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Crystalline nickel-phosphide (c-Ni-P) plating is a newly developed mold material for precision glass molding (PGM) to fabricate
microgrooves. In the ultraprecision cutting process of the c-Ni-P plating material, the neighboring microgrooves are required to
adjoin with each other to ensure acute microgroove ridges and miniaturize the microgroove size. Generally, defects of burrs and
fracture pits can easily occur on the ridges when the plating layer is grooved. Burrs appear when tears dominate inmaterial removal
with a large adjacent amount.With the change of the adjacent amount, the removedmaterial is sheared out from the workpiece, and
when the cutting depth of the groove ridge is over the brittle-ductile transition thickness, fracture pits arise. To restrict these defects,
a small cross-angle microgroovingmethod is proposed to test the critical adjacent amount range efficiently. It is found that an acute
ridge of the microgroove is formed with a small enough adjacent amount; when this amount is in the range of 570 nm∼720 nm in
the microgroove machining process, fracture pits begin to arise on the gradient edge. High-quality microgrooves can be obtained
based on this methodology.

1. Introduction

An optical glass microgroove array is an important compo-
nent in photoelectric systems due to its function of reducing
light reflectivity, improving transmittance/diffraction effi-
ciency, and controlling light spectrum distribution [1–3].
However, it is difficult to fabricate optical glass microgrooves
directly because of the brittleness of the glass materials at
room temperature [4–6]. Precision glass molding (PGM) is
a promising method to fabricate glass microgroove arrays
with high efficiency, high accuracy, and low cost [7–9]. The
shape of the molded glass is decided by the patterns on
the mold surface, and the quality of the mold is of great
significance for the PGM process. The mold material should
have sufficiently high hardness at molding temperature and
favourable micromachinability at room temperature. Silicon
carbide (SiC) and tungsten carbide (WC) are too hard to be

machined, while the copper and aluminium are too soft to
maintain the microshape under high pressure [10, 11].

Electroless nickel-phosphide (Ni-P) plating is an impor-
tant mold surface preparation technology, which provides
hard, wear-resistant, and corrosion-resistant surfaces with
excellent micromachinability for single-point diamond cut-
ting [12, 13]. A two-step cutting process that eliminates burr
formation along the microgroove side and improves the
quality of the microgroove on Ni-P plating was proposed
by Yan et al. [14]. The forming mechanism of the burr
was studied based on the pile-up model in a scratch test.
The cutting depth and the edge radius of the diamond
tool are considered to be the two main factors of burr
formation due to the plastic flow material [15]. An energy
method was used to predict the chip flow directions, and
the calculated results agreed with the experimental results,
which proved that the energy method is valid for designing
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Figure 1: Ni-P microgroove mold single-point diamond cutting.

appropriate undeformed chip geometry to reduce burrs in
ultraprecision microgrooving on Ni-P plating [16]. The wear
and tear of the mold was the bottleneck of restriction of the
PGM. To improve the hardness of the mold and prolong
the service life, crystalline nickel-phosphide was developed
by heat treatment [17, 18]. The material characteristics and
removal mechanism of crystalline Ni-P plating are quite
different than those of amorphous plating in terms of both
brittleness and ductility for crystalline Ni-P. Few studies have
been performed on the defect reduction and high-precision
microgroove machining on the crystalline Ni-P material.

The goal of this paper is to restrict the defects that emerge
on the ridge of the microgroove machined on crystalline
Ni-P plating. In the microgrooving process, we denoted the
overlap gap between the neighboringmicrogrooves “adjacent
amount,” which determines the size and the interval of the
microgrooves. Burrs and fracture pits are easily formed on the
microgroove ridge during the microgroove forming with dif-
ferent adjacent amounts. First, the forming mechanisms are
discussed theoretically. To identify the forming mechanism
of the defect and educe the appropriate adjacent amount,
a method of small cross-angle microgrooving is proposed.
Next, the defects of microgroove machining are identified on
the gradient edge formed by the method. Finally, through
the gradual change of the material removal condition, the
microgroove machining mechanism for different adjacent
amounts is analysed.

2. Difficulties of Ni-P Mold Microgrooving

2.1. Mold Microgrooving Process. The experiment of micro-
groovemachining is carried out on an ultraprecisionmachine
centre Nanoform X (produced by Precitech Corporation,
USA), which achieves a positioning resolution of 0.016 nm
and a moving straightness of 0.1 𝜇m/50mm. As shown in
Figure 1, the workpiece of the Ni-P mold that is fixed by a
vacuum chunk ismachined by a V-shaped diamond tool with
an included angle of 90∘.

