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1 | INTRODUCTION

Polymer-based tribomaterials are widely used in the
manufacturing of components such as sliders, switches,
gears, or bearings in transmission systems. Plastic parts
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Abstract

Polymeric applications with extended service life and low energy loss due to
friction are of great interest in conveyor and power transmission technology.
Self-lubricating systems utilizing microcapsules hold significant potential for
increasing energy efficiency and extending the operational life of these applica-
tions. This study focuses on synthesizing oil-filled microcapsules through in
situ polymerization of polyamide and their incorporation in polyamide 6 and
polyamide 6.6. Microcapsules with a core made of thermally stable lubricant
Food Lube, and particle diameter Dy, of 50 pm were synthesized and isolated
as a free-flowing powder via spray-drying procedure. The resulting powder
demonstrated high thermal stability (loss of 5% at 350°C) due to the high ther-
mal stability of both core and shell materials. A compounding process utilizing
a twin-screw extruder was developed to blend microcapsules into thermoplas-
tic matrices. An injection molding machine forms tension rods. The compos-
ites’ tribological properties are assessed through ball-on-disc tests conducted in
both oscillation and rotation. The friction coefficient and wear rate of the com-
posites experience a reduction of 79% and 56% for polyamide 6, as well as 77%
and 75% for polyamide 6.6. Mechanical testing of the microcapsule composites
reveals a decrease in mechanical properties.

KEYWORDS

friction, functionalization of polymers, polyamides, synthesis and processing techniques,
thermoplastics, wear and lubrication

exhibit desirable characteristics such as good dry-running
sliding and high-damping behavior. Their resistance to
harsh chemical conditions and low density allows for
widespread use in various applications." To prolong the
lifespan and minimize the maintenance of components
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under tribological stress, plastics can be enhanced with
different additives, fillers, and coatings.

