-

Investigation on thermal and chemi-
cal stability of polymer based easy-
to-clean nanocomposite systems

size in and at the surface of layers and
especially on the top layer. The thick-
nesses of TiO, and SiO, layers are in
the range between 45-55 nm and 65
nm respectively. The crystalline pha-
se of TiO, and amorphous phase of
SiO, nanoparticles were observed
by HRTEM. A small reflectance
differences between simulated and
real interfrerence multilayers could
be originate from interdiffusion of
TiO, and SiO, nanoparticles at the
phase boundaries. This is an issue for
the next investigation in which pure
TiO, and pure SiO, layers have to be
produced for such an investigation.
The purity of layers may allow to in-
vestigate the phase boundaries with
respect to interdiffusion in detail
via michrochemical analysis by HR-
TEM.
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Abstract

Anti-adhesive coatings are of signi-
ficant importance for many indus-
trial processes such as pigment and
paint production as well as also food
processing industry, because they
can help to significantly reduce the
cleaning effort. For this reason, the
amount of cleaning chemicals and
waste water can be reduced, which
should have a remarkable effect on
the process costs. In this investigati-
on abrasion resistant low surface free
energy coatings based on fluoroalkyl
group and SiC particles containing
polyimides have been synthesised
which show surface properties com-
parable to PTFE and can be coated
like a paint on surfaces. Especially in
food production processes a high che-
mical stability is required for coating
materials to withstand the cleaning
procedures which are used in order
to maintain the hygienic situation
in the production facilities. The in-
vestigations revealed a high abrasion
resistance (weight loss approx. 12 mg
after 1000 cycles taber abrader test)
and a moderate chemical stability of
the coating systems. A chemical at-

tack by sodium hydroxide solution as
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well as by oxidising substances such
as nitric acid (HNO,) at elevated
temperatures (90°C) led to a fast de-
struction of the coating performance
caused by damage of the organic ma-
trix. Also the exposure with carrot
juice and milk at 90°C showed some
influence. The contact angles against
water decreased by about 20-30%
whereas the oleophobic properties
remained almost unchanged. On the
other hand the polyimide nanocom-
posites showed a low surface roug-
hness (R < 0.2 pm) and adjustable
antistatic properties, what enables to
use them in dry food processing (e.g.
in flour mills). By using a nanocom-
posite system filled with 10 wt.-%
carbon black FW 200 a resistivity of
1.5x103 Q and a charge decay time

of 0 s were obtained.

Introduction

Since many decades coatings based
on polytetrafluoroethylene (PTFE)
and its derivatives have been and
still are in use to create anti-adhesive
coatings for surfaces, which are in
contact with food such as e.g. kit-
chenware and pans [1, 2]. In order
to obtain long lasting coatings on
this basis, an intensive pre-treatment
and the use of primers is necessary
to obtain sufficient adhesion to the

substrate. The application is follo-

wed by a thermal treatment of the
surface at temperatures in the range
of 400°C, which limits the types of
substrate materials and requires an
industrial process for the application
on parts. For the use of anti-adhesive
coatings in food production industry
it is important to provide materials,
which can be applied on site on al-
ready existing equipment and show
adhesion to different kinds of subs-
trate materials such as stainless steel,
plastics and even sometimes on glass.
Starting from the early nineties also
thin anti-adhesive coatings based on
the sol-gel process and fluorosilanes
have been investigated intensively,
which combined an excellent adhe-
sion to almost all types of substrate
materials with transparency and ex-
cellent hydrophobic and oleophobic
properties [3, 4]. Besides their inte-
resting base properties these types of
materials finally could not be used in
food production processes, because
they showed a low resistance against
mechanical abrasion and high pH
cleaning substances such as sodium
hydroxide solution at elevated tem-
perature. Some years ago now a new
class of organic-inorganic nanocom-
posite materials has been developed
that combines high abrasion stabili-
ty with alkaline resistance and paint

