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SiC particle reinforced Al metal matrix composites (Al/SiCp MMCs) are typical difficult-to-machine materials due
to the heterogeneous constituent. Poor surface integrity is commonly caused in conventional machining methods.
To explore material removal mechanisms in high-speed grinding, this study carries out high-speed grinding
(HSG) on an Al/SiCp MMC at a grinding speed from 30.4 m/s to 307.0 m/s, and assesses surface integrity
including surface damage and subsurface damage (SSD) to explore how different grinding speeds take effect
therein. The results reveal that improved surface quality is attained in HSG in which continuous and discon-
tinuous dynamic recrystallization mechanisms govern Al grain refinement, and the latter is inclined to occur in
the upper part of the ground surface. The distribution of the O-rich zone is closely associated with subsurface
cracks. The workpiece ground at a higher grinding speed is with less damage than at a lower grinding speed due
to the reduced O-rich zone. Three different layers in the subsurface below ground workpiece are identified based
on various features, which are relatively narrower compared to that in low-speed grinding. The range of plastic
deformation of the Al alloy matrix is suppressed in HSG because of larger Al grains and a reduced depth of lateral
cracks in Al alloy matrix. Distinctly denser dislocation kinks formed at the boundary of SiC particles in HSG
indicate the increased ductility of SiC particles. In HSG of Al/SiCp MMCs, strain-rate effect prevails for Al alloy
matrix as a result of reduced ductility, and size effect plays the dominant role for SiC particles due to increased
ductility, which facilitate reducing the property discrepancies between these two very different components.
Therefore, an improved surface integrity of the Al/SiCp MMCs is realized through HSG. This study enhances the
understanding of the surface and subsurface formation and material removal mechanisms in HSG of Al/SiCp
MMCs, which can provide a theoretical basis and practical reference for achieving better surface quality for Al/
SiCp MMCs and other composites machined by HSG.

1. Introduction notoriously known to be typical difficult-to-machine materials when the

conventional cutting or milling techniques are utilized for Al/SiCp

SiC particle reinforced Al metal matrix composites (Al/SiCp MMCs)
represent a new generation of materials featuring significant scientific,
technological, and commercial importance [1-3] owing to their high
specific strength and stiffness, high temperature resistance, and excep-
tional corrosion resistance compared to their equivalent non-reinforced
metallic alloys [4-6]. Al/SiC MMCs are hence being used to replace
conventional materials in various engineering applications in aerospace,
aircraft, electronics, and automotive industries due to the increasing
performance requirements [7,8]. However, Al/SiCp MMCs are
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MMCs because of the marked property difference between the two
constituents of hard ceramic reinforcement (SiC particles) and ductile
metal matrix (Al alloy matrix). To be specific, the heterogeneous
structure always leads to serious surface defects and subsurface damage
(SSD) in a conventional machining process [9-11], which substantially
deteriorates the mechanical characteristics and fatigue properties of the
machined materials [12].

In machining of Al/SiCp MMCs, surface pits, cracks, and scratches
are the typical defects of the machined surface due to the
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inhomogeneous structure of the materials, which is governed by
different material removal mechanisms of both the soft Al alloy matrix
and the hard SiC particles [13]. In machining of the Al alloy matrix, a
conventional process may suffer from cutting tool wear, built-up edges,
and workpiece burn because of severe plastic deformation [14]. In
machining of SiC particles, brittle fracture along with cracks and frag-
ments is commonly the mechanism dominating brittle material removal.
Moreover, the relative position of the cutting tool and the SiC particles
plays a vital role in determining the quality of surface integrity of
machined surface [15]. To be specific, the relative position when the
tool are located at upper, lower, or middle part of an SiC particle cor-
responds to five different surface damage modes, i.e., fracture, press-in,
pull-out, rotation, and ploughing of SiC particles [16]. When there is no
interaction between the tool and SiC particle, the cutting mechanism can
be attributed to shearing of the ductile Al alloy matrix [1]. Since both
ductile removal and brittle removal mechanisms co-exist in machining
of Al/SiCp MMCs, the machined surface contains the surface damage
modes that are specific to the combination of the two very different
components. Although extensive studies have been performed on the
surface quality in machining of Al/SiCp MMCs through evaluating the
effects of different machining methods and process parameters on the
surface quality [6,17,18] and SSD [1,4,19]. Few of the current works are
focused on material removal mechanisms. Therefore, an in-depth
investigation on SSD is needed to reveal material removal mechanisms
and improve surface integrity of Al/SiCp MMCs.

In a practical machining process, the surface damage modes and
surface integrity are not only influenced by the corresponding material
removal mechanisms, but also associated with the influence of thermal
effect in the machining zone. As a typical difficult-to-machine material,
Al/SiCp MMC is known to have a high temperature rise during a con-
ventional machining process because of severe plastic deformation of
the Al alloy matrix and intense tool-chip friction. The extensive plastic
deformation and thermal effect in the machining zone bring about many
practical problems [1,2]. On one hand, heat generation causes dimen-
sional inaccuracies to the workpiece due to the intense thermal expan-
sion [4]. On the other hand, adhesion of the workpiece material to the
machining tool usually occurs in machining of ductile Al alloy, thus
increasing machining forces and consequently temperature rise in the
machining zone [8]. Moreover, higher levels of diffusion and oxidation
may occur to the machined surface when subjected to larger thermal
loads, which can further deteriorate the surface integrity of the work-
piece. With increasing the machining speed, it is believed that thermal
effect will become more pronounced due to more intense friction and
plastic deformation. However, it is quite difficult to directly measure the
temperature rise in the machining zone, especially in a high-speed
machining process.

