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Abstract

Carbon dioxide (CO,) snow cleaning is now used across many industries to remove unwanted contamination from a
wide range of parts and materials. CO, snow has become popular in replacing chemical and manual industrial clean-
ing processes due to its ability to remove both organic and particle contamination, reduce surface damage and reduce
labour requirements. In industrial applications it can therefore be a more sustainable automated precision cleaning
alternative. The technology is used by directing a CO, snow jet towards a surface that requires cleaning. The CO,
snow jet is created by allowing cooled liquid carbon dioxide to expand under a reduced pressure which is directed to
strike the contaminated surface creating physical and solvent interactions which removes contamination. This research
provides an overview of carbon dioxide snow surface cleaning in industry as well as the key industrial advantages
and challenges. This CO, cleaning technology is applied in the ophthalmic industry where manual isopropyl alcohol
cleaning is replaced by an automated carbon dioxide snow cleaning process. The cleaning methods are assessed against
each other in terms of cleanability, surface wear, cleaning cycle time, and sustainability. The research concludes that
CO, snow cleaning can be considered a more operationally and environmentally favourable alternative to manual IPA
cleaning of optical surfaces under the studied industrial conditions, providing high cleaning efficacy alongside increased
cleaning throughput, reduced overall labour requirements, a safer working environment, and reduced surface damage
to sensitive optical surfaces.

Keywords Injection moulding - Carbon dioxide snow cleaning - Optical surface - Cleaning efficacy

1 Introduction therefore the acuity of the molded optical component. In

the case of this application, routine cleaning is traditionally

This investigation looks at domed ¢12 mm optical tools
used in a medical device injection mould process. Clean-
ing effectiveness during optical tool maintenance is a crucial
process. Contamination such as oil and grease smudges, fin-
gerprints, fine dust, and debris which may not be visible to
the naked eye (< 0.05 mm) can impact the surface finish and
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conducted manually using Q-Tips and a combination of [PA
and DI (deionized) water depending on the contaminant and
the level of contamination. Unfortunately, manual cleaning
requires a highly vigilant and delicate cleaning approach
to avoid damaging the optical surface finish. Therefore, a
skilled operator is required as well as significantly vary-
ing cleaning time depending on the level of contamination.
Varying cleaning time in manual cleaning applications can
lead to a costly process and in some industries, it is sug-
gested CO, snow can offer an operation cost saving of up to
40% [1]. Therefore, CO, snow was selected as a candidate
precision cleaning method for delicate optical tooling.

The first patent for a CO, based cleaning system targeted
the removal of flash and burrs from thermoplastics and elas-
tic materials. The patented process used a venturi throat
and nozzle to expel solid dry ice particles of density 0.89—
0.98 g/cm® in a flowable condition and of sufficient kinetic
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energy to remove unwanted portions of parts [2]. Fong was
responsible for further developing the concept by designing
a sonic nozzle and a continuous feed of cylindrical dry ice
pellets where an external gas was used to transport the irreg-
ular shaped ice pellets, ranging in size 0.25-0.5 inches. In
the patent, the process was referenced as “sandblasting but
without the sand” [3]. The effectiveness of surface cleaning
using CO, snow instead of dry ice pellets was first discussed
and demonstrated by Hoening (1986) [4]. It was confirmed
that by controlling the velocity and expansion of CO, snow-
flakes, the effective removal of micron and submicron par-
ticles from a surface could be achieved. In the 1990’s, there
was a global drive to phase out the use of chlorofluorocar-
bons (CFCs) within the manufacturing industry and a push
towards finding alternative precision cleaning practices [5].
This led to many researchers focusing on the development
of CO, cleaning equipment for application and material spe-
cific cleaning [6—8] leveraged by CO, snow cleaning suppli-
ers such as Acp systems AG, CryoSnow GmbH, CO, Clean
and Cool Clean Technologies [9].

Currently, CO, snow cleaning is used across many
industries to remove unwanted organic and particle con-
tamination from a wide range of parts and materials. Much
of the literature reviewed suggests that cleaning pressure,
speed, dwell time, distance, air temperature, and cleaning
angle are the most influential factors of cleaning perfor-
mance on similar metal substrates using CO, snow. Typi-
cally, Design of Experiment (DOE) approaches have been
used by researchers to identify the optimum CO, clean-
ing process parameters in the fields of semiconductor and
engine remanufacturing [10, 11]. The present study uses
the Taguchi method to determine the optimal settings for
cleaning pressure, speed and dwell time on a contaminated
nickel (Ni) coated optical surface using an Acp systems
AG CO, snow cleaning system. An analysis of the cleaned
surface was also undertaken to investigate the impact on
surface change and cleaning efficacy.

