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A B S T R A C T   

Mechanical removal of metal induces deformation and changes to microstructural characteristics of the newly 
created surfaces. The mode and extent of deformation can be difficult to predict since it depends on the local 
crystallographic orientation, which varies significantly for polycrystalline metals. In this work, we analyzed the 
deformation mode and extent beneath machined surfaces of different crystallographic orientations. This was 
accomplished by orthogonal micromachining of single-crystal aluminum along six different crystallographic 
orientations orthogonal to the sample [111] zone-axis, followed by electron backscatter diffraction (EBSD) 
analysis to evaluate the resulting subsurface microstructure and crystal lattice rotation. The results indicate that 
differences in the initial material crystallographic orientation produce significant variations in the depth of 
deformation (compared to the uncut chip thickness), the degree of grain refinement and the extent of lattice 
rotations. We grouped the orientation as “hard” or “soft” based on the measured cutting force. The soft orien
tations exhibit deformation modes consisting of shear bands and lattice rotations; whereas hard orientations 
exhibit deformation modes consistent with strain hardening: localized dynamic recrystallization, highly entan
gled dislocations and minimal crystal lattice rotations. The depth of subsurface deformation for some orienta
tions was extensive, reaching depths far greater than the uncut chip thicknesses. Overall, we conclude that the 
cutting force required to machine a given orientation does provide some insight on the local deformation mode, 
and orientations can be easier or harder to machine based on local susceptibility to shear and lattice rotation.   

1. Introduction 

Micromachining and ultraprecision machining (e.g., diamond 
turning) of polycrystalline metals often involves uncut chip thicknesses 
commensurate with the grain size of the workpiece material. At these 
scales, the material cannot be assumed to be isotropic, and hence, the 
local crystallographic orientation must be considered [1–9]. The quality 
of the end-products, including the surface finish [10–12] and material 
properties [13] of the cut-surface, strongly depend on the material 
removal behavior during machining. Machining operations deform the 
surface beneath the cut, thereby altering the material characteristics and 

mechanical properties of the newly created surface [14,15]. The degree 
of grain refinement beneath the cut-surface is critical in determining the 
hardness [16–18], residual stress [14,17] and wear properties [6,19,20] 
of the newly created surface. In addition, the deformation mode and the 
extent of subsurface deformation serves as a validation to models that 
predict the machining induced deformation and microstructure evolu
tion [21–23]. Therefore, it is critical to characterize the extent and mode 
of deformation in crystalline metals as a function of local crystalline 
orientation. 

Previously, the anisotropic behavior of single-crystal aluminum 
during orthogonal cutting has been analyzed, where large variations in 
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the thickness of (cut) chip and the shear angle were observed, indicating 
variation in deformation when cutting along different crystallographic 
orientations [24]. Cutting forces and surface roughness values were also 
observed to vary with the cutting direction even when the cutting plane 
is identical [10–12]. More recently, a semi-empirical model of the shear 
angle and specific energies for f.c.c. single-crystals was developed by 
integrating a crystal plasticity model with a machining model [25–27]. 
Furthermore, comprehensive experiments were conducted on single- 
crystal and coarse-grained aluminum under varying machining condi
tions to assess the crystal anisotropy using the analysis of variance 
approach [28,29]. 

Although most of the efforts in the past have been dedicated to un
derstanding the effect of the material anisotropic behavior on machining 
responses, i.e., cutting force, shear angle and surface roughness, only a 
few studies have directly investigated the microstructural evolution and 
deformation mechanisms beneath the machined—newly crea
ted—surfaces. The material characteristics and the associated mechan
ical properties of the newly created surface is of utmost importance due 
to its effects on the performance of fabricated components. Of the 
handful of studies focused on understanding the machining induced 
[28,30,31] or wear induced deformations [32–34] in single-crystal 
materials, the analysis of single-crystal aluminum during diamond 
turning [31] showed the evolution of both simple shear and compression 
textures on the machined surfaces. The deformed region was seen to 
extend as much as 150 μm deep for an uncut chip thickness of 10 μm. In 
[30], transmission electron microscopy (TEM) was used to characterize 
depth of damage induced in single-crystal aluminum by single point 
diamond flycutting. Recently, Kota et al. [28] also conducted pre
liminary analysis on sub-surface deformation during orthogonal cutting 
of single-crystal aluminum, where microstructural changes could be 
detected up to 20 μm in depth for an uncut chip thickness of 20 μm. In 
[35], we presented a preliminary investigation of single crystal 
machining where we analyze the impact of cleanup cuts on machining 
forces and quantify misorientation as a function of subsurface depth for 
three different crystallographic orientations. Although, these studies 
provide an initial estimate of the machining induced deformations in 
single-crystal aluminum, the change in deformation behavior as a 
function of crystallographic directions has not been well characterized. 

