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Abstract

Diffractive microstructured surfaces are nowadays increasingly applied to polymeric parts for aesthetic, security and optical
functionalities. However, both the machining of the mould blaze-grating and its replication on plastic are still representing
challenging issues, from both the technical and economical points of view. In this work, an innovative process chain based on
carbide tools micromilling of mould gratings was developed for mass production of diffractive patterns on injection moulded
parts. A micromilling experimental campaign was conducted on a nickel-phosphorus (NiP) thick coating to machine a blaze-
grating on the mould surface, evaluating the influence of the cutting parameters on the diffractive surface quality. Subsequently,
the microstructures were replicated on ABS, PC and PMMA by injection moulding. The roughness parameters Sk, Spk and Svk
were added with the idea that their sum is representative of the polymer replication of regular diffraction grating pattern.
Moreover, the effect of the moulded grating surface quality on the optical performance was preliminarily assessed. The obtained
results show that the proposed process chain is suitable for low-cost mass production of polymeric parts with diffractive
microstructures.

Keywords Blaze-grating - Micromanufacturing - Process chain - Texturing - Surface characterization - Micromilling -
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1 Introduction

Nowadays, challenging issues are represented by the
functionalization of the polymer surface to guarantee the mass
production of components with optical functionalities.
Microstructured polymer products are widespread in several
industrial fields such as optics, medicine, security and sensing
applications [1, 2]. Diffractive microfeatures ensure the opti-
cal performance that is needed in several applications thanks
to their unique capacity of controlled light diffraction.
Typically, microstructured moulds are used for mass pro-
duction of optically functionalized polymers. In years, both
mechanical and thermal manufacturing methods have been
used for making diffractive surfaces on moulds. Diffraction
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gratings are fundamental devices in spectroscopy due to their
capability to disperse polychromatic light into its constituent
monochromatic components [3].

During the past decades, many non-mechanical approaches
have been considered for the fabrication of high-resolution
diffraction gratings, including focused ion beam [4], interfer-
ential lithography [5], electron-beam lithography (also in
combination with reactive ion etching) [6] and laser writing
[7]. However, these technologies could be mainly applied to
planar substrates or large curvature radius concave/convex
surfaces [8]. Moreover, they required specialized operators,
dedicated machines/instrumentations and many-steps proto-
cols that are in contrast with the industrial needs of production
cost reduction.

In recent years, multi-axis diamond machining was imple-
mented as an alternative approach to electron-beam lithogra-
phy [9] and in general, the diamond machining processes for
generating functional surface structures have obtained in these
years large attention [10—12].

Holthusen et al. [13] exploited the diamond turning tech-
nology using a monocrystalline diamond tool applied on a
nano Fast Tool Servo to obtain blaze diffractive optics (Pitch
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10 pm, Height 1 um) with an excellent surface finish on a
planar mould insert. Sun et al. [8] introduced a method called
ultra-precision side milling to realize diffractive structures for
infrared hybrid micro-optics with one step generation process.
This technology allowed the achievement of complex hierar-
chical structures on freeform surfaces with high accuracy
using a single diamond tool fixed on a high-speed spindle with
an adaptable swing radius. Lu et al. [1] proposed a precise
micro grinding machining to manufacture an array of micro
grooves on the surface of a mould core for microinjection
moulding. The V-groove depth varied from 99.72 to 153.93
um, with a spacing of about 400 to 600 pm.