ability [5]. Especially the polyimide
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types [6] and polyurethane types [7]
based on this approach have been in-
vestigated more in detail regarding to
abrasion resistance in combination
with heat resistance and chemical re-
sistance respectively. The polyimides
in particular allow many variations
with regard to the monomer compo-
sition which enables to vary flexibili-
ty, polarity as well as their chemical
stability [8-27]. In order to reduce
the water uptake of polyimides, many
investigations have been carried out
to incorporate hydrophobic com-
ponents, such as fluorine containing
hydrocarbons [28-40]. As the above
approach [5, 6] described mainly the
influence of the type of (nano)parti-
culate filler on the mechanical, ther-
mal and chemical properties, it was
of high interest for the present work
to investigate the influence of mono-
mer composition and fluorocarbon
content of such type of polyimide
nanocomposite systems on the anti-
adhesive behaviour under technical

conditions.

2 Experimental

Materials and preparation proce-
ures

For all coating compositions py-
romellitic dianhydride - PMDA
(ABCR) was used as anhydride com-

ponent, SiC (H.C. Starck SiC Grade
UF 10, average particle size/ d50:
0.70 pm) as ceramic powder filler
and Fluorolink D (Solvay Solexis,
average equivalent weight: 1000)
as reactive fluoro compound. In or-
der to investigate the influence of
the matrix structure on the proper-
ties of the polyimide based coatings
with respect to the mechanical and
chemical stability the different ami-
ne compounds Bis(4-aminophenyl)-
1,4-disopropyl-benzene — Bisaniline
P (Aldrich), 4,4’-Oxydianiline - OD-
PAm (Aldrich), 3-Aminophenyl sul-
fone — 3-APS (Aldrich), 4,4’-Bis(3-
aminophenoxy) diphenyl sulfone —
BAPPS (ABCR) have been used. The
chemical formulars of the monomers
used are shown in Figure 1 and Figu-

re 2 respectively.

Table 1 gives an overview about the
variations in the matrix system. The
amount of SiC filler has been kept
constant at 40 wt.-% in the solid
content. All starting materials were

used without further purification.

For the preparation of coating mate-
rials monomers (PMDA, amine com-
pound, SiC and Fluorolink D) were
mixed using a bead mill (Dispermat)
in NMP as solvent. For this purpo-
se the starting chemicals were filled
together with NMP and glass beads

(diameter: 1.7-2.0 mm) in the mil-
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ling container and were stirred with
the corresponding milling tool for
2 hours at 60°C and 2000 rpm. Then
the coating material was separated
from glass beads by filtration using
a sieve to obtain a mixture ready for
application. All coating composi-
tions have been applied on stainless
steel substrates (1.4301 — dimensi-
on: 100x100 mm) using the spray-
coating method followed by thermal
curing for 2 hours at 200°C.

Measurements

The determination of static contact
angles was performed according to
the horizontal drop method using a
goniometer. For this purpose drops of
corresponding solvent (water and he-
xadecane) with a defined size (about
3 pl) were applied and the angle bet-
ween the baseline of the drop and
the tangent at the drop boundary
was measured. The measurement was
performed at room temperature (ap-
prox. 20°C) and three drops per sam-
ple and test liquid respectively were

measured.

The determination of surface rough-
ness was carried out by a pertho-
meter, whereas the surface which
should be characterized was scanned
with a diamond stylus (scan length:
5.0 mm, scan speed: 0.1 mm/ s, sty-

lus force: 15 mg). Afterwards, the

different roughness values like Ra, Rz
and Rmax were automatically calcu-

lated from measured surface data.

The verification of mechanical stabi-
lity, was performed by Taber Abraser
Test according to DIN 53 754. For a
further quantification of mechanical
stability of the different coating com-
positions the static contact angles
against water and hexadecane were

measured by goniometer.

In order to determine the thermal sta-
bility the coated substrates were ex-
posed in a convection oven at 150°C
for at last 120 hours. After cooling
down at ambient temperature (ap-
prox. 20°C) the static contact angles
against water and hexadecane were
measured by goniometer to quantify

the thermal stability.