There have been previous reports of CO: cleaning process
settings being developed using a Taguchi-based approach
[10] however the novelty of this study lies in its application
to the cleaning of nickel-coated optical mould tooling used
in high-volume ophthalmic manufacturing, where surface
integrity is as critical as cleanliness. Unlike prior studies
that focused on flat semiconductor wafers [10], this work
investigates hemispherical, highly polished optical tools
and introduces a vision-based Cleaning Performance Index
(CPI). This metric enables direct microstructural compari-
son between repeated manual IPA cleaning and automated
CO2 snow cleaning using SEM and FIB cross-sectioning.
The work therefore contributes new application-specific
evidence on cleaning efficacy, surface preservation, and
industrial deployability.

@ Springer

The specific objectives of this study are:

a) To evaluate the feasibility of replacing manual IPA-
based cleaning with automated CO: snow cleaning for
curved nickel-coated optical mould tooling in an indus-
trial environment.

b) To identify process parameter trends governing grease
removal efficiency using Taguchi DOE, with consider-
ation of process constraints such as condensation and
surface cooling.

c) To assess surface and subsurface coating integrity fol-
lowing CO: snow cleaning and repeated manual clean-
ing using SEM and FIB cross-sectioning.

2 CO, surface cleaning
2.1 CO, snow cleaning mechanism

CO, snow cleaning is described as a surface cleaning pro-
cess which uses small CO, snow particles to strike the sur-
face, creating physical and solvent interactions [12]. This
process is highly controlled where the applied pressure and
the pressure hold time can be adjusted to vary the intensity
of the cleaning action. CO, snow particles are mixed with a
pressurised carrier gas thereby allowing the jet density and
acceleration to be adjusted and controlled [13]. The CO,
snow density has been found to be an important variable
when developing an effective cleaning process [14].

2.2 Advantages of CO, cleaning

Advantages of using CO, snow in industrial cleaning pro-
cesses are listed as follows:

a) Non-abrasive: CO, snow cleaning is considered a dry,
contactless cleaning method that does not damage the
cleaning surface [12, 15, 16].

b) Environmentally friendly to the operator and environ-
ment: CO, snow cleaning uses non-toxic, non-flam-
mable, and non-corrosive materials, making it a more
suitable cleaning method in comparison to other tech-
nologies that require harsh chemicals such as solvent
based cleaning [17, 18].

c¢) Faster cleaning: CO, snow cleaning can offer improved
cycle times in comparison to manual solvent cleaning
since it can be automated, leading to increased produc-
tivity [19].

d) Reduced waste: CO, snow cleaning produces minimal
waste as it does not use any cleaning agents or cleaning
materials, which means there are no chemicals, wipes,
or cleaning tools to dispose of after cleaning. Since CO,
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cleaning is also advantageous over other industrial clean-
ing technologies (which are typically wet) because it is a
dry-cleaning process and therefore leaves no residue on
the cleaned surfaces. Since the CO, particles sublimate,
the only media to be disposed of are the contaminants
that were once fixed to the cleaned surface [20, 21].

e) Versatility: CO, snow cleaning can be used on a wide
range of components as the CO, snow can reach into
tight spaces and clean complex geometries [19]. CO,
snow cleaning is also excellent at cleaning typical indus-
trial contamination residues such as cutting oil and
lubricants, silicon oil, petrol-flux residues, plasticising
agent, fat, wax, hydrocarbon compounds, perfluorocar-
bons, sweat, fingerprints, and so on, making it a versatile
cleaning method [22-25].

