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Experimental Investigation
and Numerical Analysis
of Mechanical Ruling for
an Aluminum-Coated
Diffraction Grating
The mechanical ruling process using a diamond tool is an important method for fabrica-
tion of low-density diffraction gratings. In mechanical ruling, a deposited film of alumi-
num or gold is mechanically burnished by the diamond tool to form equally spaced and
high-quality grooves. The goal of this work is to evaluate the effects of Al film properties
and ruling tool loading conditions on the resultant groove formation. The microstructure
of the Al film is first studied using scanning electron microscope (SEM) and X-ray diffrac-
tion (XRD). The mechanical properties of the Al film are measured by nano-indentation
and scratch tests. Mechanical ruling experiments are then carried out on a 10.5 lm thick
Al film under various ruling loads ranging from 20 to 105 g. The groove geometry is
investigated, and the tool wear of the diamond tool is inspected after the mechanical rul-
ing tests. Finally, a three-dimensional (3D) thermomechanical-coupled finite-element
(FE) model is developed to predict the deformation and temperature fields for the
micron-scale groove formation by incorporating the Al film properties and a strain-
gradient plasticity for modeling the size effect. Multiruling pass simulations are per-
formed to analyze the groove formation under different loading conditions. Through com-
parison of simulation results with experimental measurement, this model is demonstrated
as a useful numerical tool for modeling the mechanical ruling process using a diamond
tool. [DOI: 10.1115/1.4034282]

Keywords: mechanical ruling, diffraction grating, aluminum film, diamond tool, finite-
element model, size effect

1 Introduction

Diffraction gratings refer to reflecting or transparent optical
components with a periodic structure, which splits and diffracts
light into several beams traveling in multiple directions. They
have been used in numerous optical instruments, such as laser
scanners, monochromators, optical pulse compressing devices,
spectrometers, and wavelength division multiplexing devices.
Main fabrication methods of diffraction gratings include mechani-
cal ruling, ion beam etching, holography, and replication. Among
the various fabrication methods, mechanical ruling is usually
applied to make a low-density diffraction grating and is currently
the only valid option for fabrication of infrared gratings and
echelle gratings [1].

Mechanically ruled master gratings are fabricated by mechani-
cally burnishing of an evaporated thin film of gold (Au) or alumi-
num (Al) using a precision diamond tool. During the mechanical
ruling process, little materials are removed from the process under
micron scale. Multiple fine, parallel, equally spaced grooves are
formed on the film as a result of elastoplastic deformation. The
groove density for mechanically ruled diffraction gratings ranges
up to 2000 grooves/mm, i.e., minimum of 0.5 nm [1]. The triangu-
lar groove profile must be accurately controlled across the entire
surface of the grating. The process condition, in particular, the rul-
ing tool wear, has to be constantly monitored and compensated to

ensure a tight control of the ruled groove profile. These high-
standard specifics required by the gratings demand a high degree
of precision. As a result, only a few number of facilities in the
world are able to mechanically rule the master gratings.

Numerous efforts have been devoted in the last century for the
development of the grating ruling engine since the invention of
the world’s first diffraction grating [2–4]. In 1910 s, Wood [5] dis-
covered the art of blazing and produced low ruling density (40–80
grooves/mm) infrared gratings. Later, Davies and Stiff [6] con-
ducted grating ruling tests with different ruling densities and
obtained the relation between the diffraction efficiency and groove
density. Verrill [7,8] discussed systematic alignment of a diffrac-
tion ruling tool and proposed that ruling tool wear could be elimi-
nated by examining a trial ruling. In 1980 s, Harada et al. [9]
studied the formation of groove profile and found the effective-
ness of the groove space variation technology for reducing aberra-
tions in concave grating monochromators. Recently, Zhang et al.
[10,11] found that the attributes of deposited Al film played an
important role in the ruling process, and the groove formation was
highly sensitive to the film preparation as well as the process
condition.