In order to verify the chemical resis-
tance the corresponding test liquids
(NaOH 2%, HNO, 2%, milk (UHT-
milk) and carrot juice) were filled in
small pots, which were fixed on the
coated substrates (cp. figure 3). After-
wards the so prepared samples were
put in a convection oven and were
exposed for 24 hours at 90°C. After
cooling down at ambient tempera-
ture (approx. 20°C) the static contact
angles against water and hexadecane
were measured by goniometer to

quantify the chemical stability.
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3 Results and discussion

3.1 Anti-adhesive polyimide nano-
composite base systems

In order to investigate the influence
of the matrix structure in polyimide
based anti-adhesive nanocomposite
coating systems on the anti-adhesive
properties under different loading
conditions, different types of aro-
matic diamine monomers have been
chosen to form the intended po-
lyimide structures in combination
with pyromellitic dianhydride and
carboxylic acid terminated perflu-
oropolyether (Fluorolink D). As can
also be derived from the chemical
formulas in Figure 2 the polarity of
the diamine monomers increases in
the sequence Bisaniline B, ODPAm,
3-APS and BAPPS. It was of inte-
rest to investigate the influence of
the type of monomer on the initial
hydrophobic and oleophobic pro-
perties and the stability of the anti-
adhesive effect in dependence on the
type of external load. Because these
monomers have different molecular
weight, the variation of the type of
diamine should also have an influ-
ence on the network density which
determines the mechanical surface
properties. SiC has been used as
nanoparticulate filler at a constant

concentration of 40 wt.-%. All mo-

nomers and the filler particles have
been mixed in a bead mill at 60°C
for two hours using NMP as solvent.
During this procedure a polyamic
acid structure has been formed. This
reactive mixture has been coated by
spraying technique on stainless steel
plates and has been cured at 200°C
for again two hours. Figure 4 shows
the dependence of the initial sta-
tic contact angles on the monomer
composition in the polyimide nano-

composites on stainless steel.

From Figure 4 it can be derived that
all the systems show a behaviour in
the contact angle quite comparable
to PTFE (contact angle against wa-
ter/ hexadecane: 118°/ 55°). The ob-
served small differences can be attri-
buted to differences in surface roug-
hness between all the nanocomposite
systems and also the PTFE. No di-
stinction can be made also with re-
spect to the monomer composition,
which means that the monomer po-
larity has no influence on the initial
static contact angle. This behaviour
can be explained by the fact that the
Fluorolink D component has enough
mobility during the curing process in
order to orient its hydrophobic and
oleophobic chain to the coating air
interface. This enrichment leads to a
saturation of the coating surface with

perfluorinated carbon chains, which

81

static contact angle [°]

}
S

Bisaniline P ODPAM 3APS BAPPS
type of amine compound

Fig. 4:

Amine compound

Initial  anti-adhesive ~ prop
erties:  Static contact angles
(by goniometer) against wa-
ter and hexadecane depending
on used amine compound -
substrate  material:  stainless
steel (1.4301) — coating tech
nique: spray-coating — curing
conditions: 2 h at 200°C.

Surface roughness [um]

R R, P

stainless steel 1.4301

0,142002 0,93:0,14 1,06+0,08

PTFE

1,35£0,07 9,71:054 12,2041,28

Bisaniine P
oDPAm
345
BAPPS

Table 2:

0192005 222030 93079
0432007 2672032 3512064
0352008 2252063 e
0262007 62032 2272085

Surface roughness from perthom-
eter depending on used amine
compound — substrate material:
stainless steel (1.4301) — coating
technique: spray coating — curing
conditions: 2 h at 200°C.



then dominates the surface proper-
ties. To facilitate the interpretation
of the contact angle behaviour, tab-
le 2 shows the surface roughness of
the polyimide nanocomposites from

pCl‘thOI’ﬂCtC[ measurements.