One way to increase the wear resistance of plastic
materials is by introducing an additional hard coating on
the surface of the softer underlying substrate. Thus, in
Raheem and Kareem,” NiCr coating was deposited onto
the underlying epoxy composite substrate by flame-spray
technique, leading to the significant reduction of friction
coefficients, whereas the effects were even higher when
an adhesion promoter (polyimide coating) was intro-
duced. The friction coefficient of an epoxy composite was
reduced from ca. 1 to ca. 0.4, and wear rate from 7 to
2 x 10 °mg x (cm)™! at 100°C, which corresponds to
60% and 71%, respectively. However, this method requires
elaborate equipment and an additional coating processing
step. Another common method to increase the wear resis-
tance of plastic parts is through the addition of solid addi-
tives to the polymer matrix. Nanosilica, molybdenum-
disulfide (MoS,), graphite, carbon fibers, and polytetra-
fluorethylene (PTFE) are known to reduce wear rates.>™®
Solid additives are used where external application of
lubricants is not possible, for example in transmission
components in enclosed housings of power tools. In some
applications, oily surfaces are not beneficial due to dust
adhering the surface. PTFE is the most commonly used
solid additive in tribologically stressed plastic compo-
nents.’ The friction reduction of PTFE is based on its low
surface energy and ability to form stable transfer layers.'®
Due to the relatively low mechanical properties of PTFE,
bulk-PTFE has a high wear-coefficient and is therefore
often blended with mechanical tough materials. Metal-
based solid additives can be used to improve tribological
performance and often contain a molecular 2D layered
structure that facilitates sliding over one another."" Nano-
silica acts as a rolling third body in between the sur-
faces.'” Depending on the tribological load spectrum
(load, speed, type of movement, ...), the solid additives
show varying degrees of friction reduction potential.'?
Compared with oils or greases, solid lubricants have less
potential to reduce friction and wear.'* Solid additives
can be easily incorporated into plastics, while oils are
more problematic to integrate. Microencapsulation of
lubricants is a relatively new approach to incorporate oils
into a polymer matrix as a pseudo-solid additive. Oil-filled
microcapsules have the advantage that they can be pro-
cessed like a solid additive. When mechanical wear is
applied to the part surface, the capsule walls rupture,
which releases oil, resulting in self-lubrication at the loca-
tion where it is needed. The release of oil at the interface
between the contacting bodies reduces the adhesive forces
between them. Consequently, the friction and wear
decrease, particularly when the parts in contact have a
high ability to adhere to one another.
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In recent years, self-lubricating materials containing
microcapsules have received increasing attention. The
function of oil-filled microcapsules is predominantly
described in epoxy resin systems. Guo et al. encapsulated
lubricant oil with poly(melamine-formaldehyde) and the
resulting microcapsules were mixed with epoxy resins in
varying amounts."> At a microcapsule concentration of
10 wt%, the coefficient of friction (COF) and wear
decreased by 75% and 98%, respectively, compared with
the unfilled material. It has been demonstrated that an
increase in the number of microcapsules above a several
threshold (approximately 10 wt%) does not result in a fur-
ther reduction of tribological properties due to the soften-
ing and weakening effect of the microcapsules on the
matrix.'® It was also depicted that as the amount of
microcapsules increased, the mechanical properties
decreased, showing the possible limitation in the use of
microcapsules in certain applications. The incorporation
of oil-filled microcapsules into thermoplastic matrices
has been described for several thermoplastics for exam-
ple, in polyoxymethylene (POM), polypropylene (PP),
and polybutylene terephthalate (PBT).'”*' Armada et al.
investigated a cospraying method of microcapsules and
polyamide (PA).** Scanning electron microscopy (SEM)
images of cross-sections revealed uniform distribution of
non-destroyed capsules in the matrix. Tribological tests
of reciprocating steel ball on the coating showed
decreased COF from 0.47 to 0.14. Analysis of the wear
track displayed wear debris inside the cracked capsules.*
Li et al. investigated polydopamine-modified polysul-
fone/silica double-walled microcapsules in PA.** They
found that incorporating 10 wt% microcapsules in a PA6
composite resulted in an 82% reduction in friction coeffi-
cient and an 88% reduction in specific wear loss com-
pared with pure PA6. In a recent study, Li et al.
synthesized and tested SiO, nanocapsules in PA6.*> The
compounds showed reduced tribological properties while
mechanical properties remained constant. The processing
of microcapsules beyond the laboratory scale has rarely
been described. PA6.6 is a widely used polymer for tribo-
logical applications, but it has not been reported to be
modified with lubricant-filled microcapsules.

PA6 and PAG6.6 are quite challenging materials for the
filling with microcapsules due to the high melting and
processing temperatures of 240-270°C. Our previous
attempts to incorporate melamine-formaldehyde-shell
microcapsules in PA6/PA6.6 have failed, and we
observed the presence of the nonencapsulated oil on the
surface of the pellets and/or injection-molded parts (not
published results). Therefore, we decided to test highly
thermally stable microcapsules with cross-linked aro-
matic PA shells in combination with a thermally stable
oil-formulation Food Lube.
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Compounding microcapsules with thermoplastic
resin requires low shear processing conditions to prevent
the release of the capsule core. It is necessary for the
microcapsules to possess high thermal stability to endure
the melting temperature during compounding. Due to
the high processing temperatures of PA, high thermal
stability of the capsules is mandatory. Therefore, a high
vapor pressure of the oil and a high thermal degradation
temperature of the capsule wall material are of great
interest. To minimize thermal and shear stress, the resi-
dence time of the capsules should be kept short. A high
chemical compatibility between the shell material and
the matrix is beneficial for improved mechanical proper-
ties and dispersion ability. The injection molding process
following can cause further stress on the capsules. If oil is
released in the single-screw extruder, plasticizing may
stop due to lack of frictional heat. A review of relevant lit-
erature reveals a lack of comprehension regarding the
processes affecting thermoplastic/oil-filled microcapsule
composites in scaled-up equipment.'”*’