To deal with the problems faced by the conventional machining of
Al/SiCp MMCs, great efforts have been devoted to developing high-
speed grinding (HSG) method, i.e., grinding at a speed of 10-15 times
higher than its conventional counterparts. Compared with other
machining methods, HSG is more feasible to simultaneously achieve
high-efficiency, high-accuracy, and low-damage machining [20]. In
HSG, the material deformation and removal mechanisms can be
different from that in conventional machining because of high
strain-rate evoked material embrittlement and the significantly reduced
thermal effect resulted from the suppression of plastic strains in the
machining zone [21,22]. The interplay of thermal effect, size effect, and
strain-rate effect in an HSG process complicates the analysis of surface
defects and SSD. Moreover, the inhomogeneous microstructure of
Al/SiCp MMCs further increases the complexity in analyzing surface
integrity and the corresponding material removal mechanisms. At pre-
sent, there has not been significant research on exploring the material
removal mechanisms at such high grinding speeds considering the
complicated interplay of these factors as well as great property dis-
crepancies of the two components of Al/SiCp MMCs through HSG.

Although HSG of Al/SiCp MMCs are rarely reported, studies on HSG
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of other materials are extensively investigated. Shimizu et al. [23]
revealed evident work hardening and improved surface quality in HSG
of Al In HSG of the Al6060T6 alloy, Guo et al. concluded that an
increased grinding speed was beneficial to improving surface integrity
through weakening surface plastic deformation and reducing the depth
of SSD [24]. As reported by Choudhary et al. [25], a drastic reduction in
SSD was observed in HSG of alumina. In an HSG study of zirconia, Chen
et al. [26] found that the dominating removal mechanism changed from
brittle to ductile at an increased grinding speed. It is speculated that HSG
will improve grindability of both ductile and hard materials, as well as
the composite materials made of both ductile matrix and hard re-
inforcements. With a rapid development of high-speed precision ma-
chine tools, HSG of Al/SiCp MMCs at a maximum linear speed of over
300 m/s has currently become a reality, which is yet to be investigated.

To investigate the surface integrity and material removal mecha-
nisms in grinding of Al/SiCp MMCs, reliable and accurate methods for
SSD characterization are beneficial to improving the reliability of
experimental results. For revealing SSD, mechanical polishing [13,27]
and chemical etching [1] are the widely employed methods. However,
the veracity of the results would be substantially compromised once
original damage is impaired or additional damage is introduced by using
these methods, which will undermine the accuracy of experimental re-
sults and prediction models. To improve the reliability of SSD charac-
terization, the in-situ etching by focused ion beam (FIB) is adopted to
delicately capture SSD information without introducing extraneous
damage to a sample [28]. FIB milling has widely been used in materials
science to produce thin lamellae for transmission electron microscopy
(TEM). It is an ideal technique to reveal SSD in HSG of Al/SiCp MMCs.

In HSG of Al/SiCp MMCs, a critical problem is how the components
of Al/SiCp MMCs respond to grinding at a high strain-rate but a small
cutting depth. Up to now, there has not been any significant research on
HSG of Al/SiC MMCs considering the respective material responses and
material removal mechanisms in HSG. Moreover, it is difficult to find a
reliable method for comprehensively evaluating surface integrity
without introducing additional damage, especially for the SSD
evaluation.

This study carries out high-speed grinding on Al/SiCp MMCs at a
grinding speed up to 307.0 m/s, and assesses surface integrity and ma-
terial removal mechanisms, including surface and subsurface damage, as
well as material ductile-to-brittle transition at critical grinding speeds. A
comprehensive analysis will be conducted to elaborate surface integrity
and material removal mechanisms at the subgrain scale, material
deformation behaviors and SSD formation mechanisms for different
components of Al/SiCp MMCs in HSG.

2. Workpiece materials and experimental procedures
2.1. Workpiece materials

The Al/SiCp MMC was used as workpiece material in this study, and
was comprised of 35 vol% SiC particles in the AlSil12 alloy matrix. The
chemical compositions of the AlSi12 alloy are listed in Table 1. The
workpiece material was fabricated via a powder metallurgy route. After
fabrication, a workpiece was ground and polished using diamond
abrasive papers into a block with dimensions of 10 mm x 10 mm x 5
mm for the subsequent grinding experiments.