Obtaining diffractive surfaces with micromilling is possible
but presents challenging aspects due to the nature of the re-
moval process. Obtaining sharp-edged micro-cavities in opti-
cal quality can be achieved by micromilling by only managing
different aspects. First, the accessibility of the surface must be
guaranteed giving to the tool approach and retraction enough
space to occur without limits. On the other, diffractive sur-
faces require accuracy and tolerances in the micrometric
range. Therefore, they require ultra-accurate machines with
extreme positioning repeatability, capable of machining quite
large surfaces in free form. When large surfaces need to be
machined, long machining times are required and there-
fore, the tool wear, and its consequences on the process
output, is an important issue [14]. Tiny tools (with large
axial accessibility and small diameters) must be adopted,
exacerbating the impact of tool bending on the machined
surface response [15]. Diamond milling with monocrystal-
line diamond tools is surely producing the best perfor-
mances but at high costs and additional limitations related
to the more accurate machine setting needed [10].
Diamond tools are in fact more vulnerable to misalign-
ments in the mounting and positioning and to temperature
and structural stability (e.g. process-induced vibrations)
[11, 12]. With these tools, the spindle configuration plays
a key role and predictability of tool wear can be inherently
limited. Carbide tools are more robust from these points of
view, but typically show less process performance hence
requiring more optimized cutting parameters [14].
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Small chip thicknesses must be adopted to minimize tool
deflections, but burr formation and minimum chip thickness
effects (such as striations and ploughing surface marks) are
prone to be generated because of that [14]. Material behaviour
is another issue that has a big impact on mould micromilling
and the consequent microinjection moulding responses [16].
Very hard materials typically lead to a better surface appear-
ance but induce higher forces and higher tool wear, thus lim-
iting the process stability and accuracy. Softer materials are
easier to machine, but their increased elastic recovery and
ploughing tendency limit the process output. For these rea-
sons, micromilling of coated moulds with thick nickel-
phosphorous (NiP) coatings recently demonstrated to generate
extremely low roughness in the nanometric range [17].

However, only a few attempts are found in literature about
diffractive micromilling applications. Li et al. [18] presented a
micromilling strategy to obtain a mould surface with optical
microstructures, achieving a blaze-grating with a Pitch of
50 um and a Height of about 3.3 um. As regards the surface
roughness, Sa = 49.96 nm was obtained.

In order to make the optical functionalization suitable for
mass production, a replication of the microfeatures using in-
jection moulding technology is necessary [10]. Furthermore,
Kalima et al. [19] showed how the choice of the correct type of
material is essential to reach a high replication fidelity.
Moulded PC, COP, HFP-TFE-Et and SAN microfeatures
were characterized. The PC gave the best performance in
terms of replicability while the SAN the poorest. Holthusen
et al. [13] compared the replication of PMMA, COP and COC
blaze-gratings, obtaining the best result with the PMMA, al-
though this material was showing the higher viscosity at melt-
ing temperature.

However, the full testing of a complete process chain to
fabricate diffraction gratings for polymer components through
micromilling has not been attempted yet. In this work, ABS,
PC and PMMA blaze-grating were injection moulded by
adopting a specifically micromilled diffractive mould. The
influence of the machining parameters on both the diffractive
microstructure quality and the replication of the mould was
evaluated by measuring the structures with an optical
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Fig. 1 Process chain for obtaining diffraction gratings on injected polymer components: (a) steel mould, (b) steel milling, (¢) NiP coating, (d) NiP

milling, (e) injection moulding, (f) light diffraction on plastic part
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Fig. 2 Mould micromilling setup

profilometer. Moreover, the optical performance of the dif-
fraction gratings was preliminarily assessed, evaluating the
proposed process chain.

2 Diffraction gratings

Micro-optical gratings can be used to generate light diffrac-
tion. Gratings are period arrangements of two-dimensional
microstructures with a defined shape. The diffraction response
is led by the geometry of the grooves (e.g. rectangular, trian-
gular, etc.) and their orientation in the components. Blaze-
gratings possess prismatic concave profiles with an infinite
extension, usually indicated as a saw-tooth-like structure.

Fig. 3 Cutting configuration during mould micromilling

NiP mold
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Along with the groove geometry, the density of the structures
(i.e. how many grooves per millimetre) is the primary driving
variables of interest [20]. For these reasons, high production
accuracy is mandatory for reaching the required diffraction
properties and therefore, reliable microproduction methodol-
ogies must be adopted. The selected structure in fact not only
has to fulfil the optical requirements but must be also fully
machinable. The production process should be capable of
generating minimal surface roughness as well as underformed
discontinuous steps and transitions to achieve highly efficient
diffractive structures [10].

3 Process chain for diffraction polymer
components

In order to fabricate polymer components characterized by the
presence of a diffraction grating, it is necessary to design and
develop a dedicated process chain exploitable for mass pro-
duction. Therefore, micromilling and injection moulding
could represent suitable technologies thanks to their extensive
use in industry. Obtaining microfeatures on traditional mould
steel with high surface finish directly using the micromilling
process still represents a challenge due to the difficult control
of the cutting process, affected by tool deflection and tool
wear, but also due to chip and burr formation issues.