The objective of this paper is to provide an initial
demonstration of the feasibility of synthesizing, incorpo-
rating, and testing lubricant-filled microcapsules with a
PA-shell in thermoplastic PA. The microcapsules were
blended in PA6 and PA6.6 matrix materials to obtain
composites with self-lubricating properties. These techni-
cal thermoplastic resins display semi-crystalline proper-
ties, which are used in a wide range of tribological
applications. The microcapsules were mixed in a continu-
ous process and formed using a corotating twin-screw
extruder and injection molding system. Fabricated ten-
sion rods underwent tribological testing involving steel-
ball on plate tests conducted under both oscillation and
rotation modes. Mechanical properties of the composites
were analyzed using tensile tests. The findings of this
study provide a firm basis for further lubricant-filled
microcapsule composite studies.

2 | MATERIALS AND METHODS

2.1 | Materials
To enable potential use in the field of food technology,
we selected and encapsulated “Food Lube R-5555" a low-
viscosity oil certified for food and pharmaceutical appli-
cations (manufactured by Riedel Schmierstoffe,
Germany). 1,3,5-Benzenetricarbonyl chloride (BTCC),
isophorone diamine (IPDA), Mowiol 8-88 Polyvinyl alco-
hol (PVA), NaOH, ethanol, and ethyl acetate (EA) were
purchased from Sigma-Aldrich and used as received.

PA6 (Alphalon 27C, groupa azoty, Poland) and PA6.6
(Radipol A40, Radici Group, Poland) were used as

Cl
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FIGURE 1 Reaction between 1,3,5-benzenetricarboxylic acid

chloride and isophorone diamine leading to the formation of
polyamide shell.

thermoplastic matrices for the compounds. Both poly-
mers are noncolored and easy-flowing grades. As unmo-
dified references PA6 (Ultramid B3L, BASF, Germany)
and PA6.6 (Radipol A40, Radici Group, Poland) were
used. Prior to using, the materials, they were dried
according to supplier advise.

2.2 | Synthesis of microcapsules

The PA-microcapsule (PA/MC) synthesis procedure was
inspired by the proceeding described in Poncelet et al.*®
The microcapsules were produced via interfacial poly-
merization between BTCC and IPDA (Figure 1).

The microencapsulation process starts with the prepa-
ration of three solutions, the oil phase (containing acid
chloride, EA, and the lubricant), continuous water phase
(containing emulsion stabilizer), and second aqueous
phase (10% NaOH, containing the amine). The oil phase
is added to the continuous aqueous phase and two phases
are homogenized by using rotor-stator type of a homoge-
nizator (Ultra-Turrax). After that, the second aqueous
phase is added and the mixture is further stirred with a
paddle mixer for 2 h. The process is schematically shown
in Figure 2.

To prepare the continuous phase, 8 L of a 1% solu-
tion of PVA was prepared by dissolving the correspond-
ing amount of the polymer in water at a temperature of
70°C. To prepare the oil phase, 900 g of lubricant Food
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Lube were filled into a 2 L ground-glass Erlenmeyer
flask to which 150 mL EA and 135 g BTCC were added
and the mixture was stirred on a magnetic stirrer until
all the BTCC was dissolved (several minutes). Three
hundred twenty grams IPDA was added in portions to
320 g ice-cool 10 wt% NaOH while stirring and cooling
so that the temperature stays below 20°C. The resulting
emulsion was kept stable with the aid of a magnetic
stirrer.

A stainless-steel reactor was filled with 8 L of 1% PVA
solution. Then the paddle stirrer was switched on and the
ice water cooling was activated. After the temperature of
6°C was reached, the Ultra-Turrax was started
(10,000 rpm) and the oil with acid chloride was added
slowly over 5 min. The temperature in the reactor was
kept below 10°C by external cooling. Then approximately
0.2 g phenolphthalein was added to the emulsion to track
the changes of the pH in the aqueous phase.