Table 2 shows that smooth surfaces
could be obtained with the nano-
composite coatings. The roughness
is only slightly higher than that of
the stainless steel, whereas the PTFE
roughness is about three times high-
er compared to the nanocomposites.
This micro-roughness explains the
higher initial contact angle against
water of the PTFE. Taking this into
account the initial contact angles of
the nanocomposites are on a quite
reasonable level. In order to use the
coatings in practical applications
such as food production industry
the mechanical resistance of the re-
sulting coated surfaces is of high im-
portance. The durability of the anti-
adhesive effect has been investigated
using the taber abrader test. Figure 5
shows the percental decrease of the
static contact angle after 1000 cycles
taber abrader test in dependence on
the type of diamine monomer used

in the polyimide matrix.

It can be derived from Figure 5 that
the monomer composition with the
diamine having the lowest polarity

also shows the lowest degradation of

the anti-adhesive properties after me-
chanical abrasion. Nevertheless the
highest decrease of about 20 % for
the system with BAPPS is still tolera-
ble and a sufficient anti-adhesive ef-

fect is expected also for this system.

Figure 6 gives additional information
about the temperature stability of the
nanocomposite systems. This proper-
ty is especially important if dry pro-
cesses during the food production
are in the focus of the application
but also in wet processes such as ultra
high temperature treatment of e.g.
milk a high temperature stability is

required.

From the behaviour of the contact
angle in dependence on the duration
of temperature load at 150°C in Fig.
6 it can be derived that all the nano-
composites should have enough long
term thermal stability with respect to
the anti-adhesive effect. The PTFE
sample on the other hand does also

not degrade in this test.

After these basic investigations it
was of interest to obtain informati-
on about the behaviour under che-
mical load conditions. During food
production process several cleaning
steps are required to be performed by
the producer to maintain an uncri-
tical hygienic situation in the com-

ponents of the production system,

82

3
7

3

R agpinst water
aginst hexagecane. 60

5

percental decrease of static contact angle [%]

Fig. 5:

™ Bisaniine P ODPAM 3APS BAPPS

type of amine compound

Percental decrease of static con-
tact angle against water and hex
adecane after 1000 cycles taber
abraser test — substrate material:
stainless steel (1.4301) — coating
technique: spray-coating — curing
conditions: 2 h at 200°C

I
FE——
i

4 SN - e

—to

—a—0DPAm

—~—3ms  _Lg

Logeine hececane
i

| —70

|
& o

T | |

static contact angle [°] against water/ hexadecane

Fig. 6:

o
N1
—
50
I
o 24 48 2 % 120
duration of thermal exposure at 150 °C [r]

Static contact angles against water
and hexadecane depending on
type of amine compound as well
as on duration of thermal expo-
sure at 150°C — substrate mate-
rial: stainless steel (1.4301) —
coating technique: spray coating —

curing conditions: 2 h at 200°C



which are in direct contact with the
food in order to avoid germ formati-
on and growth of bacteria to occur.
Of course also the coating materi-
als have to withstand these cleaning
conditions even though they have
been applied originally to reduce
the cleaning effort in order to ensu-
re maximum product safety at any
time during the production process.
Two typical cleaning agents, sodium
hydroxide solution (NaOH, 2 %)
and nitric acid (HNO,, 2 %), have
been chosen. The temperature du-
ring exposure was chosen to be 90°C
to simulate the cleaning step in the
facilities. Table 3 shows the results of
the cleaning simulation in compari-
son to two products (milk and carrot
juice), which are critical for depositi-
on phenomena in thermal treatment

processes.

It is obvious from the results in Ta-
ble 3 that after 24 h chemical attack
by NaOH and HNO, at 90°C leads
for almost all polyimide systems to
destruction of the coating layer. This
behaviour was somewhat expected
before, because the hydrolytic stabi-
lity of the imide groupings is limited.
In addition to that the HNO, has
oxidising capability and can attack
the organic matrix also by this me-
chanism. Also the PTFE is not com-

pletely unaffected. The real substan-

ces milk and carrot juice also show
some influence on the remaining
anti-adhesive behaviour. The de-
crease in contact angle against water
and hexadecane is more pronounced
than in case of e.g. mechanical im-
pact from the taber abrader test, as
can also be derived from figure 7 and
figure 8, which show the percental
decrease of the contact angle after
exposure to milk and carrot juice at

90°C respectively.