In this work, a complete and innovative process chain was
developed (Fig. 1) exploiting a combination of micromilling,
nickel-phosphorous coating and microinjection moulding.

The process chain is based on coated mould micromilling.
It starts from the selection of suitable mould steel that is there-
fore milled and NiP coated (Fig. la-b-c). The adoption and
machining of the NiP coating relieves the moulding base steel
(Fig. 1a) choice that becomes less crucial for the final mould
shape and surface finish. This fact allows the selection of a
more machinable steel. In fact, in the second step (Fig. 1b), the
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mould insert is milled in order to obtain the final shape of the
surface, considering the thickness of the coating that is applied
in the third step (Fig. 1c). In fact, an electroless nickel-
phosphorous coating with high phosphorous content (>10%)
is applied on the workpiece surface (hardness 50 HRC). This
coating presents good machinability, allowing reaching high
surface finishing, with acceptable tool wear and precise fea-
ture shape. The machining target is to use the tip angle of a
square end mill tool to create the blaze-gratings as showed in
Fig.1d. This method is basically the same method that Sawada
et al. proposed in [21], where V-shaped micro-grooving were
obtained by milling. In the present method, however carbides
micro end mills are used. In this way, it is possible to obtain
different grating pitches and geometries by varying the
workpiece/tool angle and the depth of cut. Finally, the diffrac-
tion structure is replicated on the polymer components by the
injection moulding process (Fig. 1e and f).

4 Materials and methods
4.1 Micromilling

The milling operations were carried out in an ultra-accurate
micromilling centre equipped with a 50 krpm spindle (Kemn
Evo) (Fig. 2). To have the maximum accuracy, the machine
was used in 3-axis configuration, while the 4th and 5th axes
were not installed. The machine axis accuracy and repeatabil-
ity supported the tight positioning tolerance required by the
studied mould-making application. An optical presetter
(Marposs VTS, Visual Tool Setter) was adopted for measur-
ing the tools onboard. The machine thermal behaviour and
stability, given by the synthetic concrete basement, were fur-
ther enhanced by starting the cutting tests after having fully
reached the thermal spindle stability after each change of cut-
ting speed.

Uncoated solid carbide flat end mills (Zecha 481.030) were

the preliminary experiments and one for the final mould that
was used for injecting the parts. Flying run-out of all the
adopted tools, measured with warm spindle at the rotational
cutting speed with the Marposs VTS, was under 1 pm. At the
visual inspection at the scanning electron microscopy, the dif-
ferent tool units adopted in this study showed to be entirely
similar, indicating good tool repeatability. The cutting edge
radius of the tools was small. It was quantified in the range of
1.5-2.5 um as average values for all the different tool units
tested at different axial positions by using a 3D microscope
(Alicona Infinite Focus G4). At the same time, corner radii
were quantified on the new tool units to be around 3.5 pm
(Fig. 2).

4.2 Micromilling of the NiP coating

Process setup In this study, one NiP mould insert (steel sub-
strate AISI H13, 46-48HRC - coating Nickel Phosphorous,
50HRC) was adopted to focus the feasibility analysis on the
diffraction gratings. The machining of the gratings was ob-
tained by exploiting the inclined peripheral milling with a flat-
end milling tool (Fig. 3) as depicted in the following picture:

The basic equations governing the cutting kinematic are as
follows.