2.3 Risks associated with CO, snow cleaning

Risks and mitigation factors associated with using CO,
snow in industrial cleaning processes are listed below:

a) Surface damage: CO, cleaning is considered a gentle
cleaning process and there is limited evidence of CO,
snow cleaning causing harm to the cleaned surface [12,
15, 16]. However, Sherman noted that it is possible that
damage or change may be visible on materials with
unique thermal stress issues that might be prone to ther-
mal stress-induced cracking, warping, or discoloration
if exposed to the cold temperatures generated by pro-
longed CO, snow cleaning [12].

b) Recontamination: It is important to develop processing
parameters to mitigate the risk of surface damage and/
or poor cleaning efficacy. To avoid re-contamination of
the cleaned surface, the system’s cleaning technique,
the equipment’s cleanliness, and the surrounding work
environment need careful consideration. The optimum
cleaning routine should be designed to avoid any con-
tamination landing back on the cleaned surfaces [12].

¢) Operator Safety: CO, is an asphyxiant, therefore it is
crucial that all operators of CO, cleaning equipment
are trained in CO, safety and workspaces monitor CO,
levels for worker safety. In a report by Mallinger, it is
advised not to solely depend on measuring the oxygen
(O,) content of the air because elevated levels of carbon
dioxide can be toxic, even with adequate O, for life sup-
port [26]. Prolonged exposure to low levels of CO, (2%
— 10%) can cause headaches and increased respiration
where higher concentrations of CO,, which is considered
above 10% or 100,000 ppm, can cause unconsciousness
or death [27]. Full risk assessments of the CO, supply
and CO, cleaning workspace should be conducted and
sufficient CO, monitoring, alarms, automatic shutdown

procedures, and evacuation processes put in place to mit-
igate risk of exposure to hazardous CO, levels.

d) CO, Emissions: CO, snow cleaning is considered an
environmentally friendly cleaning method because the
CO, used in the process is a by-product from ammonia
production, oil and gas refineries, and ethanol produc-
tion [14]. However, CO, snow cleaning does increase
a manufacturing/Industrial site’s CO, emissions. To
reduce CO, emissions, every effort should be made to
reduce the cleaning cycle time and CO, should be cap-
tured and recycled after the process.

3 Experimental
3.1 Experimental setup

The CO, snow cleaning system used comprised of a liquid
CO, supply and a cooling system (—55 °C). The cleaning
nozzle, which also utilizes a compressed air (as per Acp sys-
tems AG patented dual media nozzle technology) source to
change the acceleration (pressure) of the CO, snow jet, was
mounted on the arm of a Mitsubishi RV-FR series 6-axis
robot which enabled presetting and positional repeatabil-
ity of experiments. The specimens were fixed in a holder
beneath the 6-axis robot as depicted in Fig. 1.

Liquid CO, (Air Products, technical grade, 55 bar,
99.997%) was used for the experiment. An integrated 1 pm
filter was used to filter any micro particles from the CO,
supply. A compressed air supply with an integrated 1 pm
particle filter was used to carry the snow particles. The
velocity of the CO, particles towards the cleaned surface
varied by adjusting the air pressure.

Robot

Optical surface

CO:2 snow beam

Fig.1 CO, cleaning experimental set up with Mitsubishi RV-FR 6 axis
robot

@ Springer
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A 64 Mpxl Keyence monochrome CMOS camera (model
CA-HX500M) and custom lighting system was set up to
enable detection of particles greater than 15 pm using a
30 mm field of view across the 12 mm hemisphere shaped
surface.

3.2 Preparation of specimens

The specimens were convex in shape with a Ni optical coat-
ing applied using Physical Vapor Deposition (PVD) technol-
ogy. For every run in the experimental trial, 4 samples were
contaminated with a greasy fingerprint using Food Shield
Plus 2 Hi-Tec grease. This replicated a common form of
contamination found in this application. An image of each
sample was then taken with the vision system after contami-
nation and the contamination pixel count was recorded for
each sample where the pixel cell size was 2.5 ym x 2.5 um.
The image and pixel count were recorded again after CO,
cleaning.

