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• The homogeneity of severe plastic de-
formation at micrometer length-scales
is orientation-dependent.

• The deformed structure from large
shear strains spans from ultrafine grains
to that entirely unrefined.

• The orientation of the loading deter-
mines the kinetics of dislocation annihi-
lation and the resulting microstructure.

• Ductile fracture due to shear inhomoge-
neity across grain boundaries limits the
integrity of inherited surfaces.

• Fundamental limits emerge on the suit-
ability of technologies such as diamond
turning in fabricating optical
components.
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The emergence of shear inhomogeneity across grain boundaries during severe shear deformation in Cu at themi-
crometer length-scales is demonstrated through in situ imaging inside a scanning electron microscope. The de-
formation mechanics during machining is found to be orientation dependent. Microstructure refinement from
severe plastic deformation in confined volumes is entirely suppressed in certain orientations but results in a char-
acteristic ultrafine structure in others. Rampant ductile fracture is found to nucleate at somegrain boundaries due
to elevated dislocation densities, and this failuremechanism is imprinted on the freshly generated surface, which
limits the precision of machining-based processes (e.g., diamond turning) in nanometrically-smooth roughness
profiles.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plastic deformation of crystalline metals is accommodated via dislo-
cationmultiplication, annihilation, rearrangement, and (possible) twin-
ning [1,2]. Motion of dislocations is confined to slip systems, of which
en access article under the CC BY-NC
mobility and glide are fundamentally determined by the lattice struc-
ture and in turn, determines the mechanical response [3]. In face-
centered cubic (FCC) copper, there are 12 independent slip systems
available. A slip system is activated when the applied stress τ is larger
than its corresponding critical resolved shear stress τCRSS. The resolved
stress components on each slip systemare determined by the alignment
of crystal latticewith respect to external loading. Thus, the abundance of
slip systems doesn't necessitate isotropy. As for plastic deformation
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with low tomoderate strain values (typically b1), only a limitednumber
of slip systems are involved which can be predicted by Schmid factor
analysis and also has been experimentally observed in uniaxial ten-
sion/compression [4,5], nanoindentation [6,7], etc. However, as strain
increases into severe plastic deformation (SPD), prolific cross-slip com-
plicates the situation. Correspondingly, investigation of microstructural
evolution shows characteristic refinement of bulk grain, resulting in
ultra-fine grained structures in deformed materials due to strong dislo-
cation interactions [8,9]. Formation of dislocation tangles transform into
cells and subgrain boundaries evolving with strains [10]. Furthermore,
SPD often involves dynamic recovery and recrystallization (DRX)
which also complicates final microstructure [11,12]. The evolvement
of microstructure during plastic deformation results from both storage
and annihilation/recovery of dislocations. It has been recognized that
the evolution of dislocations is dependent on the crystal orientation,
even in FCC materials [13]. This underpins the evolution of the harden-
ing rate that is perceived in the flow stress and the evolution of disloca-
tion cell structures (including cell sizes and/or misorientation across
neighbors) during Stage II were found to be orientation-dependent
[14–16].

Here, we purpose plane-strainmachining to impose SPD in Cu at the
micrometer length-scales to examine the orientation-dependent me-
chanics andmicrostructure refinement. The experimental configuration
is designed to subject individual grains to SPD, one orientation at a time
with the deformation depth being held much smaller than the bulk
grain size. However, examining the progression of the deformation
across these individual grains reveals the role of intra- and intergranular
inhomogeneity on themechanics andmicrostructure evolution. The de-
formation zone is characterized via digital image correlation (DIC) of
secondary electron images. Electron backscattered diffraction (EBSD)
across the deformation zone is used to reveal themicrostructural conse-
quences as a function of the parent grain structure. Meanwhile, the to-
pographical integrity of machining surface is inherited from the
modification of the deformation zone and subsequent microstructure
evolution due to various alignments of bulk orientations with respect
to machining tool. This is used to reveal the mechanism behind the nu-
cleation of surface defects, which limits the precision achievable with
micrometer-scale removal process (e.g., diamond turning).