The radial depth of cut is determined by the input grating
parameters (Eq. 1):

ae = Zstep-cotp (1)

The axial depth of cut varies due to the inclined planes
(Egs. 2-3):

D Zstep
2 ae

D
APy = Z1ix + > ‘tgp = Zfix + (2)

D D
apin = Zfix + <5 —ae) ‘tgp = Zfix + <? —Zstep-cotcp) ‘tgp = Zfix

D D
+ (— -tgga—Zstep) = Zfix + (Zstep (— —1) )
2 2ae

adopted (number of flutes: 2; cutting diameter: 0.3 mm; max- (3)

imum cutting length: 0.3 mm). Three units were used, two for

Table 1 Micromilling experiments table

Zone Angle ¢ Z- H P 1z Ve D
[’] step [um] [pm] [pm] [m/min] [pm]

[1m]

#1 Grating geometry 7 3 297 24.6 Milling 1 21 300

#2 1.5

#3 2

#4 12 2.93 14.4 1

#5 1.5

#6 2
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Fig. 4 Tested specimen geometry with the six zones machined

The grating Pitch and the Height are (Egs. 4-5):

Zst
p_ _ Zstep
cosp

(4)

H = Zstep-cosp (5)

= Zstep-coty

cosp  sinp

Cutting procedure The micromilling procedure applied to the
tested NiP-coated mould consisted of the following steps:

i. Selection of the inclination angle ¢ and grating Pitch P

il. Mould fixturing with the given inclination angle ¢

iii. Setting part zero position at the centre of each milling
zone (touch probe cycle)

iv. Setting of the Zfix value (the static tool engagement) as
the axial negative offset of the tool centre during the
cutting operations with respect to the touch probe
position

v. Zones milling from 1 to 3

Table 2 Microinjection moulding parameters

Material Tmere [°C] Tmould [°C] Proding [bar]
ABS 240 80 420
PMMA 260 100 450
PC 320 120 550

[

e Milling of the (first) milling slot
e Z disengagement
* Tool repositioning with incremental coordinates X =
X+ae; Z=7Z+ Zstep
(repeat 50 times)
End

vi. Repositioning of the insert on the vise 180° around Z axis
(and repositioning of the X axis and Z axis to obtain
alignment between zones 4-6 with the zones 1-3)

vii. Repeating steps from i to v to mill the zones from 4 to 6

The input parameters are the inclination angle and the
Zstep, which define the diffractive surface characteristics
(Table 1). Based on that, the radial tool engagement is defined
(Eq. 1). The tool axial engagement is not constant along the
cutting edge trajectory and is determined by the adopted tool
diameter (Eqgs. 2-3). This fact generates potentially different
surface responses due to different forces along the cutting
edge path. Height and Pitch of the diffractive texture are a
direct consequence of the tool engagement conditions (Egs.
4-5).

By adopting an uphill strategy (the tool goes up when pass-
ing from one step to next one), the burr generation on the final
grating is limited since tool re-machines the generated top-
burr as confirmed by the preliminary cutting experiments.

Other than the definition of the tool engagement parame-
ters, the micromilling process also requires a set of suitable
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Fig. 5 3D topography extrapolated in the zone 1 (left) and in the zone 4 (right) on the mould

process parameters such as feed and cutting velocity that af-
fect the cutting forces and therefore the cutting response.

Six different zones were therefore machined on the final
mould for microinjection. Each of these zones was composed
of 50 parallel slots. Each zone was machined with a different
feed per tooth and surface inclination angle, according to
Table 1 and Fig. 4. In this way, the effects of different ma-
chined roughness can be pointed out. The process parameters
and the cutting strategy were based on preliminary tests per-
formed on the same coating material (whose results are not
presented in this manuscript).

a. Microinjection moulding

EMold @ABS mPMMA OPC
Sa [nm]

Zone 1 Zone2 Zone3 Zone4  Zones Zone 6

Fig. 13 Average surface Heights Sa obtained on mould and injected
components

@ Springer

An injection moulding experimental campaign was carried
out on a microinjection moulding machine (Wittmann-
Battenfeld. Micropower 15) by replicating the diffractive grat-
ings on three different polymers. A large batch of components
was produced for each material and three components for each
material were randomly selected for the accurate surface grat-
ings analysis. The adopted setup is suitable for mass produc-
tion of polymer precision components due to the indepen-
dence of the plasticizing system and the injection system,
allowing the fast and accurate filling of the mould cavity.
Specifically, a polycarbonate (PC), a polymethyl methacrylate
(PMMA) and an acrylonitrile butadiene styrene (ABS) were
chosen because of their wide applicability in the optical field.
Both the injection moulding parameters mould and melt tem-
perature were set in the high range values of the material
supplier datasheet to maximize the replication of the
diffractive microfeatures. The significant injection process pa-
rameters are reported in Table 2. The movable mould part was
designed to allow hosting an exchangeable insert, giving a
final thickness of 1.45 mm to the components.

