Manufacturing Rev. 2016, 3, 22
© E. Uhlmann et al., Published by EDP Sciences, 2016
DOI: 10.1051/mfreview/2016023

Manufacturing
Review

Available online at:
http://mfr.edp-open.org

RESEARCH ARTICLE OPEN @ ACCESS

Dry ice blasting as a substitution for the conventional

electroplating pre-treatments

Eckart Uhlmann, E1 Mustapha Baira®, and Robert Jaczkowski

Institute for Machine Tools and Factory Management, Technische Universitdt Berlin, 10587 Berlin, Germany

Received 7 September 2016 / Accepted 18 November 2016

1. Introduction

This journal article is written on the basis of research
results presented during 2nd Edition Smart Materials & Sur-
faces Conference SMS KOREA 2016 that was held from
23rd to 25th March 2016 in Incheon, Republic of Korea.

Since the results of the galvanic surface treatment are
highly dependent on the pre-treatment steps, no residues of
grinding and blasting media should remain in and on the
workpiece surface [1, 2]. A residue-free cleaning is necessary,
in order to ensure a high quality coating. Currently electroplat-
ing requires a variety of chemical baths for this purpose.
Figure 1 shows a simplified schematic diagram of a conven-
tional galvanic process chain.

2. Materials and methods

The chosen materials for this research are the wrought alu-
minium alloy AIMg3 and the casted aluminium alloy AlSil2
which can be galvanised by using the conventional pre-treat-
ment processes, Figure 1. Both materials offer great weight
saving potential and easy processing during manufacturing.
Furthermore, the ability to recycle workpieces made of
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aluminium alloys reduce the use of raw materials and increase
the sustainability compared to steel parts. Applications for
AlMg3 are for example transport containers, whereas AlSil2
is used for thin walled housings, for example gearbox
enclosures. Workpieces made of aluminium may be galvanised
to achieve different appearances of the surface or to modify
functional properties. AIMg3 is classified as easy to galvanize,
whereas the pre-treatment of AlSil2 has to satisfy demanding
requirements. Silicon particles on the surface of AlSil2 parts
exposed by the conventional pre-treatment are disadvantageous
for the adhesive strength of the applied layers and have to be
removed by etching with nitric acid, which affects the environ-
mental compatibility and economic efficiency negative. The
samples used in this research are made of rolled aluminium
plates with a thickness of 6 mm, cut to pieces of a size of
40 mm by 40 mm.

The alternative pre-treatment methods used in this research
are dry ice blasting, tempering during dry ice blasting and glass
bead blasting followed by dry ice blasting. Dry ice blasting is a
blasting method using pressurized air as an accelerator for the
blasting material. Dry ice is the solid form of carbon dioxide
and is normally used in cleaning applications. Due to the
sublimation of solid carbon dioxide to its gaseous physical
state at standard pressure it leaves no residues when used as
blasting material. Figure 2 shows the effect mechanisms of
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Figure 1. Schematic representation of the electroplating process [3].
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Figure 2. Effect mechanisms of dry ice blasting: (a) thermal effect,
and (b) mechanical effect.

the dry ice blasting technology. A distinction is made between
the thermal effect, caused by the low temperature of the
blasting material resulting in an increased brittleness of the
contaminations and base material and induced tensions
between them, and the mechanical effect of the blasting
particles due to their high speed and weight. To increase the
thermal effect of the dry ice blasting and as the second pre-
treatment method, the aluminium samples have been tempered
to a temperature of 9 = 50 °C before blasting, causing an
increase of the temperature gradient between the samples
and the blasting media.

Glass bead blasting in combination with dry ice blasting is
used as the third pre-treatment method. In comparison to dry
ice blasting, glass beads are used as blasting material.
Although there is no thermal effect when using glass bead
blasting, the overall effect on the surface of the substrate is
by far higher because of the larger mechanical effect caused
by the higher weight and hardness of the glass beads compared
to dry ice particles. The disadvantage of the procedure is that
residues of used glass beads remain on the surface of the
substrate after blasting and have to be removed in a separate
step to obtain galvanic coatings with high adhesive strengths.
Due to the residues the workpieces could not be galvanized
using solely glass bead blasting as the pre-treatment process.
These residues totally prevent the realisation of galvanic
coatings.

The alternative pre-treatment methods have the potential to
decrease duration and costs of the pre-treatment prior to
galvanic coating processes since the process chain of the

conventional pre-treatment can be shortened. Dry ice blasting
allows the cleaning and pre-treatment of surfaces without
any residues which improves the creation of adherent coatings.
The substitution of chemicals used in the conventional
pre-treatment process, which are hazardous to the environment
and harmful to health and therefore need an expensive waste
deposal which amplifies the cost benefits of the dry ice blasting
as well as its sustainability.

