction �and secondary deformation�; and the orienta-
tion that produced the highest specific cutting energy ��3 2 0�
orientation� showed the lowest proportion of energy to friction.
These conclusions highlight the importance of friction and sec-
ondary deformation on the rake face in determining the character-
istics of single-crystal material removal.

In general, lower chip thicknesses produced higher effective
coefficients of friction. The effect of chip thickness on the effec-
tive coefficient of friction was seen to be almost uniform across
the crystallographic orientations. Comparing Figs. 7�a�–7�c�, it
can be concluded that the cutting speed has less effect on the
specific energy ratio.

3.5 Shear Angle and Shear Stress. According to Black �22�,
the shearing in single-crystal machining occurs along a thin shear
zone �22�. In an orthogonal cutting process with the thin shear
plane assumption, the shear angle 	 can be calculated from the
geometry of the cutting process and the chip ratio �47�. In this
work, cut chip thicknesses were measured from SEM images. The
calculated shear angles are given in Fig. 8. For few cases, the
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ighly curled chips did not allow accurate measurement of cut
hip thicknesses, and those cases were omitted from Fig. 8.

From Fig. 8, it is seen that the crystallographic orientation has a
ignificant effect on shear angle. In most cases, the shear angle
as not sensitive to the changes in uncut chip thickness. Compar-

ng Figs. 8�a�–8�c�, it can be concluded that cutting speed has a
ignificant effect in determining the shear angle.

Using the calculated shear angles and average forces, effective
hear stresses were then calculated. Figure 9 gives the effective
hear stress values. The large variation �from 25 MPa in �6 7 0� at
�m prescribed uncut chip thickness and 15 mm /s cutting speed,

o 450 MPa �not shown in Fig. 9� for �3 2 0� with 5 �m pre-
cribed uncut chip thickness and 5 mm /s cutting speed� of shear
tress with crystallographic orientations is striking. As expected,
he lowest shear stress was seen in the �6 7 0� facet, which pro-
uced the lowest specific energy. This conclusion indicates that
he shear stress is not constant; it varies strongly with the crystal-
ographic orientations, and secondarily with the cutting condi-
ions.

3.6 Chip Morphology. The morphology of the chips contain
mportant information about the mechanics of the cutting process.
o analyze the chip morphology for microplaning single-crystal
luminum, images of the chips were taken using an SEM with
5�, 450�, and 3000� magnifications. Due to chip collection
nd placement difficulty, images were not gathered for some of

SIDE

45
X

45
0X

30
00
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Fig. 10 SEM images of chips from the „2
and magnifications used in analysis
he cases. Both the profile and the back �the face of the chip that
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does not contact the rake face� of the chips were imaged.
Figure 10 gives the samples of the collected chip images. Chips

were continuous in all cases. Moderate to high in-plane chip curl,
where the axis of the curl was aligned with the width direction,
was observed for most cases. Although the front sides of the chips
were smooth, judging from the thickness �generally, well below
1 �m� of the deformed region on the front of the chips, the sec-
ondary shear was very small.

Measurable out-of-plane chip curl was not observed in any of
the experiments. In addition, the closeness of the cut-chip width to
uncut chip width suggested that the side spread was negligible.
These observations indicate that the shear/slip process occurred in
a plane perpendicular to �0 0 1� orientation. In other words, the
process was effectively a plain-strain process.

The images of the back of chips such as Fig. 11 showed the
shear-front lamella structure. For all of the crystallographic orien-
tations, except for the �12 5 0� facet, increasing uncut chip thick-
ness produced thicker lamellae, and the lamellae thickness was
less sensitive to cutting speed. This is in agreement with Black’s
theory �23–25�, which postulates that the deformation in a cutting
process proceeds by conventional dislocation motion until strain
hardening from dislocation locks reaches a critical point, at which
time “catastrophic shear” occurs due to the thermal release from
dislocation annihilation. This implies that the larger uncut chip
thickness allows more dislocation motion before catastrophic

BACK

… orientation illustrating the perspectives
7 0
shear, and thus results in the thicker lamellae. In other words, the
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ime to reach the work hardening limit of the material is longer for
arger uncut chip thicknesses. However, while Black observed the
ncrease with lamellae thickness only up to 2 �m uncut chip
hickness, in this work the lamellae thickness was seen to increase
ith uncut chip thickness up to 20 �m prescribed uncut chip

hickness. Black �24,25� also stated that the lamellae thickness is
ot affected by the cutting speed because the dislocation motion is
ar faster than the cutting speed. Figure 11 shows the increase in
he spacing of the lamellae for the �2 7 0� facet at 5 �m, 10 �m,
nd 20 �m prescribed uncut chip thicknesses and 15 mm /s cut-
ing speed. The lamellae spacing increased by over 100% from
pproximately 8 �m to 17 �m. For the �12 5 0� facet, which pro-
uced mostly Type-I forces, the thickness of the lamellae was
nsensitive to the changes in uncut chip thickness. Figure 12
hows the chips for six crystallographic orientations for constant
rescribed uncut chip thickness of 20 �m and speed of 15 mm /s.
his figure indicates the strong effect of crystallographic orienta-

ion in lamellae spacing.
From the profile view of the chips, it was seen that the lamellae

hanged character through the thickness of the chip; the lamellae
ere thinner toward the front of the chip, where it contacted the

ake face. This phenomenon was most visible for the �2 9 0�

450X

5
µm

10
µm

20
µm

Fig. 11 SEM image of the face of the
rientation. Figure 13 shows the difference between the appear-
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ance of the lamellae thickness from the back and the profile of the
chip for the �2 9 0� orientation at 10 mm /s and 20 �m prescribed
uncut chip thickness, where the lamellae appear thinner closer to
the front of the chip than to the back of the chip.