b. Surface characterization

The microstructured mould surface was firstly detected
using a high-resolution scanning electron microscope (SEM,
QUANTA FEI 400). Moreover, a 3D confocal microscope
(Sensofar, PLU Neox) with a x 20 and a x 100 objective,
operating in confocal mode, was exploited to characterize
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Fig. 8 2D profiles obtained on mould and polymer components (zone 1): (a) mould, (b) ABS, (¢) PMMA, (d) PC

both the milled and the moulded diffractive gratings. A large
effort was put in this analysis since in total 1296 measures
were extracted and analyzed. In particular, for each of the
six zones (Table 1), two different acquisitions were carried
out. The first one is a stitched area 0of 900 x 1200 pum, acquired
to characterize the profile of the grating, a sort of
“macroroughness” of the textured surface. The second one is
a stitched area of 10 x 200 um, acquired along a single grating
direction, to evaluate the “microroughness” of each feature.
The macroroughness was characterized acquiring three areas
for each zone (taken randomly and partially overlapped),
while for the microroughness, multiple acquisitions were per-
formed by sampling 15 areas per zone (taken randomly, but
not overlapped, on the slots). At first, the mould topographies
were aligned with the polymer ones using the software Cloud
Compare and its built-in functions. Subsequently, for each

Edge radius peak (r,)

BMold OABS MPMMA OPC

1. [pum]
w &

(5

0

ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5 ZONE 6

acquisition, the roughness parameters were evaluated accord-
ing to ISO 25178 and ISO 4288 standards. The height of the
profiles was calculated acquiring six measuring profiles, con-
taining ten grating slots, and for each profile, three peak-valley
distances were measured after removing the shape with the
most proper geometrical filters.

5 Results and discussion
5.1 Surface grating characterization

5.1.1 Micromilled mould

Micromilling operations on the mould were run consistently.
Micromilled surface generation did benefit from the NiP

Edge radius valley (r,)

BMold OABS EBPMMA OPC

I [um]

ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5 ZONE 6

Fig. 9 Edge radii on mould and injected parts. Error bars are the standard deviation §

@ Springer



1354

Int J Adv Manuf Technol (2021) 113:1347-1359

Table 3 Measured Height (H): Average and standard deviation
(brackets) of 15 wavelengths in the gratings. % represents the deviation
percentage with respect to the mould Height

Zone #1 Zone #2 Zone #3
Height [um] %  Height [um] %  Height [um] %
Mould  1.98 (0.10) 100 1.97 (0.06) 100 1.99 (0.07) 100

ABS 1.87(0.09) 94 1.84(0.06) 93 1.85(0.07) 93

PMMA 1.84(0.05) 93 1.68(0.06) 85 1.72(0.09) 87
PC 1.84(0.07) 93 1.83(0.100 93 1.81(0.06) 91
Zone #4 Zone #5 Zone #6
Height [um] %  Height [um] %  Height [um] %
Mould  1.91 (0.13) 100 1.86 (0.13) 100 1.82(0.12) 100

ABS 1.75(0.14) 92
PMMA 1.60(0.13) 84
PC 1.68 (0.11) 88

162 (0.12) 87
128 (0.11) 69
1.62(0.12) 87

1.59(0.13) 87
1.18 (0.09) 65
1.510.11) 83

coating material, which gave an excellent finish response
without inducing evident tool wear nor irregular cutting con-
ditions. This fact confirms the past machining experiences that
the authors had with this material [17]. The obtained grating
surfaces showed a high level of reproducibility and homoge-
neity. All the six zones, machined with different parameters,
resulted clean from process debris, burr-free, and with excel-
lent surface finish that reached the best value of Sa = 14 nm
(Fig. 5 and Fig. 13). There was not any relevant difference in
terms of surface homogeneity among the six different zones.
These two inclination angles led to two different grating ge-
ometries, the first with an average Pitch of 23 um and an
average Height of 1.98 um, and the second one with an aver-
age Pitch of 15 um and an average Height of 1.86 um, that
generated different diffractive responses. All the slots showed
a constant profile generation along the longitudinal direction,
meaning that the machine accuracy was sufficient for the