The variation in subsurface deformation with changing cutting di
rections for different cutting planes can provide critical insights on how 
deformation modes might vary. Those insights can be used for modeling 
polycrystalline workpieces during micromachining and precision 
machining, where, due to the small uncut chip thicknesses, the process is 
dominated by how cutting will vary based on individual grains with 
different orientations. However, to date, no study has comprehensively 
characterized the subsurface microstructure (i.e., recrystallization, lat
tice rotation, shear bands) after orthogonal machining single-crystal 
aluminum along various cutting orientations. Therefore, in this study, 
an orthogonal planing approach [28,35] was used to diamond cut single- 
crystal aluminum samples (see Fig. 1(a)) in conjunction with electron 
backscatter diffraction (EBSD) analysis in order to evaluate subsurface 
microstructure and associated deformation mode. 

2. Material and Methods 

The single-crystal aluminum samples, in the form of discs with 25.4 
mm diameter and 1.8 mm thickness, were procured from Goodfellow 
USA. The disc center axis and face surface normal was parallel with the 
Al [111] zone-axis, and hence, all cutting planes and cutting directions 
lay perpendicular to the [111] direction, as shown in Fig. 1(b). The in- 
plane directions were confirmed (with better than 1 deg. resolution) 
by X-ray diffraction (XRD) using a Panalytical X’Pert Pro MRD X-ray 
Diffractometer. The sample was machined along eight different crys
tallographic directions using a single-crystal diamond tool at a 40 mm/s 
cutting speed (v) and 40 μm uncut chip thickness (a0), as shown in Fig. 1 
(a). Out of eight machined orientations, six orientations, as labeled in 

Fig. 1(a), were studied in this work.5 The diamond cutting tool has a 200 
nm edge radius (measured by atomic force microscopy) with 0

◦

rake and 
60

◦

clearance angle. The zero-degree rake angle tool was selected to 
study subsurface deformation as a reasonable medium between positive 
and negative rake angles. 

Machining forces in cutting, thrust and lateral directions were 
measured using a Kistler 9256C2 3-axis dynamometer (see Fig. 2(a)). 
The force data at the onset and end of the cutting process were removed 
to eliminate possible boundary effects, and only the central portion was 
used during our analysis. The cut chips generated during machining for 
each orientation were collected and imaged using an optical microscope 
(Alicona G4 InfiniteFocus) to measure their thickness (see Fig. 2(b)). An 
average of three measurements along the length of each cut-chip (from a 
uniform section) are reported. 

The machined sample was cold mounted in a conductive epoxy and 
the Al (111) disc face was mechanically polished (mirror finish) to 
enable EBSD analysis. The sample was analyzed in a FEI Quanta 200 
field emission gun (FEG) scanning electron microscope (SEM) equipped 
with EDAX EBSD system using a Hikari CCD camera. A hexagonal grid 
was used to collect EBSD data points at 4 × 4 camera binning with 15 kV 
SEM acceleration voltage and 5.5 nA SEM probe current. A neighbor 
confidence index (CI) correlation method was employed to clean-up the 
EBSD data. The EBSD scan areas spanned the machined edge towards the 
center (undeformed region) in order to assess the extent and mode of 
subsurface deformation caused by machining. 