3.3 Design of experiments

A predefined matrix of experiments was built using a three-
control factor, three-level, (3°) orthogonal array to evaluate
the optimal process settings. The Taguchi DOE approach was
used so that more than two factor levels could be assessed
as well as being able to study the relationship between each
factor. The three factors (cleaning parameters) selected for
investigation were cleaning pressure, nozzle speed (about
position 2 ref. Figure 2). and nozzle dwell time (over posi-
tion 1 ref. Figure 2). These parameters were selected as
being most influential for cleaning efficacy on similar sub-
strates [10, 28, 29]. Low, intermediate, and high levels of

CO: snow jet
Position 1

CO: snow jet
. Position 2

Convex optical £odd .

surface \

6mm

Fig. 2 A cross sectional view of the optical tool and the two CO, snow
jet cleaning positions

@ Springer

each process parameter were used as listed in Table 1. For
Pressure, 5 bar was selected for the high level as it was the
maximum pressure available using the test equipment. To
ensure the total surface area of the @12 mm convex optical
surface was exposed to the CO, snow jet, two consecutive
cleaning movements were programmed using the robot. The
first static cleaning position was located in the centre of the
dome at 90° and the second cleaning position started at —45°
to Position 1 and moved in a clockwise sweep around the
dome as shown in Fig. 2.

From Fig. 2, cleaning position 1 is consider a station-
ary position clean where a maximum dwell time of 3 s
was used since prolonged exposure can create conden-
sation on the surface [1, 29] potentially impacting the
results.

Condensation was observed on the surface at oper-
ating pressures between 3 and 5 bar when dwell times
exceeded 3 s. To mitigate this effect, the dwell time at
Position 1 was limited to a maximum of 3 s, and all
experiments were conducted under stable laboratory tem-
perature conditions. Although ambient humidity was not
actively controlled, the observed condensation behaviour
informed the selection of the operating parameter win-
dow and is considered representative of realistic indus-
trial deployment conditions. Further optimisation of the
process could be achieved through control of ambient
humidity, carrier gas dew point, specimen temperature,
and nozzle-to-specimen distance [18, 30].

A CPI was used to demonstrate the percentage cleaned
after each run by assessing the contamination pixel count
before & after a clean [10, 11, 31]. The CPI was calcu-
lated for each sample in each run by using Eq. 1.

Eq. 1 Cleaning Performance Index

(1

Pb l ta EeT clean
CPI (%) = (1 iwel Countaier o ) % 100

Pixel Countyefore clean

For each DOE run, four independently contaminated sam-
ples were cleaned, and CPI values were calculated per sam-
ple. The CPI reported for each condition represents the mean
across the four samples. The CPI metric is based on optical
detection of particles larger than approximately 15 um due
to the inspection limitation; therefore, sub-micron particles
and thin-film residues are not directly quantified, and CPI
should be interpreted as a comparative cleanliness metric
rather than an absolute measure of surface purity.

Table 1 Studied experimental control factors

Parameter Factor Label Unit Level 1 Level2 Level3
Pressure A bar 5 3.5 2
Dwell Time B sec 3 2 1
Speed C mm/s 6 8 10
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3.4 Investigation of microstructure

An assessment of the microstructure was conducted to inves-
tigate if the application of CO, snow impacted the Ni plated
optical surface. Sectioning and imaging of the Ni plating
was conducted with a Focused Ion Beam/Scanning Elec-
tron Microscope (FIB/SEM) dual beam system (HELIOS
G4CX). Three samples were used for the investigation.

1. A control sample (a newly manufactured sample).

2. CO, cleaned sample, cleaned once using settings: 5 bar
pressure, 3 s dwell time, 8 mm/sec speed, 0.30 mm noz-
zle capillary diameter, 50 mm cleaning distance.

3. A manually cleaned sample, cleaned 6 times (using
the traditional cleaning method of IPA, DI water, and

Q-Tips).

On each sample, imaging was taken at the centre of the
specimen as depicted in Fig. 3. The electron beam pole
(SEM) was inclined 52° to the ion beam pole (FIB). Pro-
tective platinum layers were deposited with an in-situ lig-
uid metal-organic ion source (LMIS) on the surface of the
sample to protect it from ion damage. A FIB cross section
was milled to an approximate depth of ~10 um so that the
cross section would clearly display the interface between
the submicron Ni coating layer and the brass substrate. SEM

Fig.3 A FIB Instrument showing
the Ton and Electron columns and
the specimen inside the vacuum
chamber

Fig.4 Side angle images of an
optical surface before (a), during
(b) and after (c) the CO, snow
cleaning process to remove a
greasy residue which achieved a
CPI of 81%

Fingerprint

a)

Optical
surface

‘ (dome)

was used for imaging analysis across the sample’s surface
using field free mode with an accelerating voltage of 20 kV
before conducting the FIB cross sections with 5 kV used
for imaging these cross sections. The Ni coating consistency
and thickness was noted for each sample.