Fig. 1a shows the size distribution of the reinforced SiC particles,
where the average size of the SiC particles was determined as 14.4 pm by
a laser particle size analyzer (Mastersizer 3000, Malvern, UK). The insert
in Fig. 1a shows that irregularly shaped SiC particles were randomly
distributed in the AlSi12 alloy matrix. Minor voids identified in the in-
terfaces between these two phases were considered normal due to the
incomplete compaction during the fabrication process. The phase con-
stituents of the Al/SiCp MMC were characterized using the X-ray
diffraction (XRD) technique as shown in Fig. 1b, which were composed
of four main phases, i.e., Si, 6H-SiC, 3C-SiC, and Al.
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Table 1
Chemical compositions of the AlSi12 alloy matrix.
Element Al Si Fe Mg Cu Zn Ti Mn
wt% Balance 11.7 0.11 <0.01 <0.01 <0.01 <0.01 <0.01
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Fig. 1. (a) Size distribution of the SiC particle, and (b) phase constituents of the Al/SiCp MMC.

2.2. Experimental setup

In this study, HSG of the Al/SiCp MMC was carried out on a grinding
machine (Quest GT27, Hardinge, USA) which was equipped with a
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customized high-speed hydrostatic motorized spindle (TDM SA,
Switzerland) as shown in Fig. 2a. The spindle was able to reach a rota-
tional speed up to 60,000 rpm with a radial/axial error motion less than
0.1 pm, a power up to 12.5 kW, a radial stiffness over 40 N/um, and a
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Fig. 2. (a) Experimental setup for HSG arrangement of the Al/SiCp MMC; (b), (c) schematic diagrams from different perspectives.
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radial load capacity over 380 N. A carbon fiber reinforced CBN grinding
wheel was used in the HSG study.

Al/SiCp MMC workpieces were attached to the workpiece spindle of
the HSG machine. A workpiece fixture of a diameter of 190 mm and a
thickness of 8 mm was mounted to the workpiece spindle, shown in
Fig. 2b. Two identical workpieces were symmetrically fixed to the pe-
riphery of the fixture using paraffin wax to maintain high stiffness and
dynamic balance. After being attached to the fixture, a dead weight of 1
kg was hanged to the workpiece to assess the reliability of paraffin wax.
To facilitate a successful grinding, the workpieces were placed with a
protrusion length of 2 mm on the periphery of the fixture, as schemat-
ically shown in Fig. 2c. To improve the damping characteristics of the
grinding wheel with a reduced weight, a carbon fiber reinforced plastic
(CFRP) disc was designed to serve as the substrate and vitrified bonded
CBN abrasives were used for the high-speed grinding wheel fabrication.
The high-speed grinding wheels used in this study were cooperatively
fabricated by a professional manufacturer (Zhengzhou Research Insti-
tute for Abrasives & Grinding, China). The detailed information of the
grinding wheels is presented in Table 2.

2.3. Experimental procedures

Prior to each grinding trial, the grinding wheel was first trued with a
#800 diamond rolling wheel. During the trueing process, the feed rate
along the X axis was 200 mm/min, and the trueing depth was 0.5 pm per
pass. The grinding wheel and the diamond rolling wheel were rotated in
the same direction at 22,000 rpm and 5,000 rpm, respectively. After
trueing, the grinding wheel was dressed with a #800 SiC wheel by
contacting the rotating grinding wheel for about 30 s. The dressing pa-
rameters were the same as those for trueing. A water-based coolant was
employed in the trueing and dressing processes via flood cooling with a
flow rate of 10 L/min. The wheel was then balanced at the grinding
speed being used during each test using a dynamic balancing instrument
(BMT240M.2, MPM, Germany). HSG of the Al/SiCp MMC was per-
formed according to the parameters tabulated in Table 3 where seven
trials were designed to investigate the effect of grinding speed up to
307.0 m/s on the surface integrity and material removal mechanisms.
Since up-grinding was performed in this study, i.e., the grinding wheel
and workpiece rotated in the same direction, the relative linear grinding
speed vg is expressed as v; = Vs + Vy, where v; and v, are the linear
speed of the grinding wheel and workpiece, respectively.

For each trial, the flat surface of the workpiece facing the wheel was
gradually ground into a cylindrical surface as show in Fig. 2c, then a
further workpiece depth of 500 pm was removed to expose the fresh
material and retain the features induced by this set of grinding param-
eters. In the meanwhile, a water-based coolant was employed in the
grinding process via flood cooling with a flow rate of 10 L/min to reduce
friction and temperature rise. In addition, triple replicated experiments
for each trial were performed for achieving a high reliability of the
experimental results.