The IPDA/NaOH emulsion was then carefully added
stepwise over 20 min. After adding the entire amount of
amine and alkali, the batch was stirred with the paddle
stirrer for 2 h. After that the mixture was left standing for
10 h and neutralized with 0.5 molar sulfuric acid. The
resulting suspension was vacuum filtered on a paper fil-
ter and washed three times with 2 L of water. The filter
cake was then dispersed in 8 L of water and spray-dried.
The air temperature at the inlet was 240°C while the out-
let temperature was 75 + 5°C. The total amount of iso-
lated particles was approximately 1kg. Due to the
flexibility of the shell the microcapsules could not be iso-
lated by simple air-drying (which is possible for the poly-
urethane and melamine-formaldehyde microcapsules
with the similar size).

After washing and filtration, 5 g of the microcapsule
cake was extracted in 50 g EA under intensive magnetic
stiring overnight for three times. It was filtered, spread
on a glass dish and dried by letting it stand under a hood
overnight and was further used for thermogravimetric
and FT-IR analysis.

o, ¢ n\
j core-shell

Acid chloride + Amine —» POLYMER

Amine
NaOH

—
10°C
2h

Schematic representation of the microencapsulation process in polyamide. [Color figure can be viewed at

2.3 | Sample preparation

Material compounding and injection molding were per-
formed on kg-scale. Figure 3 shows a schematic illustra-
tion of the sample preparation process. Capsule
concentrations were chosen based on laboratory-scale
experiments. The preliminary study examined the effects
of capsule concentrations between 1 and 15 wt% on the
stability and reproducibility of process conditions. At
higher capsule concentrations, in particular the injection
molding process is highly unstable due to the released
oil, while remelting in the single-screw extruder. The cap-
sule concentrations used in the study represent the maxi-
mum possible capsule concentrations with constant
process conditions. The maximum oil concentrations
employed were 8 and 5 wt% in PA6 and PA6.6, respec-
tively. With a capsule core content of 80 wt%, this corre-
sponds to a capsule concentration of 10 and 6.25 wt% in
PA6 and PAG6.6.

23.1 | Compounding

A co-rotating twin-screw extruder (ZSK 26 Coperion,
Germany) was utilized for compounding. The main
feeder was employed for the gravimetric dosing of the
matrix polymer while the microcapsule powder was
introduced through a side feeding system located at the
tenth barrel out of 11 in the extruder. The extruder used
had a screw diameter of 26 mm, a length/diameter (L/D)
ratio of 44 and its screw design was developed specifically
for the sample preparation. A kneading block with pad-
dles at a 45-degree angle was placed immediately after
capsule feeding to mix the capsule/polymer melt. The
shear load applied to the microcapsules had to be mini-
mized to avoid premature release of the lubricating oil
and ensure even distribution within the matrix. Com-
pounding tests were conducted with throughputs of

15kg/h and rotational screw-speed of 200 min~'.
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FIGURE 3 Schematic illustration of the sample preparation by compounding microcapsules via side-feeding system and injection

molding of tensile specimens type DIN EN ISO 527 1A. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Barrel-temperatures of the compounding-extruder from main-feeder (1) to nozzle (11) in celsius degree.

Barrel 1 2 3 4 5 6 7 8 9 10? 11
PA6 + PA/MC 8/°C 200 235 225 225 225 225 220 220 220 220 230
PA6.6 + PA/MC 5/°C 260 275 275 275 275 275 270 270 265 265 265
“Capsule side-feeding system.
f[‘{\B.L E 2 fl“empe.ratures of the Barrel 1 2 3 4 5 6 Tool
injection molding unit from feeder (1)
to nozzle (6) in Celsius degree. PA6 + PA/MC 8/°C 70 230 235 240 245 245 60
PA6.6 + PA/MC 5/°C 70 255 260 265 270 270 80

Resulting polymer strands were cooled in a water bath
and granulated while cold as a strand. Extruder-barrel
temperatures are set according to Table 1. Each barrel is
equipped with a temperature sensor that regulates the
heat power output.