In the case of milk the oleophobic
properties seem to be almost un-
affected whereas the hydrophobic
properties show a decrease of about

20-30 % during the exposure.

'The polyimide nanocomposite com-
prising BAPPS as diamine monomer
shows a significant decrease espe-
cially in the oleophobic properties
after thermal treatment with carrot
juice. It should be mentioned that
this coating surface has been visually
affected by the carrot juice resulting
in discolouration. For this reason, it
could not completely be excluded
that some deposits of components
of the carrot juice have been buil,
which are responsible for the mini-
misation of the oleophobic effect.
The deposits may have been built
especially in the case of the most
polar co-monomer BAPPS. This as-

sumption will be further proved by

83

Amine

compound

initial

Contact angle [*] against water/ hexadecane
after 24 h NaOH | after 24 h HNO, after 24 h carrot
after 24 h milk
(2%)pH 13 @¥)pH1 juice.

PTFE

18755

86/ 52 7751 118755 115/ 54

Bisaniline P
obPAm
3405

BAPPS

104759
101767
/63
1061 66

destroyed destroyed 84157 84156
80/5 | destroyed 76165 71764
destioyed | 71763 71761 68760

destroyed | destroyed 81/ 61 7331

Table 3:

Measured static contact angles
against water and hexadecane de-
pending on type of amine com-
pound as well as on chemical
exposure (NaOH, HNO3, milk
and carrotjuice) at 90°C for 24 h—
substrate material: stainless steel
(1.4301) — coating technique:
spray coating — curing conditions:

2 hat200°C

3 agpist water
[ agpinst hevadecane:

percental decrease of static contact angle [%]

Fig. 7:

Percental decrease of static con-
tact angle against water and
hexadecane after 24 h of exposure
with milk at 90°C — substrate ma-
terial: stainless steel (1.4301) —
coating technique: spray-coating—

curing conditions: 2 h at 200°C



additional investigations on the local
mechanisms occurring directly at the

coating surface.

Overall it can be stated that the
anti-adhesive polyimide based na-
nocomposites obviously have some
limitations for the use in wet and hy-
drolytic environment. For this reason
further investigations have been per-
formed to find possible compositions

useful for dry processes.

3.2 Influence of modification with
carbon black (FW 200) and graph-
ite (KS 6) on the antistatic behav-
iour of the anti-adhesive polyimide
nanocomposites

In dry processes concerning food pro-
duction such as e.g. flour milling it is
important to provide coating systems
with antistatic behaviour in order to
prevent explosions caused by electro-
static discharge phenomena. From
the viewpoint of costs carbon fillers
such as carbon black (FW 200, De-
gussa) and graphite (KS 6, TIMCAL
AG) have been dispersed in different
amounts in a selected polyimide na-
nocomposite system from above, in
order to elucidate the optimum con-
centration of these additives for an
electrostatic effect while maintaining
the abrasion stability of the coatings
at the same time. Table 4 shows the

results of the charge decay time and

the resistivity in combination with
the surface roughness for the two dif-
ferent additives in dependence on the
concentration. The polyimide system
with BAPPS co-monomer has been
chosen though the other systems
showed slightly better behaviour in
the previous testing program, be-
cause smooth layers could be created
in the unfilled case without carbon
filler and the matrix was somewhat
more polar, a fact which should be
important to provide a good basis for

antistatic properties.

From Table 4 it can be derived that
beginning with a concentration of
5 wt.-% the resistivity indicates an-
tistatic behaviour of the coating sys-
tems. The charge decay time already
goes down to 0 s starting from a con-
centration of 2.5 wt.-% carbon ad-
ditive. Especially the KS 6 graphite
filler seems to have almost no negati-
ve effect on the roughness of the coa-
tings. The maintenance of a smooth
surface is an important advantage
useful for transfer the coating materi-
als towards the practical application.
Finally Figure 9 and Figure 10 show
the behaviour of the coatings contai-
ning carbon black and graphite res-

pectively in the taber abrader test.