Table 4 Measured Pitch (P): Average and standard deviation (in
bracket) of 15 wavelengths in the gratings. % represents the deviation
percentage with respect to the mould Pitch

Zone #1

Pitch [um] %
Mould  22.9(0.2) 100
ABS 22.7(0.2) 99.1

Zone #2

Pitch [um] %
22.9(0.2) 100
22.7(0.2) 99.1

Zone #3

Pitch [um] %
23.0 (0.2) 100
22.8 (0.2) 99.1

PMMA 22.8(0.2) 99.6 22.8(0.2) 99.6 22.8(0.2) 99.1
PC 22.7(0.2) 99.1 22.8(0.2) 99.6 22.8(0.2) 99.1
Zone #4 Zone #5 Zone #6

Pitch [um] % Pitch [um] % Pitch [um] %
Mould  15.1 (0.1) 100 15.2(0.1) 100 15.2(0.1) 100

ABS 15.0(0.1) 993
PMMA 15.1(0.1) 100
PC 15.1 (0.2) 100

151(0.2) 993
151(0.1) 993
15.0(0.1) 99

15.1(0.2) 993
15.1(0.1) 993
15.1(0.2) 993

@ Springer

scope. Also, machine and spindle thermal effects were not
seen on the mould surfaces, confirming that the process heat
generation was not an issue for the cutting operation.
However, the geometry of the gratings (i.e. the 2D profile that
can be obtained by sectioning them) showed some deviations
with respect to the nominal grating profiles. In particular, the
obtained blaze-gratings look rounded (with rounded upper
and bottom edges) (Figs. 8a and 9). The bottom edge round-
ness was mainly introduced by the tool shape and its corner
radius. In fact, by observing Fig. 5 and the edge data analysis
of Fig. 9, it is possible to note that the zones 1-2-3 and the
zones 4-5-6 present different rounding values. On one side,
zones 1-2-3 present a roundness value that is compatible with
the nominal corner radius of the tools while the other zones
present increasing rounding values, that almost doubled. Not
only the nominal tool geometry is expected to have played a
role in the rounding definition but also cutting issues like tool
deflections induced by cutting forces and elastic recovery of
the material (the two sets of zones present different tool en-
gagements and therefore generate different cutting force
values).

Another profile deviation characterizing the manufactured
mould gratings was observed in terms of Height and Pitch that
resulted smaller than the nominal ones of about 1-2 um
(compare Table 1 and Tables 3 and 4). Similarly to what
happened for the profile rounding, these deviations could have
been determined by the tool corner radius, the elastic response
of the material and the tool radial deflections caused by cutting
forces. It must be noted that a possible effect on this deviation
could have been introduced by the intrinsic machine errors
producing not-perfectly-aligned peaks and valleys (Fig. 6).
These errors are quantified in the range of 0.5-1 um and
partially contribute to the overall profile geometry error.

Another interesting phenomenon that was observed,
though very limited, was a tendency of the tool to generate
cutting passes with diminished surface quality (Fig. 7). These
slots showed inferior surface quality due to the significant
presence of ploughing marks that can be attributed to chip
re-machining issues. This fact is confirmed by SEM scanning
of tools after cutting (Fig. 7) that appears full of chips and
debris, although the slots were typically clean.

The limited presence of these low-quality slots was not
expected to play a role in the optical response, but further
investigations are needed to deepen this issue in the future.

All these deviations from the nominal geometry can induce
variation on the diffraction properties. In particular, the tran-
sition regions—i.e. where the rounding effect produced by the
tool is present—generate a direct effect on light diffraction as
discussed in [22]. The rounding edges, inevitable at micro/
nanoscale, tend to act as scatterer themselves thus introducing
a potential limitation to the diffraction properties. This effect is
presumably proportional to the ratio between the surface area
of the rounding and the overall surface area. Of course, the
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Fig. 6 Grating profiles obtained on the mould

more transition regions there are, the more scatter there will be
from them. For these reasons, regularity of the rounding is
another important driving factor for the diffraction
performance.