The reflective Al film is often prepared by physical vapor depo-
sition (PVD) method on the glass substrate. In mechanical ruling,
an Al film with a 10–15 lm thickness is often required to guaran-
tee a satisfying groove depth. However, most of the past research
efforts have been focused on PVD coatings with a thickness less
than 5 lm using various characterization techniques [12–17]. In
addition, the mechanical properties of the Al film should also
be quantitatively determined for an accurate process model.
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Nano-indentation test is often implemented for evaluating the
hardness and Young’s modulus of different PVD coatings [18,19].
The material response and formability of the Al film with a defor-
mation in micron scale under the mechanical ruling condition
have not been well understood in the previous literature.

A few numerical analyses have been conducted to simulate the
groove formation during mechanical ruling. Sokolova [20] devel-
oped a geometric theory for a spherical mechanically ruled con-
cave diffraction grating and simulated the curved grooves with
this technology. Zhang et al. [10,11] developed a three-
dimensional (3D) finite-element (FE) model to simulate the
mechanical ruling process with multiple ruling tool geometries
and determined an optimal set of process parameters. However,
the critical film quality and size effect during the grating ruling
process were not considered in their work. Due to the small ruling
load (less than 100 g force), the grooves are formed with a depth
of 3–5 lm, and hence a significant size effect exists during the
elastoplastic deformation under this micron scale.

To effectively design and control the mechanical ruling process
for various diffraction gratings, it is necessary to investigate the
effects of film preparation and tool loadings for this elastoplastic
deformation process and is desirable to have an analytical solution
for predicting the groove geometry. The research objectives of
this study are first to evaluate the Al film preparation technique in
terms of surface integrity and mechanical properties, and then to
quantify the effect of ruling tool loading condition on the resultant
groove formation using experimental and numerical analyses. In
this work, the preparation technique of the Al film is thoroughly
studied in terms of film surface morphology, nanohardness, and
elastic modulus. An experimental analysis is then conducted to
investigate the groove geometry and effect of ruling loads.
Finally, a 3D thermomechanical-coupled FE model is developed
to simulate the mechanical ruling process for predicting the defor-
mation and temperature fields.

2 Film Preparation and Characterization

2.1 Film Preparation. In this study, pure Al was deposited
on the K-9 glass substrate using the PVD method of vacuum evap-
oration. During the PVD process, the Cr evaporation source was
first heated to deposit the transition layer. Then, multiple Al evap-
oration sources were activated to deposit multiple layers of Al
film on the glass substrate. In this research work, a 10.5 lm thick
Al film was deposited onto the K-9 glass substrate using six Al
evaporation sources. The film surface morphology was investi-
gated by scanning electron microscope (SEM). Figure 1(a) shows
the side view of the Al film composed of six layers from the six
evaporation sources. A zoom-in side view as can be seen in
Fig. 1(b) shows diffused tiny fibrous/columnar crystals illustrating
grain growth on the film side with the high substrate temperature.
Figure 1(c) shows the SEM micrograph of the top film surface of

the Al film. A smooth surface was observed for the film after a
long deposition time with six evaporation sources.

The surface roughness of the Al film top surface was measured
using a white-light interferometer. The surface roughness Ra of
the prepared Al film is about 0.135 lm. In order to verify the crys-
tallization of the deposited Al film, X-ray diffraction (XRD) was
performed using a Cu-Ka radiation with a wavelength of
0.15418 nm.

Figure 2 shows the measured XRD pattern of the Al film. One
significant high peak of (111) plane and four other tiny peaks can
be observed in Fig. 2. The XRD spectra showed that the diffrac-
tion angles of (111) plane were very close to the Bragg’s angle of
38.43 deg for pure Al, which indicated that the coating was almost
strain-free. These findings indicated that the all the coatings had a
preferred orientation of h111i. It implied that this preferred orien-
tation resulted in the most densely populated atomic planes paral-
lel to the substrate [21].