It can be concluded from the taber
abrader test, that the carbon addi-

tives have no negative effect on the
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Amount
Kindof | of

modifier | modifier
[wt. %]

Static contact autoce e bl Decay
urface roughness fum

angle [* time of

wie 1] Resisti-

hexa- vity [a]

water Rinax charge
decane & &

06 | 66 | 0265007 | 163:032 227085 29 | 5.1x10

106 | 63 | 0702010 | 4212050 5702082 13x10°

FW 200 5

107 | 6 | 075003 | 4762047 |7.7521.92 12x10°

106 | 63 | 0415010 | 2645074 | 4.0811.49 23x10°

107 | 63 | 0242006 | 1532040 | 1.6720.66 1110

0
0

110 | 66 | 0382009 | 2.8520.69 | 5.45:3.09 0 | 1.5x10°
0
0
0

0 | 66 | 0324001 | 2065003 | 2712029 B7x10°

Table 4:

Influence of modifier (carbon
black — FW 200/ graphite (KS 6)
and modifier amount on static
contact angles against water/
hexadecane, surface roughness
as well as conductivity deter-
mined by decay time and resistivi
ty — coating material: PMDA/
BAPPS with 10 wt-% Fluoro-
link D and 40 wt.-% SiC -
substrate material: stainless steel
(1.4301/ 1.4571) — coating tech-
nique: spray-coating — curing
conditions: 2 h at 200°C



wear resistance of the coatings, even
though the additives are soft compa-
red to the SiC filler used. Especially
the carbon black FW 200 seems to
exert some tribological properties
which result in a slight decrease of
the percentage decrease in contact
angle with increasing FW 200 con-

centration.

4 Conclusion

The investigations revealed that inte-
resting polyimide based anti-adhesi-
ve nanocomposites could be created,
which show similar anti-adhesive
behaviour like PTFE surfaces. Their
big advantage compared to PTFE is
their ability to be applied by spray
coating on almost every type of subs-
trates and to be cured under compa-
rably mild conditions. Although the
chemical stability in wet, hydrolytic
environment is quite limited for the-
se types of systems, they show an ex-
cellent behaviour which makes them
suitable for applications in dry pro-
cesses. It is important to note, that an
antistatic behaviour can be installed
without loosing the mechanical sta-
bility. Overall a material basis has
been worked out which after appro-
priate optimisation and technology
development has a big potential to
be used as anti-adhesive surface in

industrial processes.
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Quantitative spectrochemi-
cal Analysis of Na,AlF,, ZrSiO,
and InSb with the Analytical
Electron Microscope (TEM &
SEM)

Eine Reihe zertifizierter natiirlicher
Mineralien und synthetisierter Zwei-
und Mehrelementverbindungen,
Kiryolith (Na,AIF ), Zirkon (ZrSiO,)
und Indiumantimonid (InSb) ! - teil-
weise in oxidischer Form vorliegend
- wurde nach standardfreier Metho-

dik mittels energiedispersiver Ront-

1 Reference Standards for TEM, regis-
tered Stand. No. 5998, Science Services
Miinchen
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percental decrease of static contact angle [%]

Fig.

[0 adainst water
] against hexadecane reo

25 50 75 100
amount of graphite (KS 6) [wt.-%]

Influence of the amount of
graphite (KS 6) on wear
resistance determined by

decrease  of  static  contact

angles against  water and
hexadecane after 1000
cycles taber abrader test res-
pectively — coating material:
PMDA/ BAPPS with
10 wt.-% Fluorolink D and
40 wt-% SiC — substrate
material: stainless steel
(1.4301) - coating  tech-
nique: spray-coating — cu-

ring conditions: 2 h at 200°C