5.1.2 Micro moulded parts

Macroroughness: profile shape The injected diffraction grat-
ings were characterized using an optical profilometer operat-
ing in confocal mode. In order to better investigate qualitative-
ly the feature replication, the peak edge radius ». and the
valley edge radius r,, defined as showed in Fig. 8, were mea-
sured. It was found that the mould 7, was well replicated by
the whole polymers (Fig. 9). In particular, the . of the injected
components is larger than the mould ones, due to the natural
shrinkage occurred during the cooling phase that rounds the
corners. Conversely, the polymer r, for the whole zones is
quite constant for the zones 1-2-3 (range 2—3 pum) and zones
4-5-6 (range 3—4 pum). In particular, the PMMA r., values are
larger than the ABS and the PC ones for the zones 4-5-6 in
which it presents the worse filling rate, according to the Height
and Pitch reduction show in Tables 3 and 4. Therefore, it can

formed chip

Fig. 7 Replicated gratings on the mould (zone 1, central part)

100
Z [

120 140 160

be said qualitatively that the different feature shapes and the
different polymers led to different replications, influencing the
final radius of the replicated grating.

The feature Height results show that all the polymers rep-
licated the grating profiles in all the six zones (Table 3 and Fig.
12). In particular, ABS was able to achieve the best surface
replication, about 94% for the zones 1-2-3, while the parts
made of PMMA presented the worse geometric trueness, with
the worst result equal to 65%. In general, the gratings of the
zones 1-2-3 were better replicated by the whole polymers, due
to the larger pitch of microfeatures.

Furthermore, the zone 1 and the zone 4, that are farther
from the gate, are characterized by the best replication. This
agrees to Xu et al. [23] that reported about the influence of the
position of the microfeatures on their replication. In fact, the
polymer undergoes a shorter cooling time in these zones with
respect to the other four zones. In this way, the polymer is
affected by the increase of the cavity pressure with a conse-
quent improvement of the replication.

The Pitch variations, due to the polymer shrinkage and
warpage, were measured for 15 gratings in a row, finding a
deviation of about 1% that can be considered negligible for
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marks

regular finish
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Fig. 10 Scheme of the used areal parameters on the grating profile

aesthetic applications in which the detector is represented by
the human eye (Table 4). Otherwise, for security and sensing
application, a nanometric range repeatability is required [2].

Common roughness parameters, such as Sa or Sq, are not
suitable to characterize the form and the replication of
microgratings due to their intrinsic characteristics that based
on a sort of symmetry of the roughness profile [24]. Recent
studies [25-27] showed how the material ratio curve could
give information about the surface topography. In fact, the
Abbott-Firestone curve is representative of the material distri-
bution along the height of a roughness profile [25] and the
comparison of the curves could be used to predict the smooth-
ing effects due to tribological wear [26] or to evaluate the oil
lubricating capability exploiting the sum of the parameters
Svk, Spk ad Sk [27].

In this work, in order to evaluate the mould/polymer shape
trueness and find a correlation between the roughness param-
eters and the replication of the grating geometry, the parame-
ters Svk, Spk and Sk were considered with the idea that their
sum could be representative of the 2D grating profile as shown
in Fig. 10. The sum of the parameters Svk, Spk and Sk has no
physical significance, but compared to the mould one, for a
repeated and regular profile (therefore macroroughness), gives
an indication of “shape trueness” of the valleys, pulp and

peaks. Certainly, this method is not rigorous for comparing
random areal profiles or volumes because different profile
shape could lead to equal sum. However, in this case, since
the nominal shape is the same for both the mould and the
moulded gratings, the same shape of the profile is implicitly
already taken into account by the fact that the features of the
gratings are regular and repeated. The indicator of trueness
Spk + Svk + Sk can give an empirical estimate of global
replication respect to the mould. Thus, a worse mould repli-
cation leads to a smaller sum. Each parameter was measured
according to DIN 4776 (ISO 13 565 Part 1). Furthermore,
using an optical topography characterization setup, such as
the profilometer, the measurement of Svk, Spk and Sk param-
eters is much faster and more immediate than the measure-
ment of the grating’s Heights.