Table 2
Parameters of the high-speed grinding wheel.
Item Description
Manufacturer Zhengzhou Research Institute for Abrasives & Grinding,
China
Substrate CFRP
Abrasive layer Vitrified bonded CBN
Mesh size #120 (average grit size of 124 pm)
Diameter (mm) 118
Thickness (mm) 10
Wheel concentration 175

(%)
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2.4. Measurement and material characterization

After grinding, the surface morphology was observed with a scan-
ning electron microscope (SEM, Merlin, Zeiss, Germany). The three-
dimensional topography of the ground surfaces was obtained by using
a white light interferometer (Taylor Hobson Talysurf CCI, USA) in which
surface roughness parameters Sa and Sz, together with line roughness
parameters Ra and Rz, were directly measured. To observe SSD at
different scales, two methods were adopted, i.e., the ion beam imaging
method of the cross-section after the FIB in-situ etching, and the TEM
analysis method of the cross-sectional lamellar specimens prepared
using the FIB milling. As for the first method, the FIB in-situ etching was
performed as shown in Fig. 3, on Helios Nanolab 600i (FEI, USA) to
expose the cross-section along the grinding direction (see Fig. 3a), which
could retain the pristine damage features (see Fig. 3b) without intro-
ducing extraneous damage. For the second method, the cross-sectional
lamellae for TEM analysis were prepared using the FIB milling, as
shown in Fig. 3c, and then investigated by TEM (Talos F200X G2, FEI,
USA). Moreover, the high-angle annular dark-field (HAADF) and energy
dispersive spectroscopy (EDS) images of TEM specimens were captured
to investigate the elemental distribution. All the TEM specimens were
coated with a protective carbon layer before the FIB operation to prevent
the surfaces from the gallium ion bombardment during the process.

In addition, triple replicated measurements were performed to ach-
ieve a high reliability of the measurement results. For surface and sub-
surface microstructure observations, representative figures were
adopted to compare the differences subjected to different grinding
conditions.

3. Results
3.1. Surface damage

As shown in Fig. 4a, the surface prepared via ion polishing served as
the control in this study, which distinctly featured irregularly shaped SiC
particles (dark grey) randomly dispersed in the Al alloy matrix (light
grey). At the grinding speed of vy = 30.4 m/s as displayed in Fig. 4b,
surface defects including grinding scratches, surface pits, and fragments
were the main features as a result of drastic plastic deformation and
broken SiC particles induced by the grinding actions. With an increase in
grinding speed from v; = 30.4m/s tov, = 133.5m/s (Fig. 4b-e), the
surface morphology did not have much change. However, as the
grinding speed was further increased to v, = 213.8m/s (Fig. 4f), vy =
272.3m/s (Fig. 4g), and v, = 307.0m/s (Fig. 4h), grinding scratches
became unobservable, and less and smaller surface pits emerged, which
indicated the improved surface quality.

To quantitatively characterize the variations in surface morphology,
surface roughness parameters were captured to evaluate the effect of
grinding speed on surface damage. As shown in Fig. 5a, surface damage
was clearly identified in terms of surface pits and grinding scratches.
With increasing the grinding speed, the variations in surface topography
can be summarized as follows: as the pits become smaller and shallower,
the grinding scratches gradually become inconspicuous, and the domi-
nant tone of the images turned from brown to dark green, which indi-
cated a gradual decrease in surface roughness. The corresponding
surface roughness parameters in Fig. 5b,c are consistent with the vari-
ation trend of the surface topography. All the surface roughness pa-
rameters show a similar trend of an approximate 50% decrease as
grinding speed increased from v; = 30.4m/stovy, = 307.0m/s.

3.2. SSD

In order to reveal the microstructure alterations of the subsurface
layer after grinding, cross-sectional observations were conducted to
expose SSD of the ground workpiece using the FIB milling and TEM
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Table 3
Parameters for HSG processes of Al/SiCp MMC.
Grinding trial # 1 2 3 4 5 6 7
Grinding wheel Rotational speed n; (rpm) 3,310 6,613 10,012 19,993 32,996 36,005 40,000
Linear speed v, (m/s) 20.4 40.8 61.8 123.5 203.8 222.3 247.0
Workpiece Rotational speed n,, (rpm) 1,000 1,000 1,000 1,000 1,000 5,000 6,000
Linear speed vy, (m/s) 10 10 10 10 10 50 60
Grinding depth a, (um) 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Axial feed rate vf (mm/min) 100 100 100 100 100 100 100
Grinding speed v, (m/s) 30.4 50.8 71.8 133.5 213.8 272.3 307.0

TEM specimen ﬂ >

Fig. 3. FIB milling and TEM specimen preparation: (a) location of the cross-section milled by FIB; (b) cross-section observed via ion beam imaging; (c) FIB milled
TEM specimen.

(a) As-polished (b) =30.4 m/s (c) v, =50.8 m/s (d) v, =71.8 m/s .

(€) v,=133.5m/s (f) v,=2138mis (€ v,=223mis  (h) v,=307.0 mis

Grinding direction

Fig. 4. Surface morphology comparison of the Al/SiCp MMC workpieces ground at various grinding speeds: (a) as-polished surface; (b-h) ground surfaces at various

speeds. The

surface damage reduction indicating the improved surface quality at an increased grinding speed.

techniques. As shown in Fig. 6a, the representative cross-sectional image the SiC particles. It is worth mentioning that no distinct Al alloy grain
of the polished workpiece prior to grinding showed a high polishing boundaries were observed in Fig. 6a, which indicates that the original
quality, from which only a deformed Al alloy matrix layer of less than 1 grain size of the Al alloy matrix was likely to be larger than 10 pm.
pm in thickness was revealed without significant damage identified in However, the subsurface after grinding at v; = 30.4 m/s was revealed
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Fig. 5. (a) Three-dimensional surface topography of the ground surfaces; (b) surface roughness parameters Sa and Sz; (c) line roughness parameters Ra and Rz. A
decreasing surface roughness with an increase in grinding speed, indicating improved surface quality.