Prior to machining, multiple clean-up cuts of 4 μm (10% of the target 
uncut chip thickness) were made, with depths twice the previous largest 
cut for each cutting direction to remove any residual deformation due to 
the previous cuts. Fig. 1(c) presents EBSD-acquired inverse pole figures 
(IPF) for a sample after clean-up cut (or before machining) and after 
machining. Based on the results, the deformation prior to machining is 
assumed to be negligible with respect to the uncut chip thickness of 40 
μm. 

The extent and the mode of subsurface deformation as a function of 
crystallographic orientation was explored by EBSD through inverse pole 
figures (IPF), pole figures, misorientation angle line profiles and kernel 
average misorientation (KAM) maps. Since machining forces and cut- 
chip thicknesses were also measured during orthogonal cutting, these 
served as additional metrics which are useful for comparing deformation 
and plasticity behavior for different cutting orientations. Therefore, 
these metrics are presented prior to any discussions. 

3. Results and Discussion 

Fig. 2(c)–(d) presents cutting and thrust force magnitudes recorded 
during machining, which is averaged over the length of the cut; the error 
bars indicate the full-range about the calculated average. The measured 
chip thicknesses were used to calculate the shear angles (φ, see Fig. 2(e)) 
with a thin-shear-plane approximation by taking the ratio of measured 
chip thickness before and after the cut as 

tan(φ) =
ao
ac

cos(α)
1 − ao

ac
sin(α), (1)  

where ao and ac are the uncut chip thickness and the measured cut-chip 
thickness, respectively, and α is the tool rake angle. It is noted that the 
deformation mechanism in single-crystal ductile metal machining is 
rather complex and typically involves incremental calculation of plastic 
work [26,27] and/or shear stress [2] in the active slip systems. 
Considering the machining parameters used and the observed micro
structures, any modeling/analytical prediction should consider latent 
hardening and the formation of grain boundaries. Such modeling/ 

5 The remaining two orientations did not provide useful data since the signal- 
to-noise ratios in cutting forces and orientation maps were too low. 
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Fig. 1. (a) Illustration of the orthogonal planing configuration with a 0 deg. rake angle tool, (b) schematic outlining the six orthogonal planing conditions relating the 
single-crystal aluminum sample orientation with respect to the cutting planes and directions, and (c) composite image presenting a photograph of the specimen with 
a highlighted region used for EBSD analysis with inverse pole figure (IPF) maps after clean-up cutting (or before machining) and after machining. The EBSD maps are 
built along the observation direction (OD). 

Fig. 2. (a) Example force data measured during orthogonal micromachining and (b) example optical micrograph of a cut-chip for thickness measurement. Exper
imental and calculated micromachining data plotted as a function of the six sample orientations: (c) cutting forces along the direction of cut Fc, (d) thrust forces 
perpendicular to the direction of cut Ft, (e) shear angle φ. 
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analytical efforts are outside of the scope of this work. Taylor factor (TF) 
was not applicable due to the observation of near-surface crystal lattice 
rotations for some orientations. 

From Fig. 2(c)–(e), the cutting and thrust forces, and the shear angle 
were seen to vary with the crystallographic orientations, confirming the 
anisotropic nature of micromachining a single-crystal metal. These 
variations are used to group the orientations in order to compare 
deformation behavior to measured cutting forces (presented later in the 
text). An arbitrary split was made at 50 N cutting force where the higher 
cutting force orientations 1 and 4 are termed “hard” orientations and the 
rest of the orientations are termed “soft” orientations (see Fig. 2(c)). This 
grouping of hard/soft orientations by higher/lower cutting force is also 
consistent with higher/lower calculated shear angles. 

IPF maps and pole orientations of the subsurface region for the six 
micromachined orientations are presented in Fig. 3, where [111] di
rection is consistently out-of-plane. The pole figures are generated from 
a larger IPF image than shown (depth > 60 μm). The bottom edge is 
identified as the machined surface for all IPF maps in Fig. 3(a), and the 
direction of machining is from left to right. For soft orientations, 
machining was seen to cause noticeable counter-clockwise crystal lattice 
rotations about [111], which are also observed as the counter-clockwise 
(CCW) smearing of 〈111〉 poles in the corresponding pole figures in 
Fig. 3(b). 

