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defects in orthogonal cutting of KDP has
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• The change of cuttingmodes (e.g., plastic,
shear-crack,fracture modes) depends on
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• A theoretical model model regarding en-
ergy release rate was proposed to clarify
the transition mechanism of cutting
modes.

• Micro pits, cracks, and edge chippings are
the three types of surface defects that oc-
curred on machined surfaces.
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Micromachining repair of surface defects on KH2PO4 (KDP) optics is an emerging technique in the construction of
Inertial Confinement Fusion facilities for obtaining clean nuclear fusion energy. However, this method is yet fac-
ing considerable challenges owing to the soft-brittle nature of single-crystal KDP, hence it is necessary to under-
stand its ductile-regime cutting mechanism to generate crack-free surfaces. This paper seeks to investigate the
evolution of different cutting mechanismwith the change of uncut chip thickness (UCT) in KDP orthogonal cut-
ting processes. A transition of cuttingmodes from plastic cutting to shear-crack cutting and then fracture cutting
with the rise of UCT has been revealed. To explain these cutting phenomena, a novel theoretical model was pro-
posed by calculating the specific energy dissipation for crack/fracture propagations during cutting processes
based on fracture mechanics. This analytical model was well validated by the analysis of cutting forces and ma-
chined surface quality. Nevertheless, three kinds of surface defects have been observed, i.e. micro pits, micro cra-
ters and edge chipping. These surface defects were caused by tearing and spalling of materials with elastic
recovery, crack propagation along cleavage planes with ploughing effect, and the peeling away of large-size frac-
ture, respectively. The presented results of great significance for promoting the application of micromachining
processes in future engineering repair of KDP optics.
© 2020 The Authors. 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/).
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1. Introduction

Soft-brittle optical crystals, like potassium dihydrogen phosphate
(KH2PO4/KDP), are extensively employed in the construction of Inertial
Confinement Fusion (ICF) facilities [1,2]. However, in the practical ultra-
precision manufacturing (i.e. single-point diamond turning, SPDT) and
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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laser irradiation processes, these KDP optical components are suscepti-
ble to generate some surface defects such as micro-cracks, which could
cause severe laser-induced damage and significantly deteriorate the ul-
timate optical performance of KDP optics [3]. Hence, in order to reuse
and recycle these expensive optical components, the most cost-
effective method is to mitigate and repair these optics as soon as any
micro defects occur. Currently, the micro-milling approach has been
proposed as themost promising technique for mitigating those original
defects on KDP surfaces with predesigned smooth three-dimensional
(3D) contours [4,5]. However, owing to the specific soft-brittle natures
of KDP materials, it is a real challenging task to achieve a smooth
repaired surface without any cracks because the cutting edge radius
(re) adopted in practical milling repair processes is around 1 μm [6], dis-
tinct to that (<100 nm) in SPDT process [7]. Considering the geometric
of cutting tool exerts a significant role in the brittle-to-ductile transition
(BDT) of cutting modes when manufacturing brittle materials [8], the
material removal behaviour cut by a relatively large-radius cutting
edge must differ from that by a sharp cutting edge (e.g., SPDT), espe-
cially in the machining of soft-brittle materials. Therefore, figuring out
the material removal and surface formation mechanism with a rela-
tively large-radius cutting edge is of great importance in optimizing cut-
ting conditions and tool design for enhancing the repair quality and also
improving the ultimate optical performance of repaired KDP optics.

In the research of SPDT of KDP crystals, considerable efforts have
been made to investigate the ductile-regime machining mechanism. It
was revealed that the brittle-to-ductile transition of cutting modes is
highly dependent on the values of UCT [9,10] and a nanoscale UCT is
found to be conducive to the formation of hydrostatic compressive pres-
sure underneath the cutting area and thus contribute to the suppression
of cracks [11]. This nanoscale material removal volume is exactly the
reason why single-point diamond cutters with a sharp cutting edge
(<100 nm) arewidely adopted in the ultra-precisionmachining of brit-
tle materials. However, the material removal behaviour in the mechan-
ical repair process of KDP optics is quite different from that in the SPDT
process. On the one hand, during the micro-milling process, the instan-
taneous UCT in one cutter rotation can no longer be regarded as a con-
stant value like that in SPDT as it changes synchronously with the
rotation of cutter [12,13]. At the same time, the actual UCT has also
been identified to be increased by the elastic recovery behaviours of
workpiece materials in micro-milling processes which were caused by
previous cutting tooth passes [14,15]. This dynamic chip thickness rev-
olution and accumulation can not only have a vital effect on the cutting
forces but also play a role in the material removal behaviours and also
the resultant machined surface quality [14]. This influence induced by
the dynamic changes of UCT might be more obvious when machining
soft-brittle materials like KDP crystals. On the other hand, asmentioned
above, a micro ball-endmilling cutter with a relatively large-radius cut-
ting edge (re≈ 1 μm) is adopted in the practical repair processes, which
is more economical than diamondmicro mills with sharp cutting edges
(re < 100 nm). Recently, smooth Gaussian 3D contours (Ra <38 nm)
were produced by Liu with micro-milling cutters (re ≈ 1 μm) [12,16]
and the laser-induced damage resistance of these repaired contours
were found comparable with that of original KDP optics processed
by SPDT. The employedmilling cutters aremade of non-diamondma-
terials [6] (e.g, cubic boron nitride and cemented carbide), the appli-
cation of which significantly improves the machinability of soft-
brittle KDP crystals and could further reduce the expensive demand
for diamond cutters in the engineering repair of KDP optics. Never-
theless, these reported studies are mainly focused on the achieve-
ment of ductile-regime surfaces of KDP optics and have not fully
uncovered the specific chip formation mechanism when machining
this type of soft-brittle crystals with a relatively large-radius cutting
edge. Although continuous and broken chips have been observed in
SPDT cutting trials [11], the underlying theoretical relationship be-
tween the UCT, material removal and surface defects formation has
not been fully clarified.
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Meanwhile, the orthogonal cutting approach has been widely
employed as a powerful method in the mechanical machining field of
difficult-to-cutmaterials to understand their unique cuttingmechanism
[17,18]. Through this approach, chip formation process can be captured
in-situ by advanced cameras to provide adequately direct details for the
understanding of specific material removal mechanismwithin different
cutting conditions [19] (i.e., uncut chip thickness, cutting strain-rate).
Thus, in-situ observing the chip formation process at different UCT is
one of the most important merits of the orthogonal cutting approach.
Besides, the specific cutting energy could also be obtained by analysing
the cutting forces for guiding the selection of cutting parameters in ac-
tual machining processes [17]. Nevertheless, to the best of the author's
acknowledge, this approach has been mainly applied in the machining
of ductile materials and few efforts have beenmade to brittle materials.
Although the chip formation processes of some brittle materials (i.e.
bone [10,20] and Ceramic Matrix Composites [21], CMC for short)
have been uncovered recently based on this approach, the revealed
mechanism seems not appliable in the machining of KDP crystals. This
is because both the bone and CMC are heterogeneous materials and
the ductile cutting of thesematerials can be achieved by selecting a spe-
cific cutting direction regarding their material structures and properties
[22] while KDP is a unique soft-brittle single-crystal and the ductile cut-
ting is predominated by the actual values of UCT in practical cutting pro-
cesses which have been reported be less than one micrometre [23].
Therefore, more efforts, i.e. orthogonal cutting trials, are supposed to
be performed to reveal the specific cutting mechanism and surface de-
fects formation when machining this type of soft-brittle crystals at dif-
ferent uncut chip thicknesses from the nanoscale to microscale.