with distinct SSD, as displayed in Fig. 6b. It can be identified that the
fractured and fragmentary SiC particles in a size of about 1 pm were
mixed with highly refined Al grains in the top part of the cross-section.
In the lower part of the cross-section, larger broken SiC particles with
evident cracks were revealed accompanied with many lateral cracks in
the Al alloy matrix due to severe shearing effect induced by impacting of
SiC particles. In this part, refined Al alloy matrix emerged as typical SSD
features besides the broken SiC particles and refined Al grains. Below the
lateral cracks in the Al alloy matrix, elongated and larger Al grains were
found due to less intense plastic deformation. As the grinding speed
further increased to v; = 133.5m/s and v, = 307.0m/s, similar
phenomena to those ground at v, = 30.4m/s were found as shown in
Fig. 6¢,d, both featuring broken SiC particles surrounded by deformed
and refined Al alloys, as well as evident lateral cracks in the Al alloy
matrix. The observations shown in Fig. 6 indicate an experimental evi-
dence that large Al grains and lower depth of lateral cracks in the Al
alloy matrix exist in the subsurface layer of the workpiece ground at a
high speed than at a low speed. In other words, better surface integrity
was obtained at a higher grinding speed.

TEM analysis was further carried out to investigate SSD of the cross-
sections of the ground workpiece, shown in Fig. 7. HAADF images and
EDS images were captured to differentiate the SiC particles from the Al
alloy matrix, and identify the distribution of the O-element in the cross-
sections. The shape and size of the SiC particles were clearly revealed
according to the element distribution maps. Lateral cracks indicated
with yellow arrows in the Al alloy matrix were distributed at a smaller
depth in the ground subsurface at an increased grinding speed, which
reflected the reduced plastic deformation of the Al alloy matrix.

As for the element maps, it is worth noticing that the occurrence of
the O-element was coincident with the cracks and boundaries of the SiC
particles, cracks in the Al alloy matrix, interface between the SiC par-

ticles and the Al alloy matrix, as well as the fragmentary SiC particles in
the top part of the cross-sections. In order to clarify the composition of
the O-rich zone, selective area electron diffraction (SAED) patterns were
utilized to identify the crystal structure. It is revealed that the O-rich
zone in Fig. 7a comprised of FCC-Al and FCC-Si, without any other
noticeable phases. While for the O-rich zone in Fig. 7b,c, the corre-
sponding SAED patterns identified the existence of FCC-Al, FCC-Si,
3C-SiC, and FCC-Al, which indicates that no distinct oxidation occurred
in the Al ally matrix during the grinding process even at v, = 133.5 m/s
and v, = 307.0m/s.

In terms of the source of the O-rich zone, it was not the coolant
residue or the debris of the grinding wheel because of the mismatch of
the O- and C-elements in their respective distribution maps. As a result,
the occurrence of the O-element in the workpiece subsurface was
induced by the absorption of the O-element from the environment in the
newly-formed cracks and the separated interface between the two
components of Al/SiCp MMCs. Therefore, it implies that the O-element
distribution map reflected the occurrence of cracks. It can be generally
concluded that the workpiece ground at a higher grinding speed was
with less damage than at a lower grinding speed according to the
reduced O-rich zone in Fig. 7a—c.

3.3. Material removal mechanisms of Al alloy matrix and SiC particles

To carry out an in-depth investigation on the features of SSD, bright-
field TEM images were mainly employed to investigate the morphology
and distribution of dislocations, cracks and other material defects at the
subgrain scale. As shown in Fig. 8b—e, the refined Al grains located at
different depths from the ground surface in Fig. 8a (v; = 30.4 m/s) were
used to investigate the refinement mechanisms. It is evident that the
microstructure of the top surface layer as shown in Fig. 8b was
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Fig. 6. Representative cross-sectional images beneath the workpiece surface after (a) polishing using diamond abrasive papers; (b) grinding at v; = 30.4m/ s; (c)

grinding at v, = 133.5m/s, and (d) grinding at v; = 307.0 m/s. Broken SiC particles surrounded by deformed and refined Al alloy matrix, as well as evident lateral
cracks in Al alloy matrix were main features of SSD, which reduced at an increased grinding speed.

