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Abstract

Substantial experimental work has been presented for microcutting calcium fluoride (CaF,), aiming at devising the methodology for ductile-regime
cutting of CaF, single crystals by means of quantifying the critical chip thickness. This paper establishes the theoretical understanding of the
dominant factor for the variation in the critical chip thickness in relation to crystallographic orientations, and contributes to modelling of the

microcutting process using crystal plasticity finite element method (CPFEM).
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1. Introduction

CaF, is one of the key materials for high power optics, and is
ideal for optical applications (A=0.15 pm - 9 um). In spite of
conventional processing methods for CaF, like pitch polishing
and magneto-rheological finishing (MRF), recent experimental
study has taken the advantages of ultraprecision diamond
turning technology for fabrication of complex optical
geometries. Critical problems and the-state-of-the-art research
of microcutting brittle crystalline materials are summarised in
table 1. Although numerical methods have been developed for
deformation simulation of crystalline materials, hitherto, no
model has been proposed for the theoretical study of CaF,
microcutting. To fill the blank in research, this paper integrates
crystal plasticity constitutive model into the FEM framework,
whereby the key problem of determining the critical chip
thickness is addressed in light of material anisotropy.

Table 1. Key problems in cutting brittle crystalline materials

Research area Problem and solution
Ductile-regime | Key problems:
cutting of - crack and subsurface damage [1]
brittle - critical chip thickness [2, 3].
materials Experimental methods:

plunge [4] and fly cutting [5], scratching

[6], diamond turning [3];

Numerical methods:

analytic model [7], molecular dynamics

simulation [8]
Material Periodic undulation of machined surface
anisotropy [9], micro-cutting force variation [10],
effect chip morphology and tool vibration [11]
Modelling Tensile loading [12], CaF, indentation [13]

2. Development of the CPFEM simulation

A 3D orthogonal microcutting model was set up using the
commercial FEM software ABAQUS/Standard v6.11. The CaF,
workpiece with a dimension of 0.02 mm x 0.01 mm x 0.001

mm was meshed by 9,601 eight-node linear brick (C3D8R)
elements. A rigid analytical surface was employed to model the
diamond tool. A well-lubrication (i.e. frictionless) condition was
assumed for the rigid-deformable body interaction. Due to the
short cutting time, heat generation was not considered. In all
the simulations, constant depth of cut of 1 um and cutting
speed of 0.01 mm/s were adopted. The simulation of
orthogonal cutting was performed on (111) plane and in five
crystallographic directions as shown in figure 1. No subsequent
crack damage was addressed by the CPFEM simulation herein
based on the assumption of ductile-regime cutting.

Crystal plasticity constitutive equations for CaF, were
programmed into ABAQUS through the user subroutine UMAT,
following a similar procedure previously devised for another
commercial FEM software MSC.Marc [14]. Assuming
crystallographic slip governed by Schmid’s law was the sole

cause of plastic deformation, plastic shear rate FP was
expressed by slip rate 7 of the slip system «, where s and n
were the slip direction and the normal of slip plane in Eq. (1).
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The slip rate was determined by the critical resolved shear
@ rate sensitivity factor m, and strain hardening

c

factor h,, following Egs. (2)-(4).

stress
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CaF, possesses six slip systems of {100} <110> at ambient
temperature. Its elastic stiffness constants Cy4, Cq,, and Cy4 are
168.16 GPa, 48.54 GPa, and 33.81 GPa, respectively. The

reference slip rate 7"

and rate sensitivity factor m were
experimentally determined as 0.001 s* and 0.05, with the
initial shear strength and self-hardening coefficient of 110 MPa

and 100 MPa for (111) plane microcutting [13].

337


http://www.euspen.eu/

3. Results and discussion

Figure 1 shows the simulation results of Mises stress with the
initial chip formation in cutting along the five selected
crystallographic directions on the (111) plane. Taking account
of crystal anisotropy, the opposing side views of the deformed
work material are shown for the stress contour. For clear
presentation, cutting tools are removed from these plots.

S, Mises

(Avg: 75%)
+5.500e+03
+5.042e+03
+4.583e+03
+4.125e+03
+3.667e+03
+3.208e+03
+2.750e+03
+2.292e+03
+1.833e+03
+1.375e+03
+9.167e+02
+4.583e+02
+0.000e+00

Figure 1. Simulated Mises stress on (111) plane with cutting directions
of (A)[112], (B)[123], (C)[011], (D) [132] , and (E) [L21]

The most significant anisotropy exhibits in cutting along
[011] direction. Stress distribution helps categorise cutting of
CaF, single crystals into two distinct types on the (111) plane:
type | — with stress concentration spreading from tool tip to
bulk material which is nearly perpendicular to primary
deformation zone (PDZ) as shown in figures 1A, 1B, 1D, and 1E;
and type Il — with confined stress concentration within PDZ as
shown in figure 1C. Unless microcrack can be effectively
suppressed in the immediate vicinity of cutting edge (inelastic
zone), type | stress will unavoidably foment macrocrack
initiated from the microcrack cluster [15], and cause subsurface
damage in greater depths [16]. On the contrary, type Il stress is
not as catastrophic, since it does not contribute sufficient
driving force for crack propagation. This also theoretically
explains why a large critical chip thickness was experimentally

established for direction [011]; whilst about merely one sixth

of the thickness was identified for the other four directions
(refer to figure 2). Furthermore, the stress states applied on the
cleavage plane (111) of CaF, also favour the cutting direction

[011] . Compared to the other four crystallographic directions,

cutting in [011] direction imposes tensile stress (in red colour)

only within the PDZ in front of the advancing tool and
compressive stress (in green colour) below the inelastic zone

(figure 3B); however, cutting in the [1 12] direction (figure 3A)
causes tensile stress in a much wider volume.
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Figure 2. Experimental results of the critical chip thickness with regard
to different crystallographic directions: the corresponding directions of
(A)-(E) in figure 1 are marked by the red circles from left to right in the
reproduced figure from the work by Yan et al. [3]

Figure 3. Stress contours on the CaF, cleavage plane (111) in cutting
along the crystallographic directions of (A) [1 12] and (B)[011]

4. Conclusions

This paper develops a crystal plasticity finite element model
for CaF, microcutting. The theoretical study reveals the effect
of material anisotropy on stress distribution in the primary
deformation zone and subsurface, which elucidates the
mechanism of the variation in critical chip thickness for
different crystallographic directions on the (111) plane of CaF,
single crystals. This work not only contributes to the numerical
modelling methodology, but also furthers the understanding on
the microcutting process of brittle materials.
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