4 Results and discussion
4.1 Cleaning trials

Automated CO, snow cleaning trials were conducted to
investigate the optimal process parameters capable of
removing contamination (a greasy fingerprint residue) from
an optical surface. The “before clean” demonstrated in
Fig. 4 (a) shows the optical surface with a greasy fingerprint
mark on the centre of the dome. Figure 4 (b) shows the CO,
snow beam directed onto the optical surface as the snow-
flakes hit the surface, removing the contamination. Figure 4
(c) shows the “after clean” image which demonstrates the
removal of the fingerprint mark and restoring the surface
to a desired condition. The sample shown in Fig. 4 expe-
rienced 2 bar cleaning pressure, 1 s dwell time and nozzle
speed of 10 mm/s, which resulted in a CPI of 81%. Figure 5
shows a top view image of the same sample before and after
cleaning.

\>
b)&

12mm

@ Springer
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a)

I —
6mm

Fig. 5 Top view images of an optical surface before (a) and after (b)
the CO, snow cleaning process to remove a greasy residue which
achieved a CPI of 81%

4.1.1 The Taguchi approach

A response graph, which is plotted in Fig. 6, was developed
in Minitab 21 to analyse the impact of each control factor
on the Cleaning Performance Indicator. Each control factor
was assessed at three different levels, allowing for a com-
prehensive evaluation of how these factors influence CPI
outcomes. This systematic approach facilitated a clearer
understanding of the relationships between the control fac-
tors and cleaning performance, ultimately guiding improve-
ments in operational efficiency.

Figure 6 clearly indicates that cleaning pressure has the
most significant influence on cleaning outcomes, a finding
that is reinforced by the Pareto chart in Fig. 7. The dwell
time parameter shows a lesser impact on the CPI, while
cleaning speed yields better CPI results for level 2 (8 mm/s),

Fig.6 Response graph of control
factors for cleaning

Pressure (bar)
0900 &

0.875

0.850 5

0.825 1 b\
0.800 \

0.775 1

Mean of CPI (Pixel Count)
x”/f

0.750 4
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which is intriguing. The optimal cleaning speed depends on
the type of surface being treated, as the speed of the CO,
jet affects the contact time of CO, particles with the con-
taminated surface—this interaction is crucial for effectively
detaching contaminants. A slower cleaning speed may allow
the CO, snow more time to penetrate and dissolve contami-
nants, aiding in their removal. However, excessive exposure
at a low speed can lead to excessive cooling of the surface,
potentially causing a thin layer of ice to form, which can
trap localized debris. Conversely, if the cleaning speed is
too fast, it may not provide sufficient interaction time for
the CO, particles to effectively engage with the surface con-
tamination, resulting in subpar cleaning. Further investiga-
tion is needed to understand why 8 mm/s emerged as the
most effective cleaning speed; it is possible that the slower
speed at 6 mm/s cooled the surface too much, hindering the
detachment of contaminants.

The recommended levels indicated by the response graph
in Fig. 6 are: 5 bar pressure, 3 s dwell time, 8 mm/s speed.
With these settings, the CO, snow cleaning process can
achieve a maximum contamination removal rate (CPI) of
93%.

The standardized effects graph shown in Fig. 7 visually
presents the impact of the different factors (cleaning pres-
sure, dwell time and cleaning speed) on the cleaning effi-
cacy of removing the oil-based residue with CO, snow. In
this graph, it is evident that cleaning pressure has the most
significant impact on cleaning efficacy when compared
to the other factors. The red line, marked at 1.990, repre-
sents the cumulative percentage line. Factors that appear

Main effects plot for CPI (Pixel Count)

Speed (mm/s)

Dwell time (s)
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Fig. 7 Pareto chart of the stan- Term

1.990
T

dardized effects of each factor
combination A

ABC
BC

AB

Factor Name

A Pressure
B Dwell time
C Speed

]
1
1
|
]
1
1
]
1
]
:
2

above this line indicate that they can contribute to notable
improvements in cleaning performance. The graph illus-
trates a considerable enhancement in cleaning efficacy as
cleaning pressure is adjusted or optimized, highlighting the
importance of understanding and managing this factor for
achieving optimal cleaning results with this technology.