characterized by the extremely ultrafine Al grains of ~100 nm in size, in
which high-density dislocations were identified near multiple stacking
faults. Similarly at a depth of ~1 pm, it shows an Al grain featuring
dislocation pile-up near multiple stacking faults in Fig. 8c. Multiple
stacking faults impede dislocation climb and cross-slip [29]. It is
believed that dislocations pile up at multiple stacking faults, which
locally increases the energy so as to drive nucleation of new grains and
prevent the existing grains from further growth, following the mecha-
nism of discontinuous dynamic recrystallization (dDRX) [30,31]. Based
on the features revealed in Fig. 8b,c, the mechanism of grain refinement
can be ascribed to dDRX. At a depth of ~3 pm, two adjacent Al grains
with a size of ~300 pm were revealed with distinct dislocation arrays as
shown in Fig. 8d, which were typical features of continuous dynamic
recrystallization (cDRX). According to the mechanism of cDRX, new
grain boundaries formed at dislocation arrays after continuous accu-
mulation of deformation-induced dislocations due to an increase of the
sub-boundary misorientation [31]. In Fig. 8e, at a depth of ~5 pm, a
grain of ~500 pm in width is identified to possess multiple stacking
faults that can store energy for the nucleation and growth of dDRX

grains [31]. As a result, both cDRX and dDRX mechanisms took effect in
the microstructural evolution of Al grain refinement during grinding at
vy = 30.4 m/s, according to the features of the refined Al grains at
different depths from the ground surface.

Figs. 9 and 10 revealed SSD of Al grains at different depths in the
workpiece ground at v, = 133.5 m/s and v, = 307.0 m/s, respectively.
Both the features of cDRX and dDRX mechanisms were identified in the
refined Al grains. It is revealed that multiple stacking faults in Figs. 9b,c
and 10b were typical features of dDRX whereas the dislocation arrays
formed in the interiors and boundaries of the grains in Figs. 9d,e and
10c-e were typical features of cDRX. Although both ¢cDRX and dDRX
mechanisms dominated Al refinement for the workpiece ground at
different speeds, the occurrence of these two mechanisms were gener-
ally associated with the depth from the ground surface. To be specific,
dDRX tended to occur in the upper part whereas cDRX tended to
dominate the lower part of the ground surface. cDRX is commonly
considered as the main mechanism for the grain refinement in Al during
plastic deformation [31-33]. Compared with ¢cDRX, dDRX is more
difficult to take place in Al because it is hard to achieve sufficiently high
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dislocation densities inside the grains for nucleation [34]. Moreover, a
higher temperature of above approximately half the melting point is
needed to promote grain refinement during dDRX, while any tempera-
ture below the melting point works for cDRX [34]. It indicates that the
dDRX in the upper part of the ground surface was likely to result from
the high temperature induced by the grinding wheel. However, the
depth of the heat-affected zone decreased with increasing the grinding
speed according to the reduced depth of the dDRX affected Al grains.
SSD of SiC particles at the superficial layer of ground subsurfaces was
investigated using TEM. As shown in Fig. 11a,d,g, the selected regimes
ground at the respective speeds featured a string of broken SiC particles

located from the ground surface to the workpiece interior, which is
considered to be caused by direct knocking of the abrasives during
grinding. In this way, all the selected SiC particles were broken during
grinding. It is found from the SiC particles in the subsurface ground at v,
= 30.4 m/s that no significant dislocations were identified in the par-
ticles apart from some stacking faults in Fig. 11b. For the SiC particle as
shown in Fig. 11c, several dislocation kinks formed at the boundary of
the SiC particle. In terms of the damage features at v; = 133.5 m/s, a
cluster of dislocations kinked at the boundary of the SiC particle which
was likely the location where the SiC particle collision happened, as
shown in Fig. 11d-f. When the grinding speed further increased to vy =
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Fig. 9. Bright-field TEM images of Al grains in the subsurface of the workpieces ground at v; = 133.5 m/s: (a) subsurface microstructure; (b)—(e) features of dis-
locations and stacking faults in Al grains along the depth direction from the ground surface. The insets in (b)-(e) display the SAED patterns of the two-beam

conditions used for dislocation analysis.

307.0 m/s, the phenomena similar to those recorded in Fig. 11d-f were
revealed, i.e., distinct dislocations tangles appeared at the boundary of
the SiC particle in Fig. 11g-i. In comparison with the SSD features
revealed in the workpiece subsurface ground at v, = 30.4 m/s, the
distinctly denser dislocation kinks formed at the boundary of the SiC
particle in those ground at vy = 133.5 m/s and v, = 307.0 m/s at the
same depth from the ground surface, indicating an increased ductility of
SiC particles.

4. Discussion

Comparing with the conventional machining methods, HSG is a more
complicated process which is mainly governed by thermal effect, size
effect, and strain-rate effect. These effects always interplay and hard to
be accurately measured in a practical HSG process. Therefore, it is
difficult to decouple them and separately analyze the individual effects.
Moreover, the property discrepancies between the two components of
Al/SiCp MMCs further increases uncertainty of an HSG process and
difficulty in analyzing the material removal mechanisms. This study
generally retains the original SSD induced in a grinding process by
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exploiting the merits of FIB and TEM. Based on the comprehensive SSD
features revealed at different grinding speeds, this study attempts to
analyze the thermal effect, size effect, and strain-rate effect on surface
integrity and material removal mechanisms of Al/SiCp MMCs in HSG.