2.2 Nano-Indentation Tests. Young’s modulus and hardness
of the Al film were examined with nano-indentation tests. The
nano-indentation tests were conducted with a commercial nano-
indenter TriboIndenter (Hysitron Inc., Eden Prairie, MN)
equipped with a Berkovick indenter using a load range of 10 mN
and large indentation depth. After the calibration tests, the Al film
was indented ten times with an incremental indentation depth of
0.5 lm, i.e., 0.5 lm depth after the first indentation and 5 lm depth
after the 10th indentation. For each indentation, both of the load-
ing time and unloading time were set 10 s. The elastoplastic prop-
erties of each indent were measured six times in order to
minimize the effect of the uneven mass of the Al film. Figure 3
shows the load–displacement curves for all the ten indentations.
The load–displacement data was directly obtained by the nano-
indenter, which could minimize the influence of different calcula-
tion methods and the indenter tip passivation. For all the tests, the

Fig. 1 SEM micrographs of the Al film: (a) side view, (b) zoom-in of the side view, and (c) top surface

Fig. 2 XRD patterns of the fabricated Al film
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loading curves overlapped with each other very well, and the
unloading curves were all parallel. These findings indicated the
stability of the nano-indentation test for the Al film.

From the load–displacement curves, Young’s modulus, E, and
hardness, H, of the film were calculated based on the maximum
indentation depth, hm, and residual indentation depth, hf . The
average Young’s modulus and hardness were 87.7 GPa and
631.7 MPa, respectively. Figure 4 shows the measured data of
Young’s modulus and hardness with varying indentation depths.
Due to a strong size effect in this length scale, both E and H were
decreased within an indentation depth of 2 lm. Large fluctuation
can be observed for the test results at smaller indentation depths
indicating the inhomogeneity of the Al film. The fluctuation grad-
ually attenuated with the increase of the indentation depth.

The springback during the nano-indentation test was also eval-
uated. Based on the load–displacement curves in all the tests, the
largest springback values hr can be determined by the following
equation:

hr ¼ hm � hf (1)

where hm is the maximum indentation depth, and hf is the residual
indentation depth. Figure 5 shows the relative springback in all
the nano-indentation tests. The relative springback at the indent
bottom decreased from 8% to 5.5%, as the indentation depth
increased from 0.5 to 5 lm. The combined effects of the soft film
and hard substrate were not noticeable. Thus, the springback on

the residual indent surface would gradually decrease as the inden-
tation depth increases. These characteristics will be critical to
understand the springback performance of the prepared Al film
during the grating ruling experiments.

Scratch tests were conducted to measure the friction coefficient
between the diamond indenter and the Al film surface using the
nano-indentation device. In order to accurately measure the fric-
tion coefficient, the Al film was scratched four times with varying
maximum normal loads. The normal load was applied starting
from the fifth second, and the probe started to penetrate into the
Al film. After the probe reached the maximum penetration depth
at tenth second, the normal force remained as constant for 20 s.
Then, it started to unload for 5 s, while the probe was gradually
lifted and detached with Al film within 5 s. The friction coefficient
can be calculated using equation f¼L/N (L is the normal force,
and N is the lateral force). Friction coefficient values from four
stable scratch tests were averaged to minimize the experimental
error. The average friction coefficient at stable condition was
determined to be 0.51 from these scratch tests.

3 Mechanical Ruling Experiments

The mechanical ruling experiments were conducted for the Al-
coated specimens on a grating ruling engine designed and manu-
factured by Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun, China. The
experimental process and tool path are schematically illustrated in
Fig. 6(a). The grating was ruled on the Al film using a wedge-
shaped single crystalline diamond ruling tool as depicted in Fig.
6(c). The diamond tool was joined onto the carbide tool base with
a length of 20 mm and a bottom area of 2.35 mm2. The tool mate-
rial had a high thermal conductivity of 1.5 kW/m K at room tem-
perature. A grating density of 79 grooves/mm was desired for
these experiments. A constant ruling speed of 60 mm/s was
applied for the diamond tool in all these experiments. The tool
was tilted by 4 deg from the horizontal plane in the ruling direc-
tion. Multiple experiments with the vertical ruling loads varying
from 20 g to 115 g were investigated in this study. Figure 6(c)
shows a good sample diffraction grating fabricated after the
experiment.