To determine the influence of the alternative pre-treatment
methods on the roughness, topography and polar component of
the surface tension of the workpieces AlSil2 and AIMg3 a
Central Composite Design (CCD) was used [4]. With it linear
and quadratic interrelation between the setting parameters and
the target values can be defined. The utilisation of the CCD
furthermore allows the creation of equations describing the
target values (e.g. the roughness R, or the polar component
of the surface tension) subject to the setting parameters.
The used model, equation (1), brings all target values y in
dependency with the main factors x;, the interactions between
the factors x; - x; and the quadratic effects of the factors X7
The coefficients f for each target value of the investigated
materials were determined.
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The dry ice blasting was undertaken with an IceBlast KG
30 Professional system from Ice Tech. Table 1 shows the
ranges of the setting parameters during dry ice blasting. Sur-
face and coating parameters were recorded to compare the
pre-treatment methods. The roughness of the workpieces were
measured utilizing the measuring instrument MicroProf 100 by
FRT Fries Research & Technology GmbH, Bergisch Gladbach,
Germany. Using the sessile drop method and the Drop Shape
Analyzer DSA 100 by Kriiss GmbH, Hamburg, Germany,
the surface tension and its polar component were determined.
To verify the adhesion strength of the applied coatings, the
standardized method of the cross cutting index, compare
DIN EN ISO 2409, was used. The cross cutting index provides
information on the adhesion strength by distinguishing the
amount of coating that is removed after the peel of the adhesive
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Table 1. Ranges of the setting parameters during dry ice blasting.

Setting parameters Jet pressure py [bar] Mass flow rate m [kg/h]

Working distance a, [mm] Feed velocity v¢ [m/s] Jet angle o [°]

Ranges 6-10 35-65 50-100 0.005-0.015 50-80

O dry ice blasted
2 -

~ glass bead blasting: Jet Mass | Working | Feed |Jet angle

~ AlSi12 AlMg3 AUER ST800 J-ID pressure | flow rate | distance | velocity [ o [°]

= 100 dry ice blasting: py [bar] | M [kg/h] | a, [mm] | v; [m/s]

= ICETECH IceBlast 1 0 65 75 0.01 20

% hm ¥ Material: 2 10 35 100_| 0005 | 80

B 50 _ AlSi12, AlMg3 3] 8 50 75 ] 00018 | 65

S Measuring system: 4] 10 35 100 | 0.005 80

E 25 ERT_ MicroProf 100 5| 114 50 75 0.01 65

E Eq I_Jtl Statistical desngp. 6 S 50 75 0.0018 65

2 o ble= — |5 il &l Central Composite

= untreated 1 2 3 untreated 4 5 6 Design (CCD)

Figure 3. Exemplary results of the roughness R, of AlSil2- and AIMg3-workpieces after alternative pre-treatment.

Table 2. Coefficients f§ for regression equation of effects on the roughness R, of dry ice blasted AlSil2-workpieces.

Setting parameter Coefficient f Setting parameter

Coefficient f§ Setting parameter Coefficient f§

Constant f, —68.357 i’
Dt 6.07127 a,’
1 0.510387 v
a, 0.357934 o
Ve —1797.9 Pst - 11
o 0.982878 Pt dp
Dt —0.301857 Det - Vs

—0.00517199 Pst - O 0.0221865
—0.00228115 - a —0.000159028
124518 m - vg 6.07181
—0.00544859 m- o 0.000525509
—0.0110615 ap - Ve —0.307417
0.014656 ap - o —0.00134764
—167.805 Ve o —9.45181

tape. A cross cutting index of 0 stands for no detachments of
the coating and therefore best adhesion strength, whereas at
a cross cutting index of 5 the coating detaches completely from
the substrate.

3. Results

The following section presents the influence of the
alternative pre-treatment methods on the surface of the
tested aluminium alloys AlSil2 and AlMg3. According to
state of technology the maximum height of profile R,, the
topography as well as the polar component of the surface
tension ggp have a significant impact on the adhesion of the
metal layer.

3.1. Influence of the pre-treatment methods on the
roughness R, of the aluminium alloys

According to the mechanical anchoring model, the adhe-
sion of the subsequent coating gets better with higher surface
roughnesses [5, 6]. Figure 3 shows the three highest achieved
roughnesses R, after the treatment with dry ice blasting, tem-
pering during dry ice blasting and glass bead blasting followed
by dry ice blasting. All three pre-treatment methods increased
the roughness of the AlSil2-workpieces. The maximum height
of profile R, of an wuntreated AlSil2-workpiece was
R, =2.78 um, dry ice blasting increased it to R, = 43.26 pum,
tempering during dry ice blasting to R, = 49.46 um and glass

bead blasting with following dry ice blasting produced the
highest roughness of R, = 76.22 um. AIMg3 has an original
roughness of R, = 2.55 um. Dry ice blasting increased it only
to R, =9.30 um, tempering during dry ice blasting to
R, =40.75 pm and the highest roughness was also achieved
by glass bead blasting with following dry ice blasting up to
R, = 85.51 pm. So, as expected glass bead blasting produced
the highest roughness of both aluminium alloys. Additionally,
the roughness can be increased by lowering feed velocity vy
of the blasting process.

Models of the different materials and pre-treatment
processes, equation (1), have been developed and significant
setting parameters have been identified. As an example, Table 2
contains the coefficients f of the regression analysis of the
roughness R, for dry ice blasted AlSil2-worpieces. In this
case, the significant parameters are the feed velocity vy and
its quadratic effect, the jet angle o and the jet pressure py;.