The state-of-the-art shows that the problems in the micro-milling
repair operations of KDP surface defects have been extensively investi-
gated. It is also proved that non-diamond cutters can be employed to re-
pair KDP optics and could be used in large quantities in the actual repair
engineering due to their lower-cost advantages [24]. Nevertheless, the
material removal process, especially the chip formation behaviours, at
different uncut chip thicknesses has not been fully understood when
machining this type of soft-brittle KDP crystals with a relatively large-
radius cutting edge. Moreover, the brittle-to-ductile transition (BDT)
mechanism during the cutting process keeps still unclear from the
view of fracture mechanics. Recently, one fracture criterion was pro-
posed to understand the ductile-regime cutting mechanism of some
brittle materials like bone [10,25] by calculating the actual energy re-
lease rate in orthogonal cutting processes and could well explain the
crack propagation behaviours and BDT mechanism. Therefore, in order
to further understand the material removal mechanism of soft-brittle
KDP crystals cut by a relatively large-radius cutting edge, a theoretical
analysis on the energy release rate is in urgent need to explain the in-
herent relation between the chip formation and UCT and the resultant
formation of surface-defects.

In light of this, this paper is aimed to investigate the specificmaterial
cuttingmechanism and surface-defect formation in the orthogonal cut-
ting of soft-brittle KDP crystals. Firstly, a serial of orthogonal cutting tri-
als was performed at various UCT and the transition of cutting modes
has been identified by observing the chip formation processes. After-
wards, in order to reveal the transition mechanism of different cutting
modes, a theoretical approach was proposed to calculate the energy re-
lease rate by combining the obtained experimental results and to ana-
lyze the various chip formation behaviours at different UCTs. Then, the
proposed model was validated experimentally through the analysis of
cutting forces and surfacemorphologies. Besides, the surface defects oc-
curred on the machined surface have also been identified as micro pits,
micro craters and edge chipping, and the related formation mechanism
was also revealed. This work could provide a valuable understanding of
the specific material removal mechanism of soft-brittle single crystals
under onenon-traditional cutting condition and contribute to the future
design of the machining strategies of KDP optics for their engineering
repair in ICF facilities.
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2. Experimental design and orthogonal cutting details

In order to better achieve the ductile-regime cutting in micro-
machining repair processes of soft-brittle KDP crystal, the orthogonal
cutting method was employed to explore the material removal mecha-
nismwith a relatively large-radius cutting edge similarwith that used in
micro-milling processes (at micro-scale level). The employed KDP crys-
tal workpiece with a crystallographic orientation of Double plane has
been firstly fly-cutting. This Double plane has been widely employed
for frequency-doubling conversion in ICF facilities and is known for its
difficult-to-machine property [9]. Afterwards, it has been sliced care-
fully into small blocks with a width of 2 mm by diamond wire saw
along [110] direction (Fig. 1) as this direction has been identified to
have the largest critical UCT of brittle-to-ductile transition on this
plane [9]. In order to meet the plane strain condition of orthogonal cut-
ting inMerchant's theory [26], the samplewidthwas slightly larger than
that of the cutting edge (2 mm). All these samples were fine-polished
using 4000-grit abrasive papers with denatured alcohol coolant to ob-
tain smooth surfaces for the related micro graphical analysis.