Fig. 3 Load–indentation response curve for various indenta-
tion depths

Fig. 4 Nano-indentation results
Fig. 5 Springback measurement from nano-indentation tests:
(a) springback and (b) relative springback
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Microscopic examination of the grating groove form was per-
formed using both optical microscope and SEM. Figure 7 shows a
micrograph of fabricated grating grooves with the designated
groove form parameters. The form parameters investigated by this
study are listed in Table 1. The shorter side surface is the blazing
surface, i.e., the working plane of the grating. Based on the theo-
retical calculation, this type of groove geometry will typically
result in a higher diffraction efficiency.

Figure 8 shows the optical micrograph of the beginning, middle
and end of multiple grating grooves. A uniform spacing was kept
along the ruling direction among successive grooves. Figure 9(a)
further examines the 3D height profile of the grating grooves from
an optical surface profiler. In order to investigate the form integ-
rity, a typical 2D height profile of the grooves was extracted as
shown in Fig. 9(b). The cross-sectional areas of the grating
structure above (Si) and below (Ai) the original film surface were
calculated based on the 2D height profile. The equivalent cross-
sectional areas for above and below the original film surface indi-
cated that a sound grating structure was formed with little material
removed from the film from the mechanical ruling process.

The grating groove profiles produced by various ruling loads
are shown in Fig. 10. With insufficient ruling loads of 20–40 g,

the groove depth was too shallow to form the proper grooves as
can be seen in Figs. 10(a) and 10(b). The sharp groove top angle
was not formed from these light loads and a flat area remained
between two neighbor grooves. As the ruling load increased to
70–80 g, grooves with a high-quality form accuracy were formed
as shown in Figs. 10(c) and 10(d). As the ruling load was
increased to above 100 g as shown in Figs. 10(e) and 10(f), incor-
rect grooves were formed with the tip of grooves severely dis-
torted by the following ruling passes. These findings indicate that
70–80 g ruling loads were optimum for the 10.5 lm thick Al film,
and the form accuracy of the mechanical ruling process is highly
dependent on the ruling load and material property.

To fabricate a large diffraction grating, e.g., 410� 614 mm2 in
area, the ruling tool needs to travel for about 19.89 km, which is a
long and painstaking process. After traveling such a long distance,
severe tool wear can be observed on the ruling tool as shown in
Fig. 11. Severe abrasive tool wear was observed along the cutting
edge on the primary rake face and on the edge next to the back
relief surface. These wear occurred along the material flow direc-
tion during the ruling process. Therefore, the tool wear condition
needs to be constantly monitored and compensated to maintain
the groove form accuracy. An accurate process model can be
developed to predict the material flow and tool surface pressure to
evaluate the tool wear rate during the ruling process. These studies
will help process planning of the ruling experiment over a large
area and determine the time to readjust the diamond tool during
the process.

4 Process Modeling

To better understand mechanical ruling process of diffraction
gratings, a 3D thermomechanical-coupled FE model was devel-
oped in DEFORM

VR

to predict the deformation and temperature
fields. The material constitutive model of strain-gradient plasticity
was used in this FE analysis to study the size effect of the micron-
scale groove-forming process.