4.1.2 Statistical considerations and limitations

The Taguchi approach was selected to identify the domi-
nant process parameters within an industrially constrained
experimental space. The analysis focuses on main effects
and standardised Pareto ranking, which are appropriate for
screening-level optimisation. The mean CPI values obtained
across all DOE runs ranged between 50% and 93%, based
on four specimens per experimental condition. Interaction
effects, formal ANOVA significance testing, and confidence
interval estimation were not performed in this study due to
limited experimental replication. As a result, the CPI trends
presented should be interpreted as comparative rather than
predictive, and the optimal parameter combination identi-
fied represents a practical operating window rather than a
statistically unique optimum. Future work should include
full factorial replication and variance analysis to quantify
interaction effects and process robustness.

3

4 5 6 7 8

Standardized Effect

4.2 Microstructural analysis

Figure 8 shows the surface micrographs of (a) the control
sample (the newly manufactured sample), (b) the manually
cleaned sample (cleaned six times) and (c) the CO, snow
cleaned sample. The images were taken in the centre of the
convex surface for each sample, and they show a uniform
deposited Ni coating. For the control sample and the CO,
cleaned sample, darker spots are visible on the surface of
the Ni which are most likely an oil-based contamination due
to the circular nature of the residue. FIB cross sections were
milled through these features, confirming they are sitting on
the surface. The control sample and the CO, cleaned samples
showed a smooth surface with evidence of some machining
marks from the tool’s manufacturing process whereas the
manually cleaned sample showed some inconsistent lines
through the surface resembling scratches, therefore cross
sections were undertaken through these areas using FIB to
confirm this theory.

SEM images were taken at the centre of the optical tool
where the FIB cross section was milled. Micrographs of
the control sample revealed a consistent Ni layer on top
of the brass substrate. The manually cleaned sample,
which underwent multiple cleanings to eliminate con-
tamination between production runs, displayed a uniform

Fig. 8 SEM micrograph of (a) control sample (b) manually cleaned sample (cleaned six times) (¢) CO, snow cleaned sample

@ Springer
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Ni coating. However, it was noted that compared to the
control sample, there was a noticeable depletion of the Ni
layer, along with evidence of a rough surface where the Ni
is present. Additionally, some scratches were found to be
deeper than the Ni layer. This damage is likely attributed
to the manual cleaning process utilizing Q-Tips. The SEM
cross-sectional images of the CO, snow cleaned sample
were similar to the control sample, the surface appeared
generally free from contamination, with a consistent Ni
layer observed. The micrographs strongly suggest that all
samples were clean and devoid of contamination, except
for some detected oil-based residue likely introduced by
airborne particles after the completion of cleaning tri-
als. The CO, cleaned sample exhibited no signs of sur-
face damage after a single cleaning, similar to the control
sample. In contrast, the manually cleaned sample, which
underwent multiple cleaning cycles consistent with stan-
dard maintenance for optical tools, displayed some surface
damage characterized by shallow scratches. This indicates
that CO, cleaning effectively preserves surface integrity,
whereas repeated manual cleaning may contribute to sur-
face degradation over time.

Some studies show CO: can react on ultra-clean, reduced
Ni surfaces to form nickel oxide (NiO) and surface car-
bonates under specific conditions [32] but practical nickel
tooling is typically already oxidised or passivated. For this
application where the tool will enter a high-cycle injection
moulding process post cleaning those chemical pathways
are not relevant: The primary concern is physical change
to the coating that could degrade over numerous cleaning
cycles. The FIB cross-section images confirmed that both
the control and CO: cleaned samples maintained a consis-
tent Ni layer, highlighting CO: cleaning’s effectiveness in
preserving coating integrity without progressive loss of the
metallic surface. However, samples subjected to manual
cleaning six times exhibited reduced Ni thickness and vis-
ible scratches, indicating that repeated manual cleaning can
deplete the Ni coating.

While the study emphasises the potential negative
effects of manual cleaning on the Ni coating’s integrity, it
does not exclusively attribute Ni depletion to this cleaning
method, as other factors from production may also con-
tribute to the degradation. Overall, this investigation offers
valuable insights into the impact of manual cleaning with
IPA compared to CO: cleaning on Ni coating wear in opti-
cal mould tooling; however, further research is needed to
differentiate the effects of cleaning from those of opera-
tional wear.

Please note that the images and specific measurements
related to Ni layer thickness and observed depletion cannot
be shared due to confidentiality concerns.