Pole figures for the “hard” orientations 1 and 4 do not show appre
ciable smearing of the 〈111〉 poles, indicating negligible crystal lattice 
rotations. For orientation 1, the out-of-plane direction changes from 
[101] to [111] at an approximately 10 μm depth. Given that the rotation 
about [111] pole is negligible, the deformation is expected to diminish 
beyond ~10 μm subsurface. Therefore, in hard orientations (i.e., 1 and 
4), the plastic deformation does not penetrate as deep into the material 
subsurface as extensively as the “soft” orientations, where appreciable 
crystal lattice rotations are observed. In all cases, dynamic recrystalli
zation occurred up to a depth of ~10 μm based on the observation of 
polycrystalline grains formed at the machined near-surfaces. Likewise, 
in single-point diamond flycutting of Al single-crystals [30], evidence of 
crystal growth was observed by TEM only up to 3.2 μm below the {111} 
surface orientation for a 6 μm uncut chip thickness. The depth of damage 
was also reported to be a function of the cutting plane. 

From Fig. 3(b), orientations 3 and 6 show significantly higher crystal 
lattice rotations than the other orientations, noticeable from the 
counter-clockwise rotation about the out-of-plane 〈111〉 direction. 
Specifically, orientation 6 exhibits ~50% lattice rotation while also 
experiencing the lowest forces during cutting (from Fig. 2(c)). A large 
out-of-plane lattice rotation could facilitate machining by presenting an 
easier-to-shear orientation to the tool, thereby producing a low cutting 
force and substantial subsurface deformation (high shear strain). Such 
counter-clockwise lattice rotations and formation of new grains were 
also observed in the molecular dynamics simulation of polycrystalline 
copper during microcutting [23]. Tilting of the cutting plane normal 
(equivalent to out-of-plane rotations in our case) has also been observed 
in previous sliding wear experiments [20]. While outside of the scope of 
this study, observed small-grain recrystallization at the machined sur
face for orientations 2 and 4 may produce higher hardness consistent 
with the Hall-Petch relationship [36]. Orientation 1 is unique in the 
sense that it shows a large grain formation across the whole machined 
surface, which is uncharacteristic of all other orientations. 

Fig. 4(a) plots misorientation angle as a function of distance from the 
machined edge, where local orientation is referenced to the non- 
deformed bulk (111) surface far away (>60 μm) from the machined 
edge. An average of 10 different line measurements were taken to pro
duce misorientation profiles. There are three distinct orientation pairs to 
note. Orientations 3 and 6 exhibit the largest degree of misorientations 
over the greatest depths subsurface. Orientations 2 and 5 exhibit mod
erate misorientations that do not extend as far as orientations 3 and 6. 
Meanwhile, orientations 1 and 4 show the highest degree of mis
orientations within the first 10 μm from the machined edge, but the 
misorientations decrease substantially beyond this depth to angles lower 
than those for the other orientations. These observations further sub
stantiate the strong degree of localized dynamic recrystallization that 
appears to be characteristic for the “hard” orientations. 

Fig. 4(b) presents KAM maps of the subsurface regions for all six 
machined edges. For orientation 1 and 4, KAM activity visible in the 
upper half of the maps are artifacts from mechanical polishing during 
specimen preparation. It should be noted that these artifacts do not in
fluence observations from the IPF maps, pole figures, or misorientation 
profiles previously discussed. 

Fig. 3. (a) IPF maps of cross-sectioned, machined surfaces for six different orientations, where machining direction is from left to right, (b) pole figures for all six 
orientations as well as a reference for bulk, non-deformed case (bottom). Black lines are high angle [θ > 15

◦

] grain boundaries and white lines are low angle [2
◦

< θ 
< 15

◦

] grain boundaries. Dashed white lines indicate shear bands. The EBSD maps are built along the observation direction (OD). 
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Both the IPF maps and KAM maps for soft orientations 2, 3, 5 and 6 
show the presence of shear bands- region of concentrated plastic flow- 5 
to 30 μm beneath the machined surfaces. These shear bands extend to 
the depths of 20–30 μm for an uncut chip thickness of 40 μm and are 
oriented between 55