4.1 Material Constitutive Model. The significant size effect
during the mechanical ruling process was modeled using a strain

Fig. 6 Ruling tool and workpiece: (a) schematic of the mechanical ruling process,
(b) diamond tool, and (c) a fabricated diffraction grating

Fig. 7 SEM micrograph of fabricated grating grooves with the
designated groove form variables labeled

Table 1 Form parameters of the diffraction grating

Groove density, n (grooves/mm) Groove spacing, d (lm) Blaze angle, a (deg) Groove top angle, b (deg) Groove depth, h (lm)

79 12.66 64.5 85–90 2–6
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gradient-based constitutive model. This constitutive model is
briefly described in this part, and more details can be found in
Refs. [22–26]. In this model, a length scale can be developed
using the coefficients of spatial gradients of strain components
and it can be a useful tool for modeling the size effect during
mechanical ruling. The model is based on a modified
Johnson–Cook constitutive equation which can be explicitly
expressed in the following equation:

r¼ AþBenð Þ 1þCln
_e
_eo

� �
1� T�Tref

Tm�Tref

� �m
 !

1þ 18a2bG2

L AþBenð Þ 1þcln
_e
_eo

� �
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l
0
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1=2

(2)

where e, _e, and _eo are the effective strain, effective strain rate,
and reference strain rate, respectively; Tm and Tref are the material
melting temperature and process reference temperature, respec-
tively; A, B, C, m, and n are the material constants in
Johnson–Cook model; a and l are the empirical coefficients; b is
the Burgers vector; G is the shear modulus; and L is the length
parameter. L used in this study was chosen to be the ruling depth
for the corresponding mechanical ruling test. For example, L was
3 lm for the ruling load of 70 g. The model parameters are listed
in Table 2 for pure Al. The values of a and l were adopted from
Ref. [22]. The mechanical and physical properties of pure Al and
the tool material of diamond used in the simulation are listed in
Table 3, while the Young’s modulus was set to 87.7 GPa from the
nano-indentation tests.

4.2 Finite-Element Model. The mechanical ruling process of
diffraction grating was modeled using a commercial 3D forming
process software DEFORM

VR

. Figure 12 shows the 3D FE model
setups for the tool and Al-coated workpiece. The ruling diamond
tool was modeled using PTC Creo

VR

with the design parameters
mentioned and imported into the simulation software as a rigid
body. The workpiece simulation domain was set as a rectangle
with 0.15� 0.2 mm2 in x–y dimensions. The 10.5 lm thick Al
film was modeled as an elastoplastic body with the strain-gradient
constitutive model. A 0.1 mm thick glass substrate was modeled
below the Al film as a heat sink.

A coupled thermomechanical analysis was carried out to study
the deformation and heat transfer in mechanical ruling. Constant
temperature boundary condition of 25 �C was set at the top of the
ruling tool and bottom of the glass substrate. A thermal conduct-
ance was given as 5000 W/m2 K at all the contact interfaces to

maintain the temperature continuity during the simulation
[24,29,30]. The ruling tool was tilted by 4 deg in the model and
given a speed of 60 mm/s in the y-direction. The total ruling dis-
placement was set to be 0.2 mm per stroke with a step increment
of 0.1 lm/step. Different pressure values were applied on the top
of the ruling tool to model the various ruling loads applied on the
Al film. The friction coefficient was set to 0.51, which was
obtained from the scratch tests with the nano-indenter.

Tetrahedral elements were used to mesh the ruling tool and the
Al film. For the Al film, 174,706 elements were used with a mini-
mum element size of 1.2 lm. For the ruling tool, 25,723 elements
were used with a minimum element size of 1.4 lm. Mesh window

Fig. 8 Optical microscopy of grating grooves: (a) beginning, (b) middle, and (c) end of grating
grooves

Fig. 9 Grating grooves: (a) 3D profile of grating grooves and
(b) cross section area comparison of the grating grooves
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and adaptive remeshing with a relative inference ratio of 0.7 were
applied to ensure a good meshing quality during the simulations.
Target volume control was set active in meshing and FE simula-
tion in order to maintain the volume of the Al film unchanged dur-
ing the mechanical ruling simulations [31,32]. Multiple ruling
strokes were simulated with the 3D-coupled thermomechanical
model. As the tool contacted the workpiece during the stroke, a
fine mesh was generated by the adaptive remeshing algorithm
within the defined domain. As the previous stroke simulation
completed, the simulation results would be then carried over to
the next stroke simulation.