As shown in Fig. 2, the orthogonal cutting tests were performed
on a precision four-axis micro milling machine. The detailed infor-
mation about this experimental setup can be founded in the previ-
ous work of Axinte et al., [27]. Meanwhile, a solid carbide cutter
with an edge radius (re) of 1.118 μm was adopted to simulate the
material cutting behaviour in practical micromachining repair pro-
cesses where the employed mill cutter has a similar size of cutting
edge radius [6]. Both the rake angle and flake angle of this cutter
are 8°. The UCT was changed from 50 nm to 16 μm within the same
feed rate (10 mm/min) since a larger range of UCT and a smaller
feed rate are beneficial to understand the cutting mechanism. The
detailed experimental parameters used in KDP orthogonal cutting
tests are presented in Table 1. All cutting trials were performed
under dry cutting conditions. During the cutting process, a 3D VHX
Keyence microscopy system was set close to the cutting zone to
on-line observe the chip formation morphologies. Meanwhile, a
miniature dynamometer (Kistler 9317B) was adopted to measure
the cutting forces. After all cutting tests, the obtained surfaces
were observed by Scanning Electron Microscopy (Quanta 650) to
analyze the formation mechanism of surface defects occurred in
KDP cutting process.
Fig. 1. The 3D crystal structure of single-crystal KDP (a) and the corresponding coordinate syste
system showing: the crystal orientation [110] (purple arrow); Doubler plane as sample surfac
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3. Analysing and modelling the KDP chip formation behaviours

To study the material removal mechanism of soft-brittle KDP crys-
tals, a serial of orthogonal cutting trials wasfirst conductedwith varying
UCT to observe the chip formation behaviours and to identify the differ-
ent cutting modes. Afterwards, a theoretical model would be proposed
to calculate the energy release rate by combining the obtained experi-
mental results and to reveal the specific brittle-to-ductile transition
mechanism of different cutting modes.
3.1. Chip formation behaviours with different uncut chip thicknesses

Fig. 3 shows the representative chip morphologies formed in KDP
orthogonal cutting trials with varying uncut chip thickness (UCT). It
was interesting to find that at nano/micro-scale, the chip formation
process can be segregated in three modes according to the practical
magnitude of UCT. Specifically, for UCT at nano/submicro level
(<750 nm), continuous chips are generated while with the increase
of UCT (> 1 μm), the chips start to present shear-crack features
with a flocculent morphology, and ultimately evolve into fracture
form at a large UCT (> 4 μm) which presents disconnected and
even powder morphology.

More specifically, as shown in Fig. 3a, when the UCT was less than
100 nm,with the advance of cutting tool, only a few of workpiecemate-
rials has generated in front of the cutting area.With the rise of UCT, con-
tinuous chips start to form as the result of the plastic shearing
deformation (Fig. 3b), similar to the traditional metal-cutting [19,28].
The curly and long chips with flocculence-like morphologies shown in
Fig. 3c-d illustrate that a combination of shear and crack behaviours
has engaged in the material removal process once the UCT becomes
higher than 1 μm. Furthermore, the fractured chips in Fig. 3e and also
the powered chips in Fig. 3f jointly demonstrate that the brittle fractures
dominate the material removal process at a large UCT (> 4 μm). Hence,
three different cutting modes can be concluded during KDP cutting:
plastic cutting (UCT < 1 μm), shear-crack cutting (1 μm<UCT < 4 μm)
and fracture cutting (UCT > 1 μm). Considering the high brittleness of
KDP wherein the brittle-to-ductile transition would occur under differ-
ent UCT, these phenomena will be explained through theoretical
modelling in the following section.
m(b). (a) The 3D crystal structure of single-crystal KDP; (b) the corresponding coordinate
e (red lines) [9]; the cutting direction (yellow arrow).



Fig. 2. Images of the orthogonal cutting setup for KDP crystals: (a) Close snapshot of experimental set-up; (b) Schematic of on-line observation of chip formation and cutting forces;
(c) SEM images of cutting edge; (d) Measurement of the radius of cutting edge.

Table 1
The parameters used in KDP orthogonal cutting tests.

Parameters Values

Crystal type Doubler plane
Feed rate (mm/min) 10
Undeformed cutting
depth (μm)

0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3, 4, 6, 8,10, 12,14, 16

Fig. 3. The evolution of chip morphologies with the increase of UCT shows three different cutt
cutting.
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3.2. Modelling the chip formation behaviours

As observed in orthogonal cutting processes, the chip formation be-
haviour in KDP cutting is highly dependent on the magnitude of the
UCT, and therefore, the related material removal can be divided into
three types according to the values of UCT: (a) plastic cutting mode
(PC); (b) shear-crack cutting mode (SCC); (c) facture cutting mode
(FC). Furthermore, it was found that the plastic cutting mode under
ductile-regime is achieved only within nano/submicro UCT, while the
shearing-crack and fracture cutting modes occurs once UCT reaches
ing modes: (a) and (b) plastic cutting, (c) and (d) shear-crack cutting, (e) and (f) fracture
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micro-scale level. This is because of the specific properties (e.g. high
brittleness, low hardness and low tensile strength) of KDP crystals
[29], which pose a great risk of crack generation. Hence, in order to bet-
ter facilitate the understanding of the material removal mechanism in
KDP orthogonal cutting, a novel theoretical analysis based on fracture
mechanics is proposed in the following section for revealing the under-
lying relationship between the cuttingmodes, UCT, and the energy con-
sumption in the chip formation process.

As validated in the existing literature [10], the brittle crack/fracture
failure occurred in orthogonal cutting is the combined behaviour of
Mode I and II, as shown in Fig. 4, which are the two main modes of ma-
terial fracture in fracturemechanics. Thus, the fracture behaviour in KDP
orthogonal cutting can be described by energy release rate (G), which
characterizes the change in potential energy when the crack grows
and the critical value of which represents the amount of energy that is
needed to create a crack surface [30].

G ¼ −
dU
dA

¼ 1
w
dU lð Þ
dl

ð1Þ

where U is the total consumed energy applied by the external forces
and internal elastic-strain energy; The terms A,w, l are the crack propa-
gation zone, cutting width and crack length, respectively.