2. Experimental methods

A customized sub-stage (as shown in Fig. 1a) has been built to per-
form deformation experiments, where the workpiece is advanced
against a wedge-shaped diamond tool. This configuration is essentially
one of plane-strain machining. The scale of deformation is defined by
a single parameter, preset depth of cut h for a given displacement
speed. This stage can fit in the vacuum chamber of Thermo Scientific™
Apreo scanning electron microscope (SEM). Since the cutting tool is
kept stationary with respect to electron beam during in situ deforma-
tion experiments, the material flow from undeformed bulk through de-
formation zone to severely sheared chip can bemonitored continuously
via secondary electron (SE) imaging. In this research work, the cutting
tool is a single crystal diamond with radius of edge b25 nm and the
roughness (surface arithmetical mean height) of the rake plane is
~12 nm as measured from Bruker Optical Profilometer. The rake angle
α is set at 0° and the clearance angle is 10°. As for other deformation pa-
rameters, the speed in advancing workpiece, Vc, was kept at a constant
value of 150 μm/s and preset depth of cut h was varied from 1 μm to
3 μm.

Bulk material examined here, Oxygen-Free High Conductivity
(OFHC) copper sheet (with purity of 99.99%) was annealed at 700 °C
for 2 h and cut via a diamond saw into pieces of 10 mm×10 mm. To re-
veal the bulk microstructure, the workpiece was polished using stan-
dard metallographic preparation procedure (through 9 μm, 6 μm,
3 μm, 1 μm)down to a final stepwith 0.04 μmcolloidal silica suspension
on Struers Tegramin 25. Although the resultantmirror-like surface from
polishing could yield orientation imaging microscopy (OIM) with high
quality via EBSD, it lacks enough contrast for identification of individual
grains in SE imaging. Thus, freshly polished surface was subsequently
etched by mixture of acetic and nitric acid (with volume ratio 1:1) for
around 20 s. As shown in Fig. 1b, chemical etching provides a unique
sign to identify the grain being deformed when referring to crystal ori-
entationmap from EBSD. Also, the average grain size of bulk Cu is about
~100 μm±20 μm. In thiswork, grainswith sizeN10h are selected for ex-
periments and subsequent analysis. When comparing it with the preset
depth of cut, this deformation configuration samples only a small frac-
tion of a single grain in each increment of time (when viewing along
x-axis) as shown in the SE image of Fig. 1c, i.e., intragranular
deformation.

The quantitative analysis of material flow through the deformation
zone was achieved via digital image correlation (DIC) [17,18]. As
pointed out earlier, a sequence of SE images of the “stationary”deforma-
tion zonewas recorded during in situ deformation experiments. The as-
perities on the surface from chemical etching offers substantial contrast
for feature tracking in image correlation algorithm to characterize the
material flow. For a given asperity P = (x,y) in ith image, its corre-
sponding position in (i + 1)th image is estimated by calculating the
maximum value in two-dimensional discrete cross correlation function

Φi x; yð Þ ¼
Xp
i¼1

Xq
j¼1

f i x; yð Þ � f i xþm; xþ nð Þ ð1Þ

where f(x,y) is the intensity at asperity (x,y) in the image. The displace-
ment fieldD can be constructed via running the above calculation for all
detecting points, which contains two components, one due to work-
piecemovement (rigid bodymotion) and the other related to shear de-
formation . Subsequently, the strain rate tensor is given by taking spatial
and temporal differentiation of the displacement field:
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In thiswork, the effective strain rate tensorwas calculated by (taking
the square root of inner product)
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Implementation of DIC was done by MATLAB® (see Ref. [17]) and
the spatial resolution (distance between two adjacent detecting points
in the algorithm) is ~0.25 μm.

Specimens with partially detached chips contain full trajectory of
microstructure evolution from bulk crystal to severely shearedmaterial.
These specimens were mountedwith epoxy andmechanically polished
using the same recipe as described earlier. The crystal orientation map
was obtained by EBSD and subsequent analyses were performed by
TSL OIM 7.0 and MATLAB® via MTEX [19]. In the following content,
grain boundaries (GBs, without specification) and high angle bound-
aries (HABs) refer to boundaries with misorientations N15° while low
angle boundaries (LABs) correspond to misorientations between 2°
and 15°. The average grain size is the weightedmean of area separated
by GBs. This value is represented as the diameter of a circle with its area
equal to that for the weighted mean area of calculated grains.