3.2. Influence of the pre-treatment methods on
topography of the aluminium alloys

Dry ice blasting and tempering to 50 °C during dry ice
blasting lead to a change of the topography of the AlSil2-
workpieces. On the other hand these two methods almost did
not change the topography of the AlMg3-workpieces. Glass
bead blasting with following dry ice blasting changed the
topography of both aluminium alloys which resulted in visible
impact craters, shown in Figure 4.
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Figure 4. Topography images of AlSil2-workpieces.
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Figure 5. Exemplary results of polar component of the surface tension osp of AlSi12- and AIMg3-workpieces after alternative pre-treatment.

Table 3. Coefficients f§ for regression equation of effects on the polar component of the surface tension osp of dry ice blasted AlSil2-

workpieces.

Setting parameter Cocfficient f§ Setting parameter

Cocfficient f§ Setting parameter Coefficient a

Constant f, 13.5082 e 0.00440098 Do 0 0.00021829
Put 1.00959 a,’ —0.0008924 - ay —0.00115788
i ~0.514775 vé 5498.54 - v 8.76962
ap 0.259321 o 0.000692277 o 0.00037707
Ve —1043.4 Pt 0.00725405 ay- v ~3.11292
o —0.165747 Pst- ap —0.00298707 ay- o —0.00038179
P ~0.113682 Dot Vr 44.7577 Vi o 4.6968

3.3. Influence of the pre-treatment methods on the
polar component of the surface tension of the
aluminium alloys

Previous investigations have shown that better adhesion
strengths can be achieved with high polar components of the
surface tension ogp [5, 6, 7, 8]. The surface tension can
therefore be used as an indicator for the adhesion strength of
the electrodeposited coatings. Only tempering during dry ice
blasting increased the polar component of the surface tension
ogp of the AlSil2-workpieces from ogp = 10.26 mN/m to
osp = 37.49 mN/m, which implies a heterogeneous wetting
of the substrate. The polar component of the surface tension
of AIMg3-workpieces was increased by all three pre-treatment
methods, Figure 5. So the fluid penetrates the more
hydrophilic surface (Wenzel-model) resulting in a homoge-
neous wetting. Tempering during dry ice blasting produced
the highest polar component of the surface tension with
osp = 43.44 mN/m.

(a) Cross cutting

E | (b) Cross cuttin rating: 5

Figure 6. Exemplarily cross cutting ratings of AlSi12: (a) sufficient
adhesion, and (b) poor adhesion.

Analogous to the roughness R,, models for the polar com-
ponent of the surface tension ogp, equation (1), have been
developed. The coefficients  for the model for the dry ice
blasted workpieces are contained in Table 3. In this case, just
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Figure 7. Cross cutting ratings of AlSil12 and AIMg3: (a) after dry ice blasting, (b) after tempering during dry ice blasting, and (c) after glass

bead blasting with following dry ice blasting.

the quadratic effect of the mass flow rate 71> is significant for
the polar component of the surface tension osp.

3.4. Adhesion test after electroplating of the
aluminium alloys

After the electroplating process the cross cutting index was
used as an indicator for the adhesion of the electroplating coat.
The cross cutting index between 0 und 2 means that the
adhesion was good and the cross cutting index >3 means that
the adhesion was insufficient. Figure 6 shows two results of the
adhesion test of the applied galvanised coatings on AlSil2
workpieces, which have been dry ice blasted as pre-treatment.

Dry ice blasting and tempering during dry ice blasting
result in good adhesion (cross cutting index between 0 and
2) with 50% of all the examined parameter settings of the
AlSil2-workpieces. After glass bead blasting with following
dry ice blasting almost 90% of the workpieces were success-
fully electroplated. 50% of the AlMg3-workpieces achieved
good adhesion after glass bead blasting with following dry
ice blasting, Figure 7. With the detected parameter combina-
tions which enable a sufficient adhesion, the pre-treatment of
the workpieces prior to the galvanization could be enabled with
a high process reliability and repeatability.

4. Discussion

It was found that the polar component of the surface
tension has no significant effect on the adhesion of the electro-
plated layers. The roughness and the surface topography how-
ever have a significant influence on the adhesion after the
electroplating. With dry ice blasting a successful electroplating
of AlSi12 samples was achieved. Based on the entire investiga-
tions, the pre-treatment with dry ice blasting is considered to
be a suitable substitution to other pre-treatment for AlSil2
workpieces methods in order to further enhance the adhesive
strength. The pre-treatment of AIMg3 workpieces could not
be successfully executed resulting in a worse adhesion of the

applied galvanised coating compared to the pre-treatment of
AlSil12 workpieces. This circumstance needs further examina-
tion and analysis.

The results of this research should be used to expand the
range of materials, which can be pre-treated successfully by
the alternative pre-treatment methods. In particular, the
alternative pre-treatment methods should be applied to steel
workpieces and workpieces made of materials, which are
difficult to galvanize, such as carbon fibre composites.
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