The brittle crack/fracture behaviours occur when the specific energy
dissipation rate (G) consumed in the crack zone exceeds the critical
threshold called fracture energy (Gc, also named as fracture toughness)
at specific cutting-load mode. For instance, the opening crack/fracture
which is in the form of Model I would occur once the related energy re-
lease rate (GI) surpasses the theoretical fracture toughness (GIc):GI>GIc.
During the practical cutting process of brittle materials, Mode I may
occur in the cutting direction due to the movement of tool tip while
Mode II can occur along shear plane accompanied by extensive shear
deformation [10].

In regarding to the KDP cutting, as the consumed energy is mainly
provided by the external forces, the energy release rate (G) hence is
supposed to have a proportional relation with the practical cutting
forces. That is to say, the value of G generally increases with the rise of
UCT, and brittle crack failure would take place once the G surpasses
the critical value (Gc). Therefore, a theoretical analysis based on fracture
mechanic will be developed to investigate the specific cutting mecha-
nism of soft-brittle KDP crystals with different UCTs.
Fig. 4. Schematic of the possible modes of brittle fractures during orthogonal cutting [10].
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3.2.1. Analysis of the continuous chip formation in plastic cutting (PC)mode
As revealed in the literature [2,6], the KDP cutting undergoes a sig-

nificant brittle-to-ductile transition when the UCT decreases down
into nano/micro scale although this material is quite brittle in macro
scale. Within nano/submicro UCT, the material is mainly removed
in form of continuous chips through a plastic cutting (PC) mode
(Fig. 3b); hence in this condition, the KDP cutting process can be
regarded as in ductile regime. In this case, the detailedmaterial removal
process can be explained by adopting Merchant's shear cutting theory
[26], in which a shear plane description can be introduced to interpret
the deformation behaviour of the material being cut. As illustrated in
Fig. 5, within the small UCT, many shear deformation would be gener-
ated in the first primary cutting zone caused by the shear force with
the advance of cutting tool. As a consequence, continuous chips were
generated. This result implies that when cutting within nano/micro
UCT the cutting process can be identified in ductile-regime and also
demonstrates that the energy released rate (G) in this cutting process
is certainly smaller than the critical value (Gc) for crack propagation.
Therefore, brittle crack/fracture failure could not be introduced in this
case. Meanwhile, due to the shear deformation, a great number of cut-
ting heat would be generated and gradually accumulated adjacent to
the shear plane, heightening the plastic capacity of soft-brittle KDP crys-
tals and in return facilitating the plastic cutting behaviour to dominate
the chip formation process [2].

3.2.2. Analysis of the shear-crack chip formation in shear-crack cutting
(SCC) mode

As shown in Fig. 6a, shear-crack chips have been generated in this
mode, accompanied by a large number of micro cracks. The occurrence
of these shear-crack morphologies resulted from a combination of both
shear and crack behaviours of the material layer being cut ahead of the
cutting edge, indicating that theG accumulated in the shear plane due to
the deformation surpasses the critical Gc.

The specific evolution process of shear-crack features can be demon-
strated below. Firstly, the plastic deformation accumulates gradually
along the aforementioned shear plane with the advance of cutting
edge, which causes the accumulation of potential energy for crack fail-
ure in the first deformation zone. Once the accumulated energy is
large enough to overcome the fracture toughness, the initial cracks
would be generated and are prone to propagate along the shear plane,
as shown in Fig. 6b.

This material removal process (e.g., chip formation) can be
interpreted from the view of energy equilibrium. When the cutter
goes ahead a distance, dxc, the total external energy supplied by cutting
forces, (Uexter = ∫ Fcdx), are dissipated within forms of shear deforma-
tion energy consumed along the shear plane (Ushear), and frictional en-
ergy dissipated along the too-workpiece interface (Ufrict), and
potential energy for fracture propagation (Ufract) [31]. The detailed en-
ergy balance is now:

Uexter ¼ Ushear þ Ufrict þ Ufract ð2Þ

As seen from Eq. 1, the potential energy dissipated in the fracture
process can be rewritten as

Ufract ¼
Z

G∙wdl ð3Þ

And the shear deformation energy can be regarded as thework done
by shear force (Fs) within the movement (dxs) along shear plane:

Ushear ¼
Z

Fsdxs ð4Þ



Fig. 5. Plastic cutting mode of KDP orthogonal cutting: (a) the continuous chips; (b) schematic of chip formation behaviour.
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According to Merchant's analysis [26], the shear cutting force is
given by:

Fs ¼ τswh
sinφ

ð5Þ

where τs is the shear stress of KDP crystals in shear-crack cuttingmode;
w, h are the cutting width and UCT in these cutting tests, respectively.
The term φ is the shear plane angle and can be defined as 2φþ β−γe ¼
π
2 according to Ernst-Merchantmodel where γe and β are the equivalent
rake angle and friction angle, respectively.

Specifically, the friction angle (β) and shear strength (τs) in this case
can be estimated by analysing the experimental data based on
Merchant's analysis [26].

τs ¼ Fc cosφ−Fn sinφ
wh= sinφ

ð6Þ

β ¼ tanμ ¼ tan
Fc tanγe þ Fn
Fc−Fn tanγe

ð7Þ

It is worthy that, in the micromachining process, since the UCT
decreases to the size of cutting edge radius (re), the instantaneous
equivalent rake angle can not be regarded to equal to the nominal
Fig. 6. Shear-crack cutting behaviour in KDP cutting: (a) shea
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rake angle (γ) of the cutter. The equivalent rake angle is given
by [32].