3. Results and discussion

3.1. Deformation mechanics

While performing machining, choosing h much smaller (by orders-
of-magnitude) than the thickness of Cu workpiece (typically ≥100 μm
for all workpieces used in this work) ensures plane strain condition in



Fig. 1. (a) Customized sub-stage to perform in situmachining inside the vacuumchamber of SEM. (b) SE image of etchedOFHCCu surface and crystal orientationmap obtained from EBSD
corresponding to the selected area, where individual grains are readily visible due to chemical etching and their orientations can also be identified. (c) SE image of diamond tool moving
across a single large grain captured during in situ experiment. Note the separation of the length-scales characterizing the bulk grain structure versus that for deformation. Essentially, one
grain at a time is sampled, until a grain boundary is traversedwhen viewing along x-axis. In our experiments, the sub-stage has been tilted around x-axis to a fewdegrees (b5°) to avoid the
shadowing effect from the diamond tool on the etched surface.

3S. Gong, M.R. Shankar / Materials and Design 194 (2020) 108874
the deformation zone as shown in Fig. 2a. This thickness is defined nor-
mal to the x-yplane in Fig. 1c. The rake angle γnwas kept at a constant of
0°. Thus, the corresponding effective strain imposed can be calculated
via [20]:

εeff ¼
cosγnffiffiffi

3
p

sinφ cos φ−αð Þ ¼
1ffiffiffi

3
p

sinφ cosφ
ð3Þ

whereφ (the angle between ideal shear plane and x-z plane in Fig. 2a) is
determined by the ratio of preset depth of cut and thickness of de-
formed chip, tanφ= h/hc. This value was directly measured from scan-
ning electronmicrographs of partially detached chip. At themicrometer
length-scale, this ratio is primarily dominated by crystal orientation be-
ing deformed for given condition as in Fig. 2b. The variation of strain
values imposed on grains of different orientations is shown in Fig. 2c.
For a given cutting speed Vc, the chip speed Vch (Fig. 2d) and shear speed
Vsh (Fig. 2e) can be calculated as.

Vch ¼ Vc
sinφ

cos φ−γnð Þ and Vsh ¼ Vc
cosγn

cos φ−γnð Þ ð4Þ

It can be seen that the shear speed doesn't vary a lot with crystal ori-
entations. Note that the grain orientations in the inverse pole figure in
Fig. 2b–e are defined with respect to normal direction of Cu workpiece,
i.e. z-axis in Fig. 2a. While the deformation conditions are identical, h=
1 or 2 μm and Vc = 150 μm/s, the material flow from severe shear is
markedly divergent as a function of bulk grain orientations.

Fig. 3 shows the results of characterization of material flow through
deformation zone during in situ deformation experiments via DIC.
Snapshots of deformation zone corresponding to two individual grains
are shown in Fig. 3a and c, of which orientationswith respect to tool ad-
vancing direction are illustrated by the insets. Subsequently, strain-rate
fields in Fig. 3b and d, were obtained by performing spatial and tempo-
ral differentiation of displacement field across deformation zone. This
highly localized strain-rate field coincides with the assumption that
SPD is imposed in confined zones; i.e. a nominal shear plane.

3.2. Microstructure evolution across the deformation zone

The trajectory of microstructure evolution from bulk crystal to se-
verely deformed chip across deformation zone is retained in specimen
with partially detached chip. The history of deformation from the unde-
formed bulk through the confined zone of deformation, where the large
shear strains are accumulated can be tracked. Fig. 4 reveals the corre-
sponding mechanics, which was obtained by deforming annealed Cu
with h= 2 μm and Vc = 150 μm/s. The deformed chip essentially sam-
ples a small volume from intragranular deformation within a single
crystal. In Fig. 4a, the black arrow line indicates a path with increasing
strain from 0 to maximum value of ~1.5 (in this particular case). The



Fig. 2. (a) A schematic representation of plane strain deformation. The inverse pole figures showing the orientations of bulk grain orientations (with respect to z-axis) labeled with:
(b) calculated chip ratio, (c) effective strain value, (d) chip speed and (e) shear speed. Loading directionwith respect to the crystallographic axis influences themagnitude of plastic strain.
However, all these values are within the realm of severe plastic deformation with values in excess of 1. Still, divergent pathways of microstructural evolution are shown to result,
subsequently.
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dislocation density in the deformation zone increaseswith accumulated
strains, and subsequently, multiplication and rearrangement of disloca-
tions result in formations of dislocation sub-structures including inci-
dental dislocation boundaries (IDBs, from statistically trapped
dislocations) and geometrically necessary boundaries (GNBs, because
of strain gradients) [21]. The misorientations of these boundaries in-
crease with increasing levels of strains. This is shown in Fig. 4a and d,
where a HAB was found in the path from bulk grain to deformed chip.
Furthermore, the aforementioned mechanism is also assisted by dy-
namic recrystallization (DRX), which is mainly responsible for the “dis-
location-free” (or low density) regions surrounded by HABs in the
deformed chips as can be seen in the kernel average misorientation
map in Fig. 4b.