A precision vertical positioning stage fixed under the
tool holder is developed to achieve height adjustment. The
diamond tool should find the surface of the mold before
the machining, and a tool setting error is inevitable in this
step, regardless of the precision of the machine tool. For
this problem, the neighboring grooves must be adjoining
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Figure 2: Diagram of adjacent amount control for microgrooves.

with each other to a certain extent to ensure high-precision
machining and an acute microgroove ridge. In this way, the
size of the microgroove is determined by the interval of
neighboring grooves 𝑙 instead of cutting depth 𝑑 (Figure 2).
Thus, the tool setting error is totally eliminated.The height of
themicrogroove is half of the interval of neighboring grooves
for the cutting tool of the 90∘ included angle. The adjacent
amount 𝑡 is obtained:

𝑡 = 2𝑑 tan 45∘ − 𝑙. (1)

2.2. Machining Defects in Mold Microgrooving. Figure 3
shows scanning electron microscope (SEM) images of
defects, including burrs and fracture pits. During cutting,
the tool moved from right to left, and the feed of each
single microgroove cutting is 3.0 𝜇m. The intervals of the
microgrooves are 1.0 𝜇m and 4.8 𝜇m. It can be deduced
from (1) that the adjacent amounts are 5.0 𝜇m and 1.2 𝜇m,
respectively. In Figure 3(a), burrs are formed on the side of an
earlier machined microgroove. The morphology of the burrs
shows that the cutting direction is from the bottom up. In
Figure 3(b), discontinuous fracture pits are located mainly
on the ridges of the later machined surface of each single
microgroove.

3. Mechanism of Defect
Formation in Microgrooving

3.1. Modelling of Defect Formation in Microgrooving. Burr
restricting is important in microgroove machining. Gillespie
was among the first to describe different types of burrs.
Four types of machining burrs were defined (Figure 4):
Poisson burr, rollover burr, tear burr, and cut-off burr. The
Poisson burr results from the material’s tendency to bulge
to the sides when it is compressed until permanent plastic
deformation occurs. The forming mechanism of a rollover
burr is essentially the material being bent in a cutting process
such as end milling. The tear burr is the result of material
tearing loose from the workpiece rather than shearing clearly.
The cut-off burr is the result of workpiece separation from the
rawmaterial before the separation cut is finished [19, 20].The
size of the burrs in the SEM photo is similar to the height of
the microgroove, which is too large to form by extrusion or
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Figure 3: Machining defects of adjacent microgrooves: (a) burrs and (b) fracture pits.
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Figure 4: Schematic of machining burrs: (a) Poisson burr, (b) rollover burr, (c) tear burr, and (d) cut-off burr.

shearing, and it is obvious that the burrs are not formed by
material bent for their shape.Therefore, the burr is speculated
to be a typical kind of tear burr.

As the chip flow state is one of the important factors of
the burr formation mechanism, plastic deformation in the
adjacent microgrooving process should be considered. The
workpiece material is pressed by the cutting tool, while the
friction between the tool and material is ignored. Under
these circumstances, the minimum resistance principle can
be used to estimate the flow of the material macroscopically
in plastic deformation. According to this principle, in the
compression process, the particle of the plastic deformation

material always flows along the direction with the least
resistance, which is the shortest normal of the object contour
(Figure 5).

Different kinds of defects are formed according to the
adjacent amount of microgrooves. Burrs are formed on the
groove ridge with a large adjacent amount, while fracture
pits occur with a small adjacent amount. The material flow
condition is analysed by the minimum resistance principle,
and the chip flow direction is estimated (Figure 6). According
to the minimum resistance law, the section of the removed
material is divided into four parts; thematerial flows of Part II
and Part III are blocked by the workpiecematerial.Therefore,
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Figure 5: Diagram of minimum resistance principle.
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Figure 6: Material flow in the microgrooving under different conditions: (a) large adjacent amount and (b) small adjacent amount.

the chip flow direction is affected by the combination of
material flow from Part I and Part IV. The estimated chip
flow directions are shown. For the chip flow condition in
Figure 6(a), the material near the groove ridge tends to
be torn out from the workpiece. In this situation, tearing
dominates the material removal process.

As seen in Figure 6(b), the cutting depth at the position of
groove ridge is directly proportional to the adjacent amount.
For the crystallineNi-Pmaterial, fracture pits are observed on
the groove ridge, and the brittle removal process is illustrated
in Figure 7. The crack begins to appear when the cutting
depth reaches the brittle-ductile transition thickness. With
the movement of the cutting tool, the crack propagates, and
brittle exfoliation of the material occurs on the surface. In
this process, one single fracture pit is formed. For the gradual
change of the pit depth, the cutting thickness decreases when
the cutting edge of the tool reaches the brimof the fracture pit.
In this situation, the material of this part would be removed
in the ductile mode. As the cutting continues, the cutting tool
recedes from the fracture pit, and the cutting depth returns to
the original value. Afterwards, a new cycle of brittle removal
begins.The morphology of discontinuous fracture pits forms
in this process.