γe ¼
sin−1 h

re
−1

� �
, h<re 1− sinγð Þ

γ, h≥re 1− sinγð Þ

8<
: ð8Þ

In the shear plane, the instantaneous displacement (dxs) of one unit
chip driven by shear force can be expressed as:

dxs ¼ dxc
cosφ

¼ vcdt
cosφ

ð9Þ

where dxc presents the displacement of the cutter along the cutting di-
rection. The terms dt and vc donate the unit time and cutting speed in
this cutting process, respectively.

The frictional work dissipated on the too-workpiece interface con-
sists of two parts: the friction energy dissipated at the rake face of the
cutter, Ufrict

r , and that at clearance face, Ufrict
c . The components of friction

cutting forces at these two faces are given by

Frfrict ¼ μ Fc cos γeð Þ−Fn sinγeð Þ ð10Þ

Fcfrict ¼ μ Fn cos ∅ð Þ−Fc sin∅ð Þ ð11Þ
r-crack chips; (b) schematic of chip formation behaviour.
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Based on the above analysis, the energy balance can be rewritten as

Z
Fcdx ¼

Z
τswh
sinφ

dxs þ
Z

Frfrict cos γeð Þdxþ
Z

Fcfrict cos ∅ð Þdx

þ
Z

G∙wdl ð12Þ

where the crack length dl can be assumed to equal to the cutting dis-
tance dxc as it has been identified to be highly related to the movement
of the cutter in a stable shear-crack cutting mode [33].

Therefore, the model for calculating the energy release rate for eval-
uating the chip formation process in shear-crack cutting mode can be
expressed as

G ¼ Fc
w

−
Frfrict cos γeð Þ

w
−

Fcfrict cos ∅ð Þ
w

−
τsh

sinφ cosφ
ð13Þ

3.2.3. Analysis of the brittle fracture chip formation in fracture cutting
(FC) mode

In shear-crack cutting mode, the G in Mode II (Shearing) surpasses
the shear fracture toughness of KDP crystals, increasing the risk of the
generation of shear-cracks, while in the feed-rate direction this value
is not big enough to bring about the initiation and propagation of
large-size fractures [10]. However, with the further rise of UCT, both
cutting and normal forces increase accordingly and would have an in-
creasing role in dominating the material removal behaviour. When
the G in feed-rate direction exceeds the critical Gc under mixed cutting
load, the fracture cutting mode would come into being. This means
that the chip formation process in fracture cuttingmode is mainly dom-
inated by the combination of Mode I: Opening andMode II: Shearing, as
shown in Fig. 7, with a feature of disconnected and powder chips.

The external cutting forces facilitating energy dissipations along
feed-rate direction can be expressed as cutting (Fc) and normal (Fn)
forces, which are given by [26]:

Fc ¼ Fss cos β−γð Þ= cos φþ β−γð Þ ð14Þ

Fn ¼ Fss sin β−γð Þ= cos φþ β−γð Þ ð15Þ

where Fss is the shear force used for fracture cutting and can be evalu-
ated as the difference of total shear force (Fs) minus the shear force
(Fsc) used for generating shear-cracks, e. g., Fss = Fs − Fsc, and the Fsc
can be estimated as Fsc = GIIc × w.

Meanwhile, the instantaneous displacements (dxn) corresponding
to normal force (Fn) can be expressed as
Fig. 7. Fracture cutting mode of KDP orthogonal cutting: (a) the
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dxn ¼ dxs sinφ ¼ tanφvcdt ð16Þ

Thus, the total work done by cutting and normal forces can be calcu-
lated as

Uc ¼
Z

Fcdxc ¼ τsh−GIIc sinφð Þw cos β−γeð Þvcdt
sinφ cos φþ β−γeð Þ ð17Þ

Un ¼
Z

Fndxn ¼ τsh−GIIc sinφð Þw sin φ−γeð Þ tanφvcdt
sinφ cos φþ β−γeð Þ ð18Þ

where the GIIc is the critical G contributed by shearing loads in the form
of Model II, and can be expressed as

GIIc ¼ K2
IIc=E ð19Þ

where theKIIc can be estimated 1.2 timesKIc (KIIc=1.20KIc) according to
the analysis of Awaji et al., [34]; E is the elastic modulus of KDP crystals.

From the perspective of energy equilibrium, this total work (Uexter)
supplied by the external cutting forces is not only dissipated in the frac-
ture generation and propagation process but also consumed in frictional
work. Considering the disconnected and powder-like chips, as shown in
Fig. 3e-f, the friction work at the rake face of the cutter, Ufrict

r , could be
negligible; and thus, the frictional energy mainly includes the friction
work dissipated at clearance face, Ufrict

c . Therefore, the energy balance
in this cutting mode is now:
Z

Fcdxc þ
Z

Fndxn ¼
Z

Fcfrict cos ∅ð Þdxþ
Z

G∙wdl ð20Þ

Thus, substituting Eq. 17 and 18, the ultimate energy release rate for
evaluating thematerial removal process in fracture cuttingmode can be
expressed as

G ¼ τsh−GIIc sinφð Þ cos β−γeð Þ þ sin β−γeð Þ tanφð Þð Þ
sinφ cos φþ β−γeð Þ −

Fcfrict cos ∅ð Þ
w

ð21Þ

4. Model verification and discussion on the proposed cutting modes

4.1. Validating the proposed model for the transition of cutting modes

As observed in Sec. 2.2, the evolution of cuttingmodes (e.g., PC, SCC,
FC) in KDP cutting is highly related to the uncut chip thicknesses
adopted in the cutting tests, which has been identified as a critical
fracture chips; (b) schematic of chip formation behaviour.



Table 2
Material property of single-crystal KDP on Double Plane.