@ Springer

4.3 Replacing manual solvent cleaning with an
automated CO, snow cleaning system

In terms of replacing manual IPA cleaning of Ni plated opti-
cal surfaces with an automated CO, snow cleaning solution,
factors to be considered include cleaning compatibility,
cleaning efficacy, capacity/throughput, quality, safety,
sustainability, cost, and training. While automated CO:
snow cleaning requires higher upfront capital, it reduces
operational costs through lower labour, faster processing
and greater consistency that can result in significant yield
improvements. The trade-offs include higher energy use
and additional indirect costs (Health and Safety, ventila-
tion, gas handling/storage, training), and consumable costs
that depend strongly on CO: grade/purity. Manual cleaning
may appear cheaper initially but incurs scalability, training,
variability, and rework costs that raise long-term per-part
expense.

Using the optimised process settings, a cycle time analy-
sis was conducted to compare the manual cleaning cycle
time with the automated CO, cycle time. The automated
CO, snow cleaning process is faster than the manual clean-
ing cycle time by 50%—75% depending on the level of
contamination. This allows for significantly more cleaning
capacity with no additional labour requirements.

The deployment of the automated CO, cleaning cell and
the increased cleaning capacity also enabled more flexibil-
ity in the toolroom. Figure 9 shows the flow of the optical
tools as they enter the toolroom (contaminated after running
in production) to leaving the toolroom as production ready.
When the tools are manually cleaned, they were cleaned
only when the production schedule required them due to
labour limitations, meaning the tools were stored with con-
tamination on them. With the introduction of automated
CO, cleaning, the tools can now be cleaned upon return
for production and then stored until they are required. This
results in the tool getting cleaned sooner after contamina-
tion (production return) which allows for easier removal of
contamination and reduces the risk of contamination types
such as water residues staining the optical surface.

5 Conclusion

The aim of this research was to assess the feasibility of
replacing a manual cleaning method with automated CO,
snow cleaning in the application of optical tooling con-
tamination removal. The research concludes that CO, snow
cleaning can be considered a viable alternative to manual
cleaning. Using the quattroClean® CO, cleaning technology
from ACP systems AG, a DOE investigation was conducted
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Preventative
maintenance if

Stored in toolroom Required for production run days
Production Return until required for q . are met Production Ready
: . production i
production again
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Tools dirty Tools clean

CO: snow Cleaning Process

Preventative
maintenance if

Production Return H Sl e
SNOW

Stored in toolroom
until required for
production again

production run days

are met Production Ready

A
v
A

Tool Inspection

Tools dirty

v

Tools clean

Fig. 9 Comparison between manual cleaning process and CO, cleaning process, where the tools are stored clean and labour-intensive process is

reduced

to determine the optimum CO, snow cleaning parameters
to remove a grease residue from a precision machined Ni
coated surface. The process parameters assessed were
cleaning pressure, cleaning speed, and dwell time. The
optimum settings identified using a main effects plot were,
5 bar pressure using a 3 s dwell time at the centre of the
dome and a single sweep around the base of the dome using
5 bar pressure and 8 mm/s speed. A maximum contamina-
tion removal rate (CPI) of 93% was achieved using the opti-
mised cleaning parameters. SEM analysis concluded there
was no evidence of abrasion or change to the Ni coating
after using the optimised cleaning parameters. The SEM
images showed manual cleaning of the optical tool caused
shallow scratches.

Using the optimised cleaning parameters, the CO2 snow
cleaning cycle consumed approximately 0.19 kg of CO:
per multi cavity tool (based on measured system flow rate
using a 0.35 mm capillary and the programmed dwell/sweep
time). This CO, is typically sourced from reclaimed indus-
trial by-product streams rather than generated for cleaning.
By contrast, manual cleaning requires IPA consumption per
cycle and disposable wipes/swabs, generating liquid and
solid waste streams that require compliant handling and
disposal.

CO, snow cleaning can be considered a faster cleaning
method in comparison to the traditional manual cleaning

method when removing grease residues off Ni coated opti-
cal surfaces. By using an automated CO, cleaning process in
place of manual cleaning, the cleaning time can be reduced
by up to 70%. This leads to decreased labour, reduced man-
ual handling of the optical tooling, reduced exposure to IPA
during cleaning and increased tool availability.
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