5 Simulation Results

5.1 Multipass Ruling Simulation. Figure 13 shows the
groove formation of three-pass simulation and their effective
strain distributions. A significant increase in strain was simulated
in the third pass compared with that of the first pass as shown in
Figs. 13(a) and 13(b). This increase from 1.5 to 3 was because of
the accumulation of plastic deformation between passes. The third
pass was simulated based on the deformed material resulted from
the previous two passes. Further simulation of more passes was
considered unnecessary because insignificant difference was
observed in the strain distribution from the second and third
passes. In Fig. 13(c), it can be observed that from the first pass,
the groove top angle was not completely formed. During the sec-
ond pass, the sharp groove top angle was formed due to the super-
position and interference from the two grooves, i.e., the material
below the blaze surface of the second groove was pushed toward
the nonblaze surface of the first groove. As a result, a proper
groove top angle was formed between the first and second groove
as shown in Fig. 13(d). As can be seen from Fig. 13(e), with the
ruling load of 70 g, three grooves have been fabricated completely
and properly with a similar groove geometry.

Figure 14 shows the simulated equivalent flow stresses, strain
rates, and temperature for the first and third pass under a ruling
load of 70 g. For the flow stress, it can be found that the stress for
the third pass was slightly higher as shown in Figs. 14(a) and
14(d), which is attributed to work hardening during the mechani-
cal ruling process. For the third pass, the strained material
required a higher flow stress on the order of 735 MPa to deform.

Fig. 10 Groove profiles subjected to various ruling loads: (a) 20 g, (b) 40 g, (c) 70 g, (d) 80 g, (e) 105 g, and (f) 115 g

Fig. 11 Tool wear after mechanical ruling of an area of
410 3 614 mm2

Table 2 Johnson–Cook constitutive plasticity model parameters for pure aluminum [22,23,27]

Material A (MPa) B (MPa) N C m G (GPa) b (nm) a l

Aluminum 148.4 345.5 0.183 0.001 0.859 26 0.286 0.5 0.38
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The strain rate of 2500 s�1 for the third pass was found slightly
higher than the first pass as can be seen in Figs. 14(b) and
14(e). For the simulated temperature field, it was found that the
maximum temperature occurred in the deformation zone during

mechanical ruling, but the temperature increase was quite small.
This is resulted from the limited heat generation due to plastic
deformation and rapid heat dissipation due to the high thermal
conductivity of the ruling tool and film materials. Therefore, the
temperature of Al film can be assumed as the initial room tem-
perature before each pass. These simulation results showed that
further simulation of more passes was unnecessary since insig-
nificant difference was observed in simulated fields from the
second and third passes.

5.2 Groove Form Versus Ruling Load. To evaluate the FE
model accuracy with the strain-gradient plasticity, four mechani-
cal ruling conditions were simulated with various ruling loads of
20–105 g. The grooves corresponding to different ruling loads
were simulated as shown in Fig. 15, and compared with the exper-
imental results of groove profiles. It was found that the simulated
groove forms matched well with the experimental measurements
for all these loading conditions. The simulation results accurately
captured the groove geometry features formed during the mechan-
ical ruling experiments and indicated that an optimal load existed
for the mechanical ruling process. For low ruling loads of 20 g
and 40 g as shown in Figs. 15(a) and 15(b), the model accurately
predicted a groove formation with an insufficient groove depth
and tiny bumps and valleys between two adjacent grooves. These
features predicted by the simulations were easily observed from
the experimental results. The model predicted that good-quality
grooves were formed free of defects under a ruling load of 70 g as
can be seen in Fig. 15(c), which matched well the experimental
results. Smooth groove top angles and blaze angles were found to
be completely formulated as shown in both the experimental and
simulation results. However, as the ruling load was increased to as
large as 105 g, the model accurately predicted that the previous

Table 3 Mechanical and physical properties of pure Al and
diamond tool [27,28]