Mechanical Properties Values

Poisson's ratio υ 0.24 [35]
Elastic modulus E (Gpa) 40.89 [2]
Fracture toughness (MPa·m1/2) KIc 0.24 [35]

KIIc 1.20 ∙ KIc [34]

Fig. 9. Comparison of the average energy release rate in both shear-crack and fracture
cutting modes.
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parameter dominating the energy dissipation in chip formation pro-
cesses. To validate this transitionmodel, the specificmechanical proper-
ties of KDP crystals such as elastic modulus on the tested crystal plane
are presented in Table. 2 and can be referred to existing works [35]. It
is worthy to point out that the proposed models in Section 3 for calcu-
lating the G is partly based on the experimental results, especially the
cutting forces at different UCT. According to Bifano's analysis [36],
both the cutting forces and brittle-to-ductile transition of cutting behav-
iours are highly related to the mechanical properties of materials
(i.e., elastic modulus, fracture toughness). Therefore, these material
properties could have a potential influence on the calculated results of
G by affecting the cutting forces.

Meanwhile, according to Merchant's theory where the orthogonal
cutting process is in plane strain condition [26], the fracture criterion
in FCmode can be estimated as the total criticalG regardingmixed load-
ing mode (Modes I/II) [30].

G IþIIð Þc ¼ K Ic
2 þ KIIc

2

E= 1−ϑ2� � ð22Þ

whereKIc andKIIc are the critical stress strength of KDP crystals inmode I
and II. The terms v and E denote Poisson's ratio and elastic modulus of
KDP crystals, respectively.

In KDP orthogonal cutting, the practical G in the shear-crack cutting
mode is highly related to the brittle crack failure in mode II (Shearing
Mode) and can be obtained using Eq. 13. The calculatedG under varying
UCT is presented in Fig. 8a. In shear-crack cutting mode, the energy re-
lease rate at different UCT has a similar magnitude although there is a
slight fluctuation. For instance, the G in the case of cutting with a
UCT = 1.25 μm is about 1948 N/m, a little larger than the critical
value (GIIc = 1885 N/m) for crack propagation. Subsequently, brittle
crack failure would come into being in the formation process of chips,
posing great rise of the generating shear-crack chips as aforementioned.
While for the energy release rate in FCmode, a nearly constant stage can
Fig. 8. The calculated mean values of G at different UCTs: (a
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be observedwith amoderatefluctuation as shown in Fig. 8b. The criteria
for mixed modes I/II of brittle fractures is also presented. It is worthy to
note that in some case (i.e., UCT = 12 μm), the calculated energy re-
leased rate is little lower than the critical value. This can be attributed
to the nanoscale bulk defects and other irregularities inside KDP crystals
[37], which were introduced in the crystal growth process and could
weaken material strength and further exacerbate the fracture propaga-
tion when at mixed-mode cutting loads [38]. Besides, one can see that
there is a statistical error for each calculated G in both cutting modes.
These errors might occur due to the averaging of different material
properties and also the experimental data (e.g. E, Fc) used in this work.

Fig. 9 displays the comparison of the calculatedG values between the
experimental results (from Eq. 13 and 21) and theoretical analysis
(from Eq.19 and 22) within shear-crack and fracture cutting modes.
Overall, it can be concluded for the orthogonal cutting of soft-brittle
KDP crystals:

GSCC>GIIc,GFC>G IþIIð Þc, ð23Þ
) shear-crack cutting mode; (b) fracture cutting mode.



Fig. 10. The specific cutting forces at varying uncut chip thicknesses.
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This clarifies that theGFc (3192±484mN/m) in fracture cutting con-
dition exceeds that for critical mixed-loading modes (G(I+II)c = 2896
mN/m), while in shear-crack cutting condition the corresponding GSCC

(1934 ± 198 mN/m) surpasses the critical value (GIIc = 1885 mN/m)
Fig. 11. Different cutting forces at varying UCTs: (
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for shear-cracks; therefore, brittle fracture and shear-crack chips were
brought about in corresponding cutting conditions. These presented ex-
perimental and theoretical results well explained the formation mecha-
nism of different chips (e.g. continuous, shear-crack and fracture chips)
occurred in KDP cutting from the perspective of fracture mechanics and
will facilitate the investigation of thematerial removal behaviour of soft-
brittle KDP crystals for the next-step micromachining repair of KDP op-
tical components.

4.2. Analysis of cutting forces within different cutting modes

Specific cutting force (Ks) is a key indicator to investigate the energy
consumption state during cutting processes; and hence, it can be uti-
lized to interpret the chip formation behaviours in KDP orthogonal cut-
ting as the material removal (e.g., chip formation) is essentially an
energy consumption process. The Ks can be expressed as:

Ks ¼ Fc
Ac

ð24Þ

where Fc and Ac are the average value of cutting forces and the cross-
section area of UCT, respectively.

Therefore, the evolution of different material removal behaviours at
different UCT can also be reflected by the specific cutting force calcu-
lated from the practical experimental data. Fig. 10 depicts the evolution
of the specific cutting force with the varying UCT. One can see that with
the rise of UCT, the Ks decreases dramatically at the lower range and
tends to be stable at the higher range. This phenomenon on one hand
can be attributed to the size effect of ploughing force [24],whichwill ac-
count for a larger proportion of the total cutting force when the UCT
a) 100 nm; (b) 750 nm; (3) 2 μm; (4) 8 μm.
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decreases into nanoscale. On the other hand, the specific cutting force is
also affected by the practical material removal behaviour. In plastic cut-
ting mode within nano/sub-micro UCT, the whole ductile-regime cut-
ting process requires a great number of unit energy consumption as
the material removal is mainly dominated by plastic flow deformation.
While with the increase of UCT, this specific cutting force witnesses a
dramatic decrease in shear-crack cutting mode due to the crack propa-
gation. Moreover, with the further increase of UCT, brittle fracture oc-
curs and gradually dominates the material removal process in fracture
cutting mode, causing the Ks decreases slightly and tends to be stable.
From the perspective of specific cutting force, it can be concluded that
increasing the UCT is conducive to reduce the energy consumption
and improve the machinability of KDP crystals, but it has to pay the
price for brittlematerial removal in forms of crack and fracture propaga-
tion and could result in worse surface integrity as the foregoing
observations.