3.2. Analysis of Defect Formation by Small Cross-Angle
Microgrooving Method. The adjacent amount is considered

to be the most important factor that decides the quality of
the groove ridge according to the aforementioned research.
The small cross-angle microgrooving method is proposed
to analyse the forming mechanism of the groove ridge for
different adjacent amounts. The procedure of the method is
shown in Figure 8. After the machining of a microgroove,
the workpiece is rotated with a small certain angle by the
𝐶-axis of the ultraprecision machine, and then the second
microgroove that intersected with the first one is machined.
A pair of gradient edges is generated by the intersection of the
microgrooves.

Figure 9 shows the profile of the removed part of the sec-
ond cutting, and the sections of the removed part at different
positions of the gradient edge are marked. It can be observed
that the shapes of the sections are similar to the removed
part section of the parallel microgroove machined with
an adjacent amount. Each section along the gradient edge
could be matched with corresponding parallel microgroove
machining sections shaped with different adjacent amounts.
To confirm this result, the angles of the gradient edges
formed by different cross angles of microgrooves in small
cross-angle microgrooving experiments are calculated and
shown in Table 1. The edge angle 𝜃 becomes larger as the
microgroove cross-angle 𝛼 increases. When the cross angle is
in the range of 0∘∼10∘, the edge angle varies within 0.5∘, which
is sufficiently small to be ignored. The change of the cross
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Figure 7: Material removing process of the crystalline Ni-P: (a) crack propagation, (b) brittle exfoliation, (c) ductile machining, and (d)
formation of next fracture pit.
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Figure 8: Experimental setup of small cross-angle microgrooving.
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Table 1: Relationship between cross angle and gradient edge angle.

Microgroove cross-angle 𝛼 (∘) Edge angle 𝜃 (∘)
2 90.01745
5 90.10901
8 90.27880
10 90.43523

angle in this range has little effect on the shape of the removed
section.The shape of the section could be considered to be the
same as that of parallel microgroove machining.

The gradient edge formed in the small cross-angle
microgrooving experiment is shown in Figure 10. Burrs and
fracture pits are observed on the gradient edge, and there is
no defect at the upper part of the gradient edge. The burrs
are formed on the side of the first cutting direction. The
fracture pits are discontinuous andmainly formed on the side
of the second microgroove. At this point, the cutting depth
at the position of groove ridge is less than the brittle-ductile
transition thickness, and the material is removed in the
ductilemode.The above signs show that thematerial removal
mechanism in small cross-angle microgrooving experiments
is the same as that of adjacent parallel microgroove machin-
ing with different adjacent amounts. Thus, it is reasonable
to identify the defect formation mechanism in adjacent
microgroove cutting processes through small cross-angle
microgrooving experiments.

4. Defect Restriction by Controlling the
Adjacent Amount

4.1. Influences of Microgrooving Parameters. To conduct a
further study of the defect forming situation, a series of
small cross-anglemicrogrooving experiments are carried out,
and the experiment parameters are summarized in Table 2.
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Table 2: Experiment parameters of small cross-angle microgrooving.

Cutting speed V (mm/min) Depth of the 1st cutting 𝑑
1
(𝜇m) Depth of the 2nd cutting 𝑑

2
(𝜇m) Cross angle of microgrooves 𝛼 (∘)
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Figure 10: Gradient edge: (a) SEM photo and (b) overall schematic.

Figure 11: SEM photograph of gradient edge machined by cross of
1.5 𝜇mmicrogroove.

Several pairs of gradient edges are obtained and analysed.
Gradient edges with larger sizes are created by the cross
of microgrooves with larger cutting depths, while a smaller
cross angle of the microgrooves makes the gradient edge
slower with a certain height. Figure 11 shows a gradient edge
machined by a 5∘ cross angle of microgrooves with a cutting
depth of 1.5 𝜇m. Burrs are clearly observed on the formed
gradient edge, while fracture pits formation is not as evident
as the example shown in Figure 10(a), whose size is larger.
On one hand, it could be concluded that the formation of
fracture pits, which is relevant to the brittle-ductile transition
thickness of thematerial, is closely related to the cutting depth
of the microgrooves. On the other hand, since the formation
of the tear burr is related to the section of the removed
material part, whether it would arise or not is not affected
by the cutting depth of the microgroove. Figure 12 shows a
gradient edge formed by microgrooves with a 2∘ cross angle.
In this condition, the gradient edge is slower, and the defects

Burrs

Fracture pits

Figure 12: SEM photograph of mix exists of burrs and fracture pits.

could be observed clearly in a sparse distribution. As seen
in the figure, burrs and fracture pits coexist on the middle
part of the gradient edge, which indicates that the forming
mechanisms of these two defects are independent and have
no effect on each other.