As for the thermal effect, it is difficult to analyze its influence on
grinding of Al/SiCp MMCs because the transient temperature in the
grinding zone is difficult to directly measure and the heat conduction in
Al/SiCp MMCs is extensively affected by SiC particles distribution. Since
any change in workpiece subsurface microstructure is a combined result
of surface transient high temperature and heat conduction, the micro-
structural changes can be employed to indirectly reflect the influence of
thermal effect. It is recognized that a higher temperature is beneficial to
promoting O-element diffusion into the workpiece subsurface [35].
However, if the distribution of the O-rich zone in the workpiece sub-
surface is governed by grinding-induced surface temperature, the con-
tent of the O-element should gradually reduce from the ground
workpiece surface rather than changes abruptly to form a clear demar-
cation line as shown in Fig. 7a-c. It indicates that grinding-induced
surface temperature is not pronounced enough to dominate the distri-
bution of the O-rich zone. The distribution of the O-rich zone is closely
associated with subsurface cracks due to the absorption of the O-element
from the environment.

Moreover, the depth of a heat-affected zone is generally decreased
with increasing the grinding speed according to the reduced depth of the
dDRX affected Al grains. In addition, other research concerning thermal
effect in HSG can be a useful reference. In order to clarify the influence
of thermal effect under the ground surface, Guo et al. [24] established a
finite element model based on the Johnson-Cook model for HSG of
Al6061T6 alloy. They found that although both the surface temperature
and temperature gradient increased with increasing the grinding speed,
the high temperature gradient was confined in the superficial surface
layer, reflecting a reduced depth of heat-effected zone at an increased
grinding speed. This result can also be adopted to explain the mitigated
thermal effect in the workpiece subsurface of Al/SiCp MMCs in this
study.

The size effect in grinding often refers to the phenomenon that
deformation behaviors of a workpiece material change with reducing
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the thickness of maximum undeformed chip at an increase grinding
speed. The strain-rate effect in grinding indicates that at a given depth of
grinding, responses of a workpiece material to grinding vary with strain-
rate as grinding speed increases. In this study, the influence of these two
effects is separately discussed for grinding of ductile Al alloy matrix and
brittle SiC particles. For grinding of the ductile Al alloy matrix, an
increased grinding speed always causes two different results. On one
hand, the reduced maximum undeformed chip thickness at an increased
grinding speed favors dislocation movement and further deformation as
aresult of reduced flow stress [36]. On the other hand, a higher grinding
speed increases the yield strength of Al alloy matrix in the grinding zone,
resulting in strain-rate hardening [37-39]. For grinding of brittle SiC
particles, an increased grinding speed also causes two different results.
On one hand, the size effect facilitates brittle-to-ductile transition of SiC
[40], which implies that SiC becomes more ductile when it is machined
at a significantly reduced depth of cut. On the other hand, a higher
strain-rate enhances the brittleness of SiC particles [41,42]. As a result,
an increased grinding speed induced different influences on the Al alloy
matrix and SiC particles from two different perspectives, i.e., the size
effect is to improve the ductility of Al alloy matrix and SiC particles,
whereas the strain-rate effect tends to improve brittleness of these two
components. A paradox is thus formed, i.e., the size effect and the
strain-rate effect are the two competing factors that dominate material
responses to grinding. Therefore, it is feasible to determine the specific
influences of the size effect and the strain-rate effect according to the
practical material responses on ductility or brittleness for these two
components of Al/SiCp MMCs in HSG.

At a higher grinding speed, plastic deformation of the Al alloy matrix
in the workpiece subsurface is distinctly mitigated, as indicated by
larger Al grains and shallower lateral cracks in the Al alloy matrix shown
in Fig. 7a—c, which indicates that the strain-rate effect prevails for the Al
alloy matrix in HSG of Al/SiCp MMCs as a result of reduced ductility. On
the other hand, much denser dislocation kinks formed at the boundary of
the SiC particle implies the increased ductility at an increased grinding
speed, as shown in Fig. 11. It indicates that size effect plays the dominant
role for SiC particles in HSG of Al/SiCp MMCs. Since ductility of the Al
alloy matrix is weakened in HSG, the movement of the SiC particles is
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hence hindered by the hardened Al alloy matrix. As a result, dislocations
kink at SiC particle boundary as a result of stress self-accommodation
when the SiC particles are impacted by abrasives in HSG. In general,
HSG enhances hardness of the ductile Al alloy matrix and reduces the
brittleness of the hard SiC particles, which facilitates reducing the
property differences between these two components. Therefore, an
improved surface integrity of Al/SiCp MMCs is realized by reducing the
property discrepancies of the two components through HSG.

Based on the variations of the surface defects and SSD features with
respect to different grinding speeds, a schematic diagram reflecting the
overall surface integrity of the ground Al/SiCp MMCs is presented in
Fig. 12. When Al/SiCp MMCs are ground at a low speed, the two com-
ponents show different responses because of the great property dis-
crepancies. The SiC particles tend to be pulled out or pushed away to
generate surface pits; surface smearing of the Al alloy matrix occurs due
to severe plastic deformation. These two responses collectively lead to
poor surface quality.