Fig. 11 shows the real-time cutting forces at different UCT which are
extracted from the steady cutting stage and do not include the stages of
tool input and output fromworkpieces as the cutting forces in these two
stages (input and output) are not stable and highly influenced by the
contact between the cutter and workpiece [39]. Meanwhile, to better
understand the dynamic characteristic (i.e. crack generations) of cutting
processes, the ratio of the dynamic component to mean value (static
component, as annotated in Fig. 11a) of cutting forces at different
UCTswas presented in Fig. 12. One can see that both of the cutting forces
in plastic cutting mode (Fig. 11a and b) are companied by gentle fluctu-
ations and the related ratios in Fig. 12 are less than 70%, close to that in
metal cutting [26]. However, it is worthy to note that although both of
them (Fig. 11a and b) are in plastic cutting mode, the ratio of cutting
forces with a UCT of 100 nm in Fig. 12 is a bit higher than that in the
case of UCT =750 nm. This indicates that a few of micro cracks may
occur in the cutting process (UCT= 100 nm) although the entire mate-
rial removal is mainly dominated by plastic shear deformation, which
could be validated by the following surface morphology observation.
The occurrence of these cracks could be attributed to the ploughing ef-
fect [24] as the magnitude of the adopted UCT is quite less than the ra-
dius value of the practical cutting edge.

While in shear-crack cutting mode (Fig. 11c), the fluctuation fre-
quency and magnitude of the cutting forces show an increasing trend.
This phenomenon can also be evidenced by the surging growth of the
calculated ratio with the increase of UCT as shown in Fig. 12 and should
Fig. 12. The ratio of the dynamic component to mean value of cutting forces at different
uncut chip thicknesses.
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be attributed to the generation and propagation of shear-cracks during
the cutting process [40], which are normally accompanied with severe
fluctuations of cutting forces [39].When it comes to the fracture cutting
mode, both the cutting force and the normal force in Fig. 11d fluctuate
severely and even drop to zero-value sometimes, indicating the occur-
rence of brittle crack/fracture failure. This type of material removal be-
haviour ultimately brings the related ratio into a stable state with
slight fluctuations (Fig. 12).
4.3. Surface morphologies machined at various cutting modes

Owing to the transitions of cutting behaviour/mode, the machined
surface morphology in soft-brittle KDP cutting would be accordingly
changed. The images of the representative surface morphologies ma-
chined at four different UCTs are presented in Fig. 13. The surface ma-
chined at UCT = 100 nm (Fig. 13a) was featured with many micro
craters and micro pits while the surface machined under UCT =
750 nm (Fig. 13b) was nearly smooth with a fewmicro pits. This obser-
vation is opposite to the existing findings in the SPDT (cutting edge ra-
dius re≈40 nm) of soft-brittle KDP crystals [7], where the smaller is the
UCT the better the quality of themachined surface can be. However, this
finding coincides well with the results in micro ball-end milling of KDP
crystals where a relatively large-radius cutting edge (re≈1.09 μm) was
adopted [6]. As aforementioned, the radius of the cutting edge used in
this work is about 1.118 μm, therefore, the practical UCT = 100 nm in
Fig. 13a is far smaller than the cutting edge radius, resulting in severe
ploughing behaviour [8,41]. In this case, the material underneath the
cutting edge would undergo a mass of tensile stress, and owing to the
soft-brittle nature of KDP crystals, the surface defects inevitable oc-
curred on the machined surfaces. However, when the UCT/ re ratio in
this cutting condition becomes higher than the critical value (UCT/
re ≈ 0.14) of the ploughing effect for soft-brittle materials [23] the ma-
chined surface shows a much better quality, as shown Fig. 13b. This is
because the material underwent substantial shear deformation and
was removed with continuous chips, leaving a nearly smooth surface
with a reduced level of defects than that shown in Fig. 13a. Moreover,
in shear-crack cutting mode, a great number of micro craters were ob-
served on the machined surface (UCT = 2 μm) as result of the genera-
tion of shear-cracks in the cutting process (Fig. 13c). Furthermore, in
fracture cutting mode, the surface damage machined at UCT = 14 μm
is much in evidence, as shown in Fig. 13d. Besides a few of ductile cut-
ting trenches, a large edge-chipping removal was observed on the ma-
chined surfaces. This phenomenon resulted from the peeling up of
conchoidal fracture after its initiation with the advance of the cutting
tool. These damage features on the machined surfaces consist well
with the previous observation of chip formations and the analysis of
cutting forces, indicating that the generation mechanism of surface de-
fects is also highly close to the UCT.

For the purpose of revealing the formationmechanism of surface de-
fects, detailed morphologies of the aforementioned three types of sur-
face defects are presented in Fig. 14. As seen in the magnified images
(Fig. 14b-c), the dimension of micro pits along cutting direction was
found to be a bit smaller than that perpendicular to cutting direction,
making the majority of micro pits in an arc-shape. These micro pits
were mainly generated by the material tearing after the passes of the
cutter. Fig. 15a illustrates the detailed formation process of micro pits.
In the practical cutting process, thematerial which is ahead of the cutter
and also below the segment point, cannot be removed by forming chips.
Instead, thematerial in this zone suffers frommassive elastic-plastic de-
formation and tends to move downhill, resulting in one deformation
layer underneath the cutter. After the cutter passes through it, this
layer tends to spring back [42].Meanwhile, due to the higher brittleness
of KDP crystals, cracks are inevitable initiated by elastic recovery and
propagate along the cleavage plane, resulting in the generation of
micro pits, as illustrated in Fig. 15a.