The high-quality part on the gradient edge corresponds
to the acute ridge machined in the parallel microgrooving
process. In theory, the high-quality parts of exit and entrance
gradient edges should be the same length based on the
previous research of the removed material section. However,
it can be observed from the SEM photographs that the range
of the high-quality region on the exit gradient edge is wider
than that of the entrance gradient edge. In addition, the
size of the fracture pits on the entrance gradient edge is
larger (Figure 13). To summarize, the brittle-ductile transition
occurs in a smaller adjacent amount on the exit gradient
edge than the entrance gradient edge, and the phenomenon
of brittle exfoliation is more remarkable on the entrance
gradient edge.
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Figure 13: SEM photographs of: (a) exit gradient edge and (b) entrance gradient edge.

The removed material thickness on the edge increases
with the diamond tool moving during the entrance gradient
edge machining process. On one hand, the tensile stress
between the chip and the undeformed surfacematerialmakes
fracture pits easier to form on the brittle material. On the
other hand, for the machining process of the exit part, the
crack propagation and brittle exfoliation of the material on
the edge are restrained by the hydrostatic pressure from
the cutting tool. This explains why the quality of the exit
gradient edge is better than that of the entrance, and the
edge quality of adjacent microgrooves goes between them.
For these reasons, the brittle-ductile transition positions of
the exit and entrance gradient edges are, respectively, set as
the upper and lower bounds for the brittle-ductile adjacent
amount of microgroove machining.

4.2. Optimization and High-Quality Machining of Micro-
grooves. The corresponding adjacent amount of the position
on the gradient edge could be obtained by geometric cal-
culation, and the various brittle-ductile transition adjacent
amounts achieved in the cross-cutting process under different
cross angles are shown in Figure 14.The values of the adjacent
amounts machined by different microgroove cross-angle
degrees tend to be quite close, with no gradual change trend.
Thus, the conclusion could be drawn that, under the test
condition, the tiny change of the gradient edge shape has little
effect on the brittle-ductile transition adjacent amount of the
gradient edge, and the testing method is feasible. According
to this method, when the adjacent amount is in the range
of 570 nm∼720 nm, the fracture pits begin to occur on the
gradient edge, which is considered to be the transitional
adjacent amount of the microgroove cut.

The defects of the machined microgroove array are diffi-
cult to repair due to the relocation difficulty of the tool and
the workpiece in the machining process. Errors in submicron
scale for the relative coordinate system of the workpiece
surface established by tool setting, which would reflect the
cutting depth, are unacceptable in ultraprecision machining.
The actual cutting depth is the sum of the tool setting amount
and the cutting feed, which is not an accurate value due to the
uncertainty in the tool setting process.Therefore, estimations
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Figure 14: Effect of cross angle on transition adjacent amount in the
material removal.

must bemade to assure the high precision of themicrogroove,
and the prediction of the brittle-ductile transition adjacent
amount provides guidance to the machining process. The
cutting feed and interval of the microgrooves are rationally
designed according to the tool setting conditions and depth of
themicrogrooves.Themicrogroovemachining can be carried
out in the appropriate adjacent amount where the material is
removed in a ductile manner, and a microgroove mold with
a high-quality ridge is obtained (Figure 15).

5. Conclusion

A new method to quickly estimate the appropriate adjacent
amount range in a c-Ni-P mold microgrooving process
is proposed. The theoretical model is established, and the
brittle-ductile transition adjacent amount range of crystalline
Ni-P plating is investigated for the optimization of the cutting
conditions in a microgroove mold machining process. The
main conclusions are as follows:
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Ridges

Figure 15: High-quality microgrooves with acute ridges.

(1) Two types of defects, namely, burrs and fracture pits,
are found to coexist in the ultraprecision cutting of a Ni-
P microgroove mold subjected to the adjacent amount of
microgrooves.

(2) Small cross-angle microgrooving is an effective
method to test the brittle-ductile transition region.Themate-
rial removal and deformation mechanism on the gradient
edge resemble that of microgrooves machining in different
adjacent amounts.

(3) Generally, the quality on the exit gradient edge is
superior to that on the entrance counterpart, and the ridge
edge quality of adjacent microgrooves falls between them in
the similar removed material section.

(4) For the crystalline Ni-P plating mold, the defects
of burrs and fracture pits on the microgroove ridge can be
effectively restrained when themicrogroove adjacent amount
is less than 570 nm.
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