The cut-chip thicknesses reflected the force variations experi-
enced for the cases where Type-II or Type-III forces were encoun-
tered. Figure 14 illustrates the cut chip thicknesses and lamellae
from the �6 7 0� facet with 10 mm /s cutting speed and 20 �m
prescribed uncut chip thickness before and after the transition. It
is clear that the chip thickness and lamellae thickness significantly
increased after the transition point for this bistable case. The
lamellae thickness as measured from the back of the chip varied
from less than 1 �m to greater than 4 �m, and cut-chip thickness
varied from approximately 33 �m to 117 �m, an increase of over
350%. It should be noted that, for this case, the mean force in-
creased from 4.90 N and 16.13 N �over 325%� through the tran-
sition. The largest change in cut-chip thickness �from
5 �m to 45 �m, a change of 900%� was seen on the �6 7 0� facet
with 5 �m prescribed uncut chip thickness and 15 mm /s cutting
speed. Cyclic chip thickness variations were observed for the �2 7

3000X

ps produced on the „2 7 0… orientation
chi
0� facet associated with the Type-III forces. Those data were cor-
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oborated with the high-speed video images, where Type-II and
ype-III cases produced visible changes to chip curvature at times
orresponding to force variations.

These observations indicate that a fundamental change in the
hip-formation process occurred during the transition for the cases
ith Type-II forces, and the force fluctuations were reflected in

ut-chip thicknesses for the cases with Type-III forces.

(a)(a)

(b)(b)

(c)(c)

Fig. 12 Shear-front lamella at 20 �m pre
speed for „a… „2 9 0…, „b… „2 7 0…, „c… „4 1
crystallographic orientations

Fig. 13 450Ã magnification SEM image ill
thickness of the lamella from the face and

10 mm/s and 20 �m prescribed uncut chip th
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4 Summary and Conclusions

This paper presented an experimental investigation on orthogo-
nal cutting of single-crystal aluminum using a diamond tool. Un-
cut chip thicknesses and cutting speeds were varied while cutting
six different crystallographic orientations of the workpiece. Cut-
ting forces, chip morphology, shear stresses, shear angle, and ef-

(d)(d)

(e)(e)

(f )(f )

ibed uncut chip thickness and 15 mm/s
…, „d… „12 5 0…, „e… „3 2 0…, and „f… „6 7 0…

rating the difference between the apparent
profile views for the „2 9 0… orientation at
scr
1 0
ust
the
ickness
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ective coefficient of friction were carefully analyzed for each
xperiment. The repeatability of the experimentation was shown
hrough an ANOVA analysis. The following specific conclusions
ave been drawn from the presented work:

• Three distinct types of force signatures, including steady
�Type-I�, bistable �Type-II�, and fluctuating �Type-III� forces
are encountered when cutting single-crystal aluminum at
different orientations. The bistable force can be observed
only if the cutting length at a given crystallographic orien-
tation is sufficiently long. The causes of the observed
bistable and fluctuating force signatures are the unsteady
slip behavior of the single crystals and the changes in fric-
tional characteristics on the rake face.

• Specific energies vary by as much as threefold in different
orientations. The highest and the lowest specific energies are
seen when cutting the �3 2 0� and �6 7 0� facets, respectively.
The specific energies significantly vary with uncut chip
thickness, whereas the variation with cutting speed is small.
The size effect is independent of crystallographic orienta-
tions.

• The lowest effective coefficient of friction, and thus the low-
est amount of energy expended for friction as compared to
shearing, is on the orientation with the highest specific cut-
ting energy ��3 2 0� orientation�, and vice versa. The effec-
tive coefficient of friction varies with crystallographic ori-
entations and uncut chip thickness.

• Both the shear angle and shear stress depend considerably
on the crystallographic orientations, but they are less sensi-
tive to changes in cutting conditions. A significant variation
in shear stress �from 25 MPa to 450 MPa� was seen at dif-
ferent crystallographic orientations. The orientation with the
lowest shear stress ��6 7 0� orientation� coincides with that

((

Fig. 14 SEM image comparing lamellae
„bottom… the transition for the bistable cas
and hcp=20 �m
with the lowest specific cutting energy.
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• The shear-front lamella is observed as the basic chip struc-
ture. The lamellae spacing significantly changes with crys-
tallographic orientation. The lamellae spacing increases with
increasing uncut chip thickness, including uncut chip thick-
ness values higher than 2 �m �22�. The lamellae spacings
are not sensitive to the changes in cutting speed. The behav-
iors of three distinct force types are reflected in the cut chip
thicknesses.
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