Fig. 13. SEM images for surface morphologies machined at different uncut chip thicknesses (UCT): (a) UCT = 100 nm; (b) UCT = 750 nm; (3) UCT = 2 μm; (4) UCT = 14 μm.
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In regarding to micro craters, a step-like morphology can be ob-
served on the machined surfaces (Fig. 14b). The generation of this
step-like feature can be attributed to the crack initiation and its propa-
gation motivated by the ploughing rub forces, as shown in Fig. 15b.
With the advance of the cutting tool, these cracks propagate along dif-
ferent cleavage planes and may intersect each other until these dam-
aged materials break away from the substrate, bringing about the
Fig. 14. The typical surface defects occurred on themachined KDP surface (a);Magnified image
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formation of micro craters with step-like structures [40]. When it
comes to the large-size edge chipping, a conchoidal fracture can be ob-
served with a smoothly curving surface (Fig. 14c). As the previous dis-
cussion on the chip formation (Fig. 3f) and cutting force (Fig. 11d) at
UCT = 14 μm, brittle fracture behaviour engages into the material re-
moval process due to energy release rate exceeds its critical value for
fracture propagation. As a consequence, aflake of KDPmaterial is peeled
s of micro craters (b) andmicro pits (c); (d) shows the brittle large edge chipping fractures.



Fig. 15. The formation mechanism of three types of surface defects formed in KDP orthogonal cutting tests: (a) micro pits due to the tearing and spalling; (b) micro craters due to the
ploughing effect; (c) edge-chipping removal due to the brittle fracture.
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away, leaving the machined surface with a smoothly curving fracture
feature (Fig. 15c).

Based on the above observation and analysis, the formation mecha-
nism of surface defects with a relatively large-radius cutting edge
(re > 1 μm) is different from that in SPDT of KDP crystals where a
sharp edge is applied (re < 0.1 μm). Normally, in SPDT of brittle mate-
rials, one of prerequisite for ductile-regime cutting is to ensure themax-
imum value of UCT in practical cutting processes smaller than the
critical value (UCTc) of BDT. However, it was revealed here that, besides
the upper limit (UCTc), a lower limit for uncut chip thickness (UCTl)
must be taken into account due to the ploughing effect when adopting
large-radius edges to machine soft-brittle materials, such as the micro
ball-end milling of KDP crystals [43]. This means, in order to avoid
micro craters and pits, the UCT should be in a reasonable range
(UCTl<UCT<UCTc) during the entiremicromachining process, thereby
guaranteeing the machining quality and efficiency of soft-brittle
materials.
5. Conclusion

Micromachiningwith a relatively large-radius cutting edge is a prom-
ising and economical method for repairing the surface defects on KDP
optics; and thus, understanding the corresponding material removal
mechanism is of great importance. This paper aims to study the chip for-
mation behaviours and surface-defect generation in KDP orthogonal cut-
ting processes. Three different cutting modes were observed based on
the observation of chipmorphologies. The energy release rate consumed
in chip formation processes was innovatively modelled to explain the
different material cutting behaviours with varying uncut chip thickness
and was validated well with the cutting forces and machined surface
morphologies. While this work might not be able to decipher all un-
solved phenomena occurred in practical micromachining of KDP optical
components like the anisotropy of cutting direction, it is supposed to
present an initial understanding on the material removal response in
cutting soft-brittle materials with a relatively large-radius cutting edge.

In KDP orthogonal cutting, the chip morphologies display three
types of features (e.g., continuous, shear-crack, fracture chips) when in-
creasing the uncut chip thickness (UCT); and therefore, by referring to
UCT, the material removal mechanism can be divided into three
modes: plastic cutting (PC), shear-crack cutting (SCC) and fracture cut-
ting (FC) modes. An analytical model has been proposed for calculating
the energy release ratewithin different cuttingmodes. It is revealed that
from the perspective of fracture mechanic the specific material removal
behaviour in KDP orthogonal cutting is dominated by the energy release
rate in the chip formation process. The experimental results consistwell
with the theoretical analysis, validating the proposed theoretical ap-
proach for understanding the ductile-regime cutting mechanism of
soft-brittle solids. Meanwhile, the specific cutting force is found to be
higher in PCmodewithin nano/micro UCT but then shows a substantial
decreasing trendwith the arise ofUCT in SCCmode followed by a lower-
12
value and stable stage in FC mode. The brittle crack/fracture failure can
also be reflected the average ratio of the dynamic component to the
mean value of cutting forces, which tends to increase with the genera-
tion of cracks and even exceeds 100% when large-size fractures occur.
Besides, three types of surface defects (e.g., micro pits, micro craters,
large-size edge chipping) are observed on machined surfaces with dif-
ferent generation mechanism. These three kinds of surface defects
were caused by tearing and spalling of materials with elastic recovery,
crack propagation along cleavage planes with ploughing effect, and
the peeling away of large-size fractures, respectively.

This research reveals that a lower limit for uncut chip thicknessmust
be taken into account when adopting relatively large-radius cutting
edge for micromachining repair of soft-brittle KDP optics due to the
ploughing effect. This means, in order to avoid micro craters and pits,
the UCT should be chosen in a reasonable range during the entire
micromachining process, thereby guaranteeing the machining quality
and efficiency of soft-brittle materials. This can also support the future
design of the machining strategy of KDP single-crystals and other soft-
brittle materials as well as their cutting tool development.
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