The results reported in Fig. 11 show how the sum of Svk,
Spk and Sk is linked to the replication of the grating geometry
for all the six zones, with the ABS that best filled the mould.
Therefore, their trend, expressed in percentage respect to the
mould, is similar to the Height reduction, as shown in Fig. 12.

Microroughness: slot finishing The trend commented in the
previous section is also confirmed for the microroughness,
expressed in terms of Sa (Fig. 13), creating a parallelism
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Zone 4 Zone 5 Zone 6
3.00 3.00 3.00
2.50 2.50 2.50
EE=E
2.00 — ] g 2.00 [ 2.00
2 = - " L ’ =l ]
= 150 = 1.50 £ 150 E=m B
1.00 1.00 1.00
0.50 0.50 0.50
0.00 0.00 0.00
Mold ABS PMMA PC Mold ABS PMMA PC Mold ABS PMMA PC
85k [um] @Spk [pm] ©Svk [um] @Sk [um] @Spk [um] OSvk [um] @Sk [um] @Spk [um] ©Svk [um]

Fig. 11 Areal parameters obtained on mould and injected components

@ Springer



Int J Adv Manuf Technol (2021) 113:1347-1359 1357
Fig. 12 Percent reduction of 100
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between micro and macro surface profile replication.
Thus, the PMMA lack of replication of micro valley/
peaks also leads to an improvement of the surface finish

olymeric
Flow <=

Fig. 14 Diffraction tests on the three injected materials: (a) PC, (b) ABS, (¢) PMMA

respect to the mould in terms of Sa, with a better result of
9 nm. This behaviour agrees with other literature results
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Preliminary optical response analysis A preliminary analysis
was conducted on the printed specimens to confirm their dif-
fraction properties. Figure 14 exhibits the diffraction of a
5000 K light source that illuminates the three material gratings
at different incidence angles. Because of the chromatic disper-
sion, the hue perceived by the user changes by tilting the
sample passing from red to blue, proving the diffraction effect
along the visible light wavelength spectrum.

6 Conclusions

The main objective of the current study was to introduce and
validate a completely new process chain for the fabrication of
diffractive surfaces on injected polymeric components via tex-
tured NiP micromilled moulds.

There are two main scientific insights that are presented: (i)
anew process chain is presented based on the implementation
of an innovative cutting strategy of the mould coating able to
achieve diffraction patterns on moulds with cheaper tools than
diamond ones; (ii) the use of innovative NiP coating material
for micromoulds applications. A blaze-diffraction grating was
designed and micromilled on a NiP coating by means of a
carbide ¥ 0.3 mm flat-end milling tool. Systematic deviations
in terms Height and Pitch with respect to nominal blaze-
grating were obtained in the order of 1-2 um but repeatable
profiles were obtained with different inclination angles (7°
and 12°) between the workpiece and the tool. The effect of
the feed per tooth and other tool engaging parameters were
proved to be not relatively significant on the overall surface
roughness along with the grating slots (reaching a consistent
extreme finish between Sa = 14 and 22 nm). However, their
effects on the grating profile were more relevant due to the
impact of tool geometry, tool flexibility and process variabil-
ity response. However, the high surface finishing, achieved
for the whole feed per tooth and the tool/workpiece angle
variations, proves the process robustness and the suitability
of the NiP coating to manufacture microfeatures with negligi-
ble tool wear and no burr formation.

The diffraction gratings were replicated by ABS, PC and
PMMA using the microinjection moulding process. ABS
achieved the best results with an average replication of about
94% for the zones with inclination of 7° and an average rep-
lication of about 8§9% for the zones with inclination of 12°.
The latter are characterized by the smallest Pitch and Height.
The sum of the roughness parameters Svk, Spk and Sk was
used to characterize the replication of the diffraction gratings
with the idea according to which it is representative of the
polymer filling rate, finding parallelism with the structure’s
Height expressed as mould Height reduction.

Future studies will be devoted to investigating how the
optical diffraction response varies with the topographic grat-
ing characteristics generated during the entire manufacturing

@ Springer

process chain. Attention will be paid to the study of tool wear
effects for what concerns micromilling and to the influence of
injection moulding parameters on the grating replication and
the consequent diffraction properties.
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