3.3. Microstructure in deformed chips

The microstructure of the deformed chip shown in Fig. 4a is anoma-
lous in comparison to conventional expectation that severe plastic
deformation results in ultra-fine grain structures. It is clear from Fig. 5
that some orientations follow the expected trajectory of microstructure
refinement in response to large strains, while others do not. The micro-
structural refinement, at least at the deformation scales examined here
(h = 2 μm and Vc = 150 μm/s), are markedly orientation dependent.

It is important to distinguish this behavior from confounding ther-
mal effects. The machining is a thermo-mechanically coupled deforma-
tion system where corresponding microstructure evolution can be
altered by temperature rise [22]. It is difficult to perform direct ther-
mometry on the deformation zone during in situ experiments in SEM.
The deformation conditions (small preset depth of cut and also low cut-
ting speed) were chosen to preclude any significant bulk heating of the
chips. Thus, the microstructural refinement is likely due to suppressed
storage of dislocations. Note, that the strain values across the orienta-
tions of loading are in excess of an effective strain of 1. Despite this,
some of the orientations show a distinct lack of refinement as illustrated
in Fig. 5d. It has been pointed out by Kocks andMecking [13], the evolu-
tion of dislocation density with incremental strain is given by



Fig. 3. SE images of the deformation zone for performing DIC captured during in situ experimentwith h=3 μmand Vc=150 μm/s of two grains (a) and (c), with insets illustrating crystal
lattice with respect to the direction of tool advancing. (b) and (d) Strain rate fields obtained from DIC corresponding to the areas outlined by dash-lined rectangles in (a) and
(c) respectively.
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where the first term accounts for the rate at which the mobile disloca-
tions are stored and the second term k2ρs represents the annihilation
rate corresponding to dynamic recovery. The dynamic recovery occurs
in process, during the imposition of the large strains. Given the fact
the deformation zone is strongly non-homogenous, a high strain gradi-
ent is embedded. Its presence necessitates the generation of geometri-
cally necessary dislocations (GNDs), which are required to maintain
the deformation compatibility. Thus, another component shall be taken
into account:

dρ
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¼ 1
b
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p
−k2ρs þ k3ρg
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ð6Þ

where the third term k3ρg represents the contribution from GNDs. The
density of GNDs, ρg is proportional to the strain gradient [23].

A transition in thework hardening behaviorwith increasing levels of
strain is the decline in the hardening rate with the onset of the so-called
Stage III deformation. The onset of Stage III deformation is determined
by a characteristic critical stress τIII, which depends on the crystal orien-
tation at room temperature. Kubin [24] assumed that dynamic recovery
occurs by cross-slip and annihilation where two screw dislocations of
opposite signs cancel each other. The rate of annihilation is defined by
a critical annihilation distance of screwdislocations yhkl (here the super-
script hkl refers to the crystal orientation) which follows yhklτIIIhkl ∝ Cμb
(where C is a constant, and μ is the shear modulus) [24]. So, a small
value of τIII will yield a large critical annihilation distance, which
means two screw dislocations of opposite signs can annihilate over a
large distance. The determination of τIII typically comes from uniaxial
tension/compression tests, referring to the resolved shear stress on
the primary slip plane. Subsequently, the variation in τIII with respect
to orientation refers to the change in loading direction (equivalent to
crystal orientation when viewing along loading direction) [25].

As shown in Fig. 5a and b, the material undergoes shear deforma-
tion in both uniaxial tension and machining of single crystals. We re-
alize that the strain levels examined in this study far outstrip the
Stage III behavior examined in tension tests. However, to draw paral-
lels, we rotated the orientations that were observed with respect to
(w.r.t.) the z-axis as shown in Fig. 2 to along the cutting direction.
Thus, we are able to draw a one-to-one correspondence between
our experiments and those considered earlier [25] in Fig. 5a, which
shows the τIII values as a function of tensile loading direction.
Fig. 5b illustrates the microstructure characteristics (refinement or
lack of refinement) in deformed chips with respect to tool loading
orientation. For deformed chips with characteristic grain refinement
(one is shown in Fig. 5c), it was found that the average grain size in
deformed chips is in the range of 150 nm to 350 nm for crystals ex-
amined in this work, which is generally smaller than a quarter of pre-
set depth of cut h used. Here, a working definition for
aforementioned “lack of refinement” is proposed as the average
grain size in deformed chips is larger than 50% of present depth of
cut, i.e. . When comparing Fig. 5a and b, we find that the crystal ori-
entations which feature lack of refinement after severe shear defor-
mation are close to the orientations that feature a low τIIIhkl. A low
τIIIhkl means a large critical annihilation length yIII

