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INTRODUCTION

Production of mechanical precision parts or elestrparts often requires diverse production
steps. Either intermediates or the final produesdito be cleaned from processing fluids or
mechanical pollutions. Conventional cleaning preessare either based on isoparaffins or
water based requiring the use of surfactants. Sulesely the wet parts need to be dried in a
cost-intensive drying step. The used aqueous clgdhiids need to be deposited as waste. In
some cleaning processes still hazardous Chloraftasbons (CFCs) are applied as
degreasing solvents.

The use of compressed gases like carbon dioxid#egeeasing solvents might provide an
environmental friendly and cheap alternative.,@@n be applied in the supercritical as well
as liquid state for extraction purposes. Extractbhops is a well known example.

Cleaning can be achieved by dissolving the contatitin in carbon dioxide but the carbon
dioxide will dissolve as well in the impurity thdacilitating and supporting the cleaning
process by reducing the viscosity of the contarmgatil, reducing the interfacial tension of

the contaminant as well as decreasing the denfttyeacontamination. Dry parts can be taken
from the cleaning chamber after cleaning, thus diugi an additional drying step. An

additional benefit might be that carbon dioxide whoantibacterial capacity, this can be
advantageous for the cleaning of medical parts.

Application of carbon dioxide as cleaning solveas falready been investigated for different
cleaning purposes as for example the cleaningxtifde [1-5] and flash cleaning of turbine
blades. [6-10]

Based on the results of thermo and fluid dynamicliss first cleaning experiments, in lab
and pilot scale, were performed with highly poraister metal filters (average pore size:
8 um). Loaded with an alkane-based cutting fluiel plarts are proving the cleaning power of
compresses carbon dioxide at room temperature aessyres between 50 and 60 bar.
Subsequently the suitability for more complex pamtsvided by industry partners made of
metals like Cu, CuZn, aluminum and steel (1.00343Q1), thermo-sensitive polymers like
PE and PP as well as PTFE and Silicone were imatet.



MATERIALS AND METHODS

“Real” cutting fluids used in industry were suppliey project partners. [11,12].

In this work a cutting fluid based on mineral oithvmainly paraffinic compounds and some
not identified additives was used. Carbon dioxidesvgupplied by Yara, Germany, with a
purity of 99.9 % v/v.

Qualitative phase behaviour was studied in view o&l25 ml volume designed for a
maximum temperature of 100 °C and a maximum presefi250 bar. An autoclave plant
designed by Natex, Austria, was used for quantgaphase behaviour experiments (V =11,
Tmax= 150 °C, pax= 350 bar). Solubility measurements were executddwing a static-
analytical standard procedure. Cleaning experimeete performed at lab scale in a variable
volume view cell supplied by NWA, Germany, equipp@dh an ultrasound sonotrode
(Vmax= 330 ml, Thax= 200 °C, pax= 700 bar) and at pilot scale in a precision dieguplant
provided by Amsonic, Switzerland.

RESULTS

Aim of research was to investigate if carbon diexigl a suitable alternative for the cleaning
of precision parts from residual processing aid&e kooling lubricants and adhering
particles.

Thermodynamic studies on the phase equilibriunhefsystem cutting fluid - carbon dioxide
were conducted. Figure 1 shows the phase behavidbe cutting fluid at 25 °C.

ambient pressure p =51 bar p =99 bar p =198 bar

Figure 1. Qualitative phase behaviour of the system cufiling carbon dioxide at 25 °C

The first picture shows the cutting fluid at atmlespc conditions. With rising pressure the
level of the lower, oil rich phase is decreasinglaimost no second phase is visible. Most of
the cutting fluid is soluble in carbon dioxide amdy a small separate phase is left. Due to the
fact that the system is a multinary mixture it asgible that the mineral oil compound(s) of
the cutting fluid are completely soluble in carbdioxide while the minor compounds, for
example the additives, stay in a separate phasdidtroer pressure a phase inversion is found
where the density of the liquid carbon dioxide gheshigher than the density of the cutting
fluid rich phase.



Solubility measurements of the system cutting flicarbon dioxide are shown in figure 2.
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Figure 2: Phase equilibrium of the system cutting fluicarlmon dioxide

The mutual solubility of the cutting fluid and carbdioxide was measured at temperatures
from 25 — 60 °C at pressures up to 200 bar. Weingi pressure the solubility of carbon
dioxide in the cutting fluid and of cutting fluichicarbon dioxide is increasing. For all
temperatures the cutting fluid and €@re not completely miscible in the investigated
pressure range. At 25 °C the solubility of the iagttfluid in carbon dioxide increases
significantly as carbon dioxide liquefies. For 4@a&0 °C the solubility increases at pressures
higher than 80 respectively 100 bar. At lower puess almost no cutting fluid is soluble in
carbon dioxide. In contrary the cutting fluid dikses already at low pressures high quantities
of carbon dioxide.

One possible drawback for parts-cleaning with casged carbon dioxide is the fact that
carbon dioxide will form carbonic acid under prassespecially if water is present. This
could lead to corrosion of the metal parts durilggaeing. To examine the corrosion potential
six different metal samples from copper, brassnatium, construction steel S235JR (St37),
zinc coated steel and stainless steel (VA) weretgtibe view cell at room temperature and
saturation pressure for carbon dioxide for 72 he &thanol cleaned samples have been placed
inside the view cell separated by PTFE spacersiduhie experiments avoiding direct contact
of the samples (Figure 3). No corrosion was obserfa@ all metals except for the
construction steel for specimens scratched befoee experiments to simulate the metal
processing.