◦

and 60
◦

to the horizontal direction. Among those, 
orientation 2 and 5 show shear banding with little lattice rotations when 
compared to orientations 3 and 6 that show shear banding with large 
lattice rotations. This reveals slightly different deformation modes for 
the “soft” orientations. During sliding wear of single-crystal Al, slip 
shear bands were oriented at 55

◦

with respect to the sliding direction 
[34]. Equal channel angular pressing (ECAP) of single-crystal Al also 
resulted in a shear band formation after 60◦ counter-clockwise rotation 
about the [112] axis to a crystal orientation parallel to the (111) slip 
plane, thus a “soft” shearing direction [37]. Furthermore, shear bands 
were observed at 60

◦

for (111)[211] (orientation 3 in our study), but not 
for (111)[110] (orientation 1 in our study) during a molecular dynamics 
(MD) simulation of nanometric cutting of single-crystal Al [6]. For ori
entations 1 and 4, where the shear bands are absent, the KAM maps 
indicate higher density dislocations and more entangled dislocation 
formation at a more confined depth than other orientations, confirming 
a strain hardening mechanism is tied to the “hard” orientations. 

In general, the total deformation of the material can be expressed as a 
sum of shear strain and rigid body rotation [38]. The shear strain results 
in a greater amount of work hardening (seen for “hard” orientations), 
compared to lattice rotation (seen for “soft” orientations). More specif
ically, the plastic deformation during orthogonal machining process can 
be described as a combination of compression and shear deformation 
ahead of the tool along the cutting direction [2]. According to MD 
simulation by [39], the strain rate did not demonstrate considerable 
effects on the mechanical properties and elastic-plastic deformation of 
the material for both tension and compression. Therefore, the impact of 
cutting speed on resulting deformation modes is expected to be 
insignificant. 

As noted before, the deformation mechanism for orthogonal 
machining of single-crystal ductile metals is difficult to model and 
therefore needs extensive experimental results for verification. Crystal 
Plasticity FEM (CPFEM) [40–43] is commonly used as an approach to 

investigate deformation mechanisms in severe plastic deformation 
processes such as Accumulative Roll Bonding (ARB), ECAP and high 
pressure torsion. Traditionally, for orthogonal cutting, researchers have 
modeled the resulting cutting forces, chip morphology and in some 
cases, orientation changes. CPFEM would benefit from additional 
experimental data to validate existing models. The work provided in this 
study may prove useful towards validating existing deformation models. 
Future work with CPFEM should be able to predict what combination of 
recrystallization, strain hardening and crystal lattice rotation can be 
expected for a given crystal orientation, thereby providing critical in
formation for predicting surface hardness and wear resistance for 
machined metal surfaces. 

4. Conclusions 

In summary, plastic deformation caused by the orthogonal micro
machining resulted in significant changes (in relation to uncut chip 
thickness) in the microstructure beneath the newly created surface. 
Furthermore, the extent and mode of deformation is strongly dependent 
on the crystallographic orientation. The main conclusions are: (1) for the 
machined orientations, cutting forces sees a significant variation be
tween different crystallographic orientations about the [111] zone axis 
which is expected from the anisotropic nature of single crystals. (2) The 
softer orientations (2,3,5 and 6) show higher out-of-plane lattice rota
tions and therefore, higher effective strains— resulting in larger overall 
deformation—as compared to hard orientations (1 and 4). This is further 
confirmed by examining the misorientation plots, where the deforma
tion extends to higher depths for softer orientations than the harder 
orientations. The softer orientations also show deformation mode by slip 
and shear bands that are non-existent for hard orientations. (3) On the 
other hand, hard orientations show minimal out-of-plane lattice rota
tions and demonstrate localized dynamic recrystallization that is 
confined within a smaller depth from the machined surface as compared 
to soft orientations. 

Fig. 4. (a) Point-to-origin misorientation angle, where origin is the bulk (non-deformed) region, and (b) kernel average misorientation (KAM), for orientations 1 to 6. 
The EBSD maps are built along the observation direction (OD). 
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