hkl which leads to en-
hanced dynamic recovery. Rampant annihilation in confined vol-
umes that were subjected to large shear deformation subsequently
resulted in coarser dislocation sub-structures. The progressive evo-
lution and refinement of substructures underpins the typical ultra-
fine microstructure. Magnified dynamic recovery in certain orienta-
tions appears to preempt such refinement. The lack in dislocation
density necessitates the decrease in formation of dislocation sub-
structures and subsequently the reorientation is also suppressed
across a confined deformation volume as Fig. 5d in contrast to the
conventional ultra-fine microstructure in Fig. 5c.



Fig. 4. (a) Crystal orientation map and (b) corresponding kernel average misorientation map of a partially detached chip to illustrate the microstructure evolution. (c) SE image of
specimen with partially detached chip with rectangles indicating the location of EBSD, with insets illustrating crystal lattice with respect to the direction of tool advancing. The nominal
shear direction is illustrated by two white arrows. Misorientation maps (d) along the path by black arrow and (e) by white arrow calculated from (a). In the crystal orientation map:
boundaries with misorientation larger than 15° are represented by thicker lines and those with misorientation between 2° and 15° by thinner lines. Refer to the red rectangle in the
schematic for the location where EBSD was performed.
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3.4. Deformation transition across grain boundary

It is inevitable to encounter grain boundaries as deformation con-
tinues given the polycrystalline nature of workpiece. The in situ charac-
terization of material flow across grain boundary is shown in Fig. 6.
Fig. 6a demonstrates an ideal case of deformation transition. As dia-
mond tool approached grain boundary (illustrated by the white line in
Fig. 6a), the deformation in grain Bwas readily initiated once the defor-
mation zone extended across the boundary as indicated by the white
arrow. Severe plastic deformation was transmitted from grain A to B
without any noticeable incompatibility. The anisotropy in deformation
behavior is nonetheless apparent, which is characteristic of the bulk
grain orientation. In this particular case, the deformed chip from grain
B demonstrates a more saw-toothed geometry that is clearly morpho-
logically distinct from that of grain A. A deforms homogeneously, via
continuous simple shear. (Refer to Fig. 1c, the chip remains an integral,
contiguouswithout any observable cracking; the observed lamellar fea-
tures are merely topographical.) But this transition appears to be
smooth and there does not appear to be any instability or incompatibil-
ity during the transition.
This transition, however, is not always the norm. As shown in Fig. 6b,
there was no sign of activation of shear deformation in grain D even
though the diamond tool was advanced right up to the grain boundary,
leading to a formation of notch in the deformed chip as shown in Fig. 6b-
9. Note that imaging artifacts and contrast changes at sharp corners of
insulating materials often shown up in secondary electron images
which cause the difference in the appearance of diamond tool in
Fig. 6a and b. We should be careful to not to read too much into them.
During plastic deformation, grain boundaries potentially act as obstacles
to dislocation motion. In the configuration imposed by plane strain de-
formation as shown in Fig. 6b, dislocations will inevitably accumulate
near the grain boundary as the diamond tool approaches. The localized
dislocation pile-ups lead to an increase in vacancy concentration [26].
Those vacancies tend to gather around deformation-induced bound-
aries, and such condensation results in voids formation. Subsequently,
voids grow through consumption of dislocations [27]. This enhanced
voids generation and coalescence result in the occurrence of ductile
tearing in the vicinity of grain boundary as shown in Fig. 7. Ductile tear-
ing in this manner induces an instability in the plastic deformation and
the mechanics of surface generation. This holds implications for the