As for the formation of SSD, SiC particles are inclined to be broken
into small pieces when contacting the wheel abrasives, thus generating
cracks and stacking faults within the particles in terms of energy dissi-
pation. For the Al alloy matrix, some new grains form due to an
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increased sub-boundary misorientation brought by a continuous accu-
mulation of the deformation-induced dislocations following the mech-
anism of ¢cDRX. On the other hand, abundant dislocations are initiated
and accumulated in some Al grains in the superficial layer of the ground
subsurface due to an intense plastic deformation and higher tempera-
ture. These dislocations evolve as new crystal nuclei and gradually grow
into multiple grains, thus leading to Al grain refinement following the
mechanism of dDRX. Moreover, the fractured SiC particles hinder the
growth of the Al grains and also promote grain refinement [1]. Since the
topmost layer of the ground surface is subjected to the highest strain and
temperature, Al grain refinement and SiC particle fragmentation are
more likely to occur in this layer. With increasing the depth from the
ground surface, these two responses are gradually weakened until
reaching the bulk material.

As a result, three different layers in the subsurface of the ground
workpiece can be identified, as shown in Fig. 12. The topmost is a hybrid
layer which is featured with the refined Al grains and the fragmentary
SiC particles at a scale of nanometers. The refined Al grains are mostly
induced by the mechanism of dDRX due to the highest strain and tem-
perature. Below the hybrid layer, fewer refined Al grains and larger
broken SiC particles emerge in the plastic flow layer because of the
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relatively less disturbance from the grinding wheel, in which the distinct
lateral cracks are the typical features in the Al alloy matrix. These cracks
in the Al alloy matrix are resulted from the shearing of the migrated SiC
particles. Along the depth direction from the ground surface, Al grain
refinement and SiC particle fragmentation are further weakened in the
plastic deformation layer, in which the elongated Al grains around the
migrated SiC particles are the major features and no evident broken SiC
particles are found in this layer. cDRX prevails in the plastic flow layer
and plastic deformation layer due to less heat conducted from the
ground surface.

At an increased grinding speed, the alteration of the corresponding
surface defects and SSD features are subjected to the synergetic in-
fluences of thermal effect, size effect, and strain-rate effect. With
increasing the grinding speed, surface quality is improved due to smaller
surface pits and reduced grinding scratches. The subsurface micro-
structure can be divided into three layers, but the corresponding depths
of hybrid layer and plastic deformation layer are relatively shallower as
a result of reduced influence of heat and strain in HSG compared with
that in low-speed grinding. An improved surface integrity of Al/SiCp
MMCs is thus realized in HSG. The plastic deformation of the Al alloy
matrix is dominated by the strain-rate effect, which is evidenced by the
larger Al grains and shallower lateral cracks in the Al alloy matrix in
HSG. However, the size effect plays the dominant role for SiC particles
due to the increased ductility since much denser dislocation kinks
formed at the boundaries of the SiC particles in HSG.

Finally, more work is necessary to reveal a larger cross-sectional area
of a ground workpiece for classifying the types of SSD and determining
the boundary of different types of SSD. In addition, more efforts are also
needed to assess the effects of size, shape, distribution, and percentage of
the reinforced SiC particles on surface integrity and material removal
mechanisms in HSG of Al/SiCp MMCs.
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5. Conclusions

To achieve high-efficiency, high-accuracy, and low-damage
machining of Al/SiCp MMCs, HSG is performed at a speed up to
307.0 m/s, and the corresponding surface integrity and material
removal mechanisms are investigated considering surface morphology,
surface roughness, and SSD at different scales. The alteration of surface
defects and SSD with increasing the grinding speed is clarified. For the
first time, the material removal mechanisms of Al/SiCp MMCs are un-
covered and clarified considering thermal effect, size effect, and strain-
rate effect based on comprehensive and multiscale surface defects and
SSD characterization methods. Major conclusions are summarized as
follows:

(1) A higher grinding speed improves surface quality, which is evi-
denced by the reduced grinding scratches, surface pits, and sur-
face roughness.

(2) Both cDRX and dDRX mechanisms govern Al grain refinement in
grinding of Al/SiCp MMCs. dDRX is inclined to occur in the upper
part of a ground surface due to more plastic deformation and
higher temperature.

(3) The distribution of the O-rich zone is closely associated with
subsurface cracks. The workpiece ground at a higher grinding
speed is with less damage than at a lower grinding speed due to
the reduced O-rich zone.

(4) Three different layers in the subsurface below ground workpiece
are identified based on various features. The topmost hybrid layer
features the refined Al grains and fragmentary SiC particles at a
scale of nanometers. Below the hybrid layer, lateral cracks are
found in the Al alloy matrix, forming a crack layer. Underneath
the crack layer is the plastic deformation layer, refined and
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elongated Al grains are observed around the migrated SiC parti-
cles. The depths of hybrid layer and plastic deformation layer in
HSG are relatively narrower compared to that in low-speed
grinding.

The range of plastic deformation of the Al alloy matrix is sup-
pressed in HSG. Distinctly denser dislocation kinks formed at the
boundary of SiC particles in HSG indicate the increased ductility
of SiC particles. The responses of these two components in HSG
facilitate reducing the property discrepancies between these two
components. Therefore, improved surface integrity of Al/SiCp
MMCs is realized through HSG.
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