Properties Al Diamond

Elastic modulus (GPa) 87.7 850
Poisson’s ratio 0.3 0.1
Specific heat (J/kg �C) 920 471.5
Thermal conductivity (W/m K) 237 1500
Thermal expansion (lm/m �C) 23.1 3
Density (g/cm3) 2.7 3.5

Fig. 12 Finite-element model configuration (with the glass
substrate hidden from the view)

Fig. 13 Three-dimensional groove formation and strain distribution for different ruling passes of ruling load 70 g: (a) first
pass, (b) third pass, (c) first pass, (d) second pass, and (e) third pass
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Fig. 14 Simulated flow stress, strain rate, and temperature under a ruling load of 70 g. First pass: (a) Von Mises stress, (b)
effective strain rate, and (c) temperature. Third pass: (d) Von Mises stress, (e) effective strain rate, and (f) temperature.

Fig. 15 Simulated and measured groove profiles under various ruling loads (with grating form defects circled):
(a) 20 g, (b) 40 g, (c) 70 g, and (d) 105 g
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groove was severely distorted by ruling of the latter groove.
These simulation results demonstrated that this model has well
captured the material behavior under micron-scale deformation
using the strain-gradient constitutive model and accurately pre-
dict the grating groove form under various ruling loads in
mechanical ruling.

Figure 16(a) quantitatively compares the simulated and meas-
ured groove depths from the experiments under various ruling
loads. The model predicted a larger groove depth for a higher rul-
ing load, and the predictions are close to the measured results
within their measurement errors. Figure 16(b) shows the average
contact pressure on the tool cutting surfaces predicted by the
model. It was found that the tool pressure drastically decreased
from 1.89 GPa at a ruling load of 20 g to 0.91 GPa and 0.83 GPa at
the ruling loads of 70 g and 105 g, respectively. The significant
drop in tool pressure was mostly due to the size effect of micron-
scale deformation during mechanical ruling. The workpiece Al
film exhibited a higher material strength for a shallow groove
depth of 1.6 lm at a ruling load of 20 g than that of a groove depth
of 3.1 lm at a ruling load of 70 g larger groove depth. The process
temperature can also affect the normal pressure. However, due to
the limited heat generation during plastic deformation and high
thermal conductivity, the temperature rise was very limited as
shown in Fig. 14. Therefore, the thermal effect on the tool pres-
sure was negligible, and the size effect was considered the major
factor to determine the normal pressure. These results indicated
that the coupled thermomechanical analysis developed from this
work can provide critical information of tool pressure under vari-
ous loading conditions by considering the significant size effect of
materials during the micron-scale forming process.

6 Conclusions

In this work, the material properties such as microstructure, sur-
face morphology, and mechanical behaviors under micron-scale
deformation were first characterized and experimentally analyzed
using various techniques for the deposited Al film. Second, the
ruled groove formation and the effect of ruling load on the form
accuracy were experimentally investigated through multiple
mechanical ruling experiments using a diamond tool. It was found
that ruling load of 70–80 g produced the optimal grating groove
geometry on the deposited Al film of 10.5 lm in thickness.

Finally, a 3D thermomechanical-coupled FE model was suc-
cessfully developed to simulate the steady-state ruling pass by
incorporating the nano-indentation measurement results and a
strain-gradient plasticity model for predicting size effect. The
groove formation with stable deformation and thermal fields was
successfully simulated with a three ruling pass simulation, which
agreed well with the experimental measurements. Simulation
results indicated that this model has well captured the material
behavior under the micron-scale groove formation and accurately
predict the grating groove form under various ruling loads during
the process. This model is demonstrated as a useful numerical tool
for effectively designing and predicting the tool performance for
mechanical ruling of various diffraction gratings.
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[12] Hâkansson, G., Hultman, L., Sundgren, J.-E., Greene, J. E., and M€unz, W.-D.,
1991, “Microstructures of TiN Films Grown by Various Physical Vapour Depo-
sition Techniques,” Surf. Coat. Technol., 48(1), pp. 51–67.
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