Fig. 5. (a) τIII (kg/mm2) of Cu with respect to crystal orientation (after Mitchell and Diehl [25]). (b) Summary of microstructure characteristics (refinement or lack of refinement) with
respect to cutting direction. Crystal orientation maps from EBSD of deformed chips from two different bulk grains (c) and (d) with identical deforming conditions h = 2 μm and Vc =
150 μm/s. (Inset) in (c) and (d) SE images of specimen with partially detached chip with rectangle indicating the location of EBSD, with crystal lattice illustrating the direction of tool
advancing. The nominal shear direction is illustrated by two arrows. Resolving the principal shear direction as a function of crystallographic orientation reveals a correspondence with
trends in dynamic recovery in tension tests. Our comparison is based on relating principal shear direction in our experiments versus that in tension.
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integrity of the surfaces that are generated via micrometer-scale ma-
chining operations, which is critical to the fabrication of diamond-
turned optics and superfinished surfaces.

3.5. Surface integrity

Formation of deformed chips and generation of underlying surface
are tightly interrelated. The aforementioned anisotropic material re-
sponse to severe plastic deformation imposed bymachiningnot only re-
sults in morphological and microstructural variation in deformed chips
but also the surface integrity especially in the vicinity of grain boundary.
Not surprisingly, the surface from a smooth deformation transition
across grain boundary as in Fig. 6a didn't reveal any topographical
change along the grain boundary as in Fig. 8a. Meanwhile, the afore-
mentioned ductile tearing is imprinted on the surface resulting in
grain boundary defect (i.e., abrupt roughness changes across boundary)
as captured in Fig. 8b. We note that this defect is not related to the ma-
terial side flow as this defect extends along the whole grain boundary.
Furthermore, it also appears in the region away from the edge as
shown in Fig. 8d and e. This failuremechanismessentially limits thepre-
cision of surface in diamond-turning process. Note that the cutting-edge
topography is also imprinted on the surface after machining which
corresponds to the longitudinal scratches across the whole region as
shown in Fig. 8. This tooling-mark due to the imperfection of the cutting
edge shall be distinguished from the aforementioned grain boundary
defect which is inherited from microstructural effects. Noell [28]
pointed out that deformation-induced boundaries are sites for voids
generation. Although vacancies formation increaseswith increasing dis-
location density, the formation of voids via vacancy coalescence is a sto-
chastic process. Thus, the two boundaries in Fig. 6 exert different effects
on the surface integrity.With aid of in situ experiment, the source of to-
pographical defects inherited by the freshly generated surfaces becomes
apparent. Instabilities in plastic flow across grain boundaries lead to de-
terioration of surface finish in precision machining processes.

4. Conclusions

The effect of bulk grain orientation on severe plastic deformation im-
posed by machining on annealed OFHC Cu with preset depth of cut h b

3 μmwas examined. The effect of cutting orientationwith respect to the
crystal axis revealed an anisotropic response to both the mechanics of
plasticity and the resulting microstructure evolution. With aid of in
situ experiments, the deformation mechanics were examined via DIC.
The deformation zone was characteristically confined to sub-



Fig. 6. Sequence of SE images of the deformation zone in annealedOFHC Cuwhendiamond toolmoves across grain boundaries (illustrated bywhite line in the image) in two distinct cases
(a) and (b), also see Supplementary Movies 1 and 2. (Inset) illustration of crystal lattices. Deformation condition: h = 3 μm and Vc =150 μm/s.
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micrometer length-scales, but manifested differing levels of shear strain
as a function of orientation–all else held identical. The microstructure
evolution during severe plastic deformation was characterized by
performing EBSD,which revealed behavior ranging from the expected re-
finement to complete lack thereof. This variation in microstructural
response is attributed to the anisotropic accumulation of dislocations as
a function of the loading direction. We find striking parallels to the ob-
served anisotropy in the dynamic recovery behavior as a function of the
orientation in uniaxial loading. The mechanics of deformation that leads
to the chip formation also holds implications for the integrity of the



Fig. 7. Illustration of ductile tearing as diamond tool approaches grain boundary.
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freshly generated surfaces. The switch-over in themechanics of strain ac-
commodation leads to ductile tearing at grain boundaries. These instabil-
ities are inherited by the surface, which limit the surface integrity that can
be generated using processes, such as diamond turning.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108874.
Fig. 8. SE images of the surface from machining across grain boundaries: (a) and (b) correspon
position where SE images were taken. (d) SE image of surface with grain boundary defect
orientation map obtained by EBSD corresponding to the area as indicated by the black rectang
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