Figure 3: Specimen for the corrosion tests

The cleaning of particle soil is a challenge for @déaning processes. In aqueous system
application of ultrasound shows great effects am fmoval of particles from surfaces. A

possible transfer of this technique to cleaninghwdarbon dioxide was investigated using
different types of sonotrodes supplied by NWA, Ganyy and Weber Ultrasonics, Germany.

The variable volume view cell could be equippednwbbth sonotrodes. Figure 4 shows a
sonotrode acting at room temperature at saturadgadur pressure of carbon dioxide. The
phase boundary is highly agitated.

Figure 4: Ultrasound sonotrode acting in two phasic purba@a dioxide at ambient
temperature [13]

In water ultrasound can cause cavitation of drgpstong enough not only to remove the
particles but also to harm the metal part’'s surfadee use of ultrasound in carbon dioxide
facilitates the removal of particles but the effeschot strong enough to harm the surface of
the cleaned parts.

Ultrasound will also help with the cleaning of ldiholes and undercuts. Here big amounts of
residual oils can be found after processing noy easessible for washing fluids. At elevated
pressure carbon dioxide will dissolve in the cutlaobricant (fig. 2) changing its properties



like viscosity and surface tension. Applicationuttrasound will lead to degassing of carbon
dioxide from the lubricant helping to drive the oilit of the blind holes. This effect can also
be achieved by flash cleaning (fig. 5). Here a sues drop will initiate the removal of the oil
form the tapped hole.
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Figure 5: Stages of flash cleaning [13]

From labscale to pilot scale

Scale up experiments were performed in a precisleaning plant provided by Amsonic,
Switzerland. The plant is operating at saturatiapour pressure. The cleaning vessel has a
Volume of 90 | and is operated with liquid carbooxide. For particle removal different
cleaning procedures using ultrasound or additiamacttion of liquid carbon dioxide can be
applied. The parts to be cleaned can be mountadartating basket. The rotation supports the
cleaning process by moving the parts repeatedbutiir the phase boundary.

Figure 6 shows a pilot plant from Amsonic, Switaed, used in this work.

Figure 6: Pilot plant for precision cleaning [13, 14]



The plant is equipped with two storage tanks fabea dioxide. One tank is holding the used
and impure carbon dioxide while the second tartkessupply and storage for pure and clean
carbon dioxide. The cleaning of carbon dioxidedbkiaved by evaporating the soiled carbon
dioxide from the first storage tank at saturati@pour pressure to the second storage tank
holding the pure carbon dioxide supply that will imged in the process. Impurities will be
drained from the first tank in regular intervalsaarBon dioxide is pressurised and cycled by a
plunger pump supplied by Speck, Germany. Sevemrpms for the operation of the plant
allow the flooding of the cleaning vessel from tlogver or upper section as well as the
additional injection of liquid carbon dioxide thiglunozzles in the upper section.

Figure 7: Sinter metal specimen

Sinter metal specimen artificially soiled with treaitting fluid, have been cleaned to
investigate the applicability of the operation cuietis found by labscale experiments in a
view cell. For the cutting oil investigated a cleanefficiency of 99.3 % was found for pilot

plant experiments.

CONCLUSIONS AND OUTLOOK

The applicability of carbon dioxide as cleaningidldor an industrial cleaning process of
metal parts has been proved based on thermo dyriawgstigations on the system cutting
fluid carbon dioxide at elevated pressure. The rohega performance and efficiency of an
industrial pilot plant was enhanced.

Besides the sinter metal specimen industrial parsvided by project partners were
successfully cleaned. Especially the cleaning wfdbholes and undercuts is problematic for
cleaning processes. The application of liquid carbioxide as washing fluid is advantageous
for this task as flash cleaning induced by a pmessiiop or by ultrasound facilitates the
cleaning of parts with difficult geometries.

Corrosion caused by carbonic acid was investigitediifferent metal samples like brass,
aluminium and different sorts of steel. Only a skanpf construction steel (st 37) showed
corrosion after exposure to carbon dioxide, aleodamples were not affected.



Particulate soils are a challenge in parts cleanMgchanical assistance of the washing
process can be provided by ultrasound, movemeatdgr the phase boundary or additional
injection of liquid carbon dioxide, thus enhancemeh the cleaning performance can be
achieved.

First experiments on the reduction of germs onitéras showed excellent results. This is an
advantage for the cleaning of medical parts. Furéix@eriments on the cleaning of medical
parts are in progress e.g. the cleaning of an imb@kde left ventricular assist device (fig. 8).

Figure 8: Superior pump - heart function support systenuiiasy of Berlin Heart)

Decontamination of cultural heritage items is tdek museums all over Europe. First
experiments on the cleaning of artifacts suppligdtiee University of Applied Science

Potsdam and the Staatliche Museen Berlin are prnogn{(fig. 9). The tests show good results
for the reduction of DDT, lindane, PCP, arsenic quitksilver.

Figure 9: Feather headdress for decontamination [13]
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