2.3.2 | Injection molding

The pellets were molded using injection (KM 160-750PX,
Krauss Maffei, Germany) into tension rods of type 1A
(DIN EN ISO 527). The machine used was equipped with
a single-screw with three zones and a diameter of 35 mm.
PA6 and PA6.6 were molded using injection pressure of
440 and 278 bar, respectively. The temperatures were set
and sensor-controlled according to Table 2. To ensure
processability, 100 samples were produced for each
material.

2.4 | Characterization

24.1 | Laser diffraction particle size analysis
All light scattering measurements of microcapsules
were performed using a LS 13 320 SW (Beckmann Coul-
ter, USA) to analyze particle size of the capsules. Low
angle forward light scattering with optional PIDS
(polarization intensity differential scattering) technol-
ogy was used.

24.2 | Optical microscopy

Optical microscopy pictures were recorded on a Zeiss
Axioskop A1 by using a Zeiss AxioCam 506 color detector
(Carl Zeiss, Germany). The light was given by compact
light source HXP 120 V.
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2.4.3 | Thermogravimetric analysis

Thermo gravimetric analysis (TGA) was carried out on a
TGA 2 LF/1100/885 from Mettler (USA) with the heating
rate of 10 Kmin ™' under nitrogen atmosphere. The
weight of each sample did not exceed 10 mg.

244 | FT-IR spectroscopy

FT-IR spectroscopy (FT-IR) measurements were carried
out with a Thermo Nicolet NEXUS 470 FT-IR spectrome-
ter (Thermo Fisher Scientific, USA) with DTGS/KBr
detector equipped with total attenuated reflectance acces-
sory with germanium crystal. Automatic atmosphere cor-
rection has been performed for each measurement.
Spectra were recorded at room temperature between
500 and 3500 cm ™' with 2 cm ™! resolution.

2.4.5 | Scanning electron microscopy

The microcapsule powder and the processed polymer-
microcapsule compounds were analyzed via SEM (Supra
40 VP, Carl Zeiss, Germany). SEM images of the com-
pounds were made on fractured surfaces of the tensile
test specimens.

2.4.6 | Mechanical properties

The influence of the microcapsules on the mechanical
properties were characterized based on tensile tests
(2010, Zwick/Roell, Ulm, Germany) according to DIN
EN ISO 527 (number of tests n = 5). The strain was mea-
sured using a multiXtens-system. The specimens were
tested with a speed of 50 mm x min ' (Young's modulus
at 1 mm x min~') and a preforce of 5 N. Young's modu-
lus, ultimate tensile strength, and elongation at break
were tested and analyzed.

2.4.7 | Tribological properties

The tribological tests were conducted using a ball-on-disc
configuration under standard conditions (23°C, 50% rela-
tive humidity). The clamping area of the tension rods
were used as one body of the tribological setup. The
counter body was a 100Cr6 steel ball with a radius r of
3mm and a roughness of Ra 0.032 pm. Both contact-
partners were cleaned using isopropyl-alcohol before
analysis. Tests were performed in rotation and in oscilla-
tion mode to investigate tribological performance under

different system parameters. Rotational tests were per-
formed under linear speed of 50 cm x s™' and a normal
load of 10 N. Each compound (n = 4) was tested over a
distance of 5km and a track radius of 8 mm. Tests in
oscillation mode were performed under a normal load of
30 N, amplitude of 10 mm, speed of 1Hz, and a
test-duration of 10,000 cycles. The average COF was
determined by using the last 20% of the tested distance,
therefore the effects of friction during running-in can be
neglected. A single representative COF profile is pre-
sented for each sample.

The wear loss of the analyzed tribological system is
solely described by the wear of the polymeric body since
the steel ball did not show any wear phenomena. The
wear volume was characterized by using a 3D profiling
microscope (S neox, Sensofar, Terrassa, Spain) and
MountainsMap 10 (Digital Surf, Besancon, France)
according to Ayerdi et al.*® The wear track depth of the
rotation-tested samples was mainly for the PA6.6 samples
too low to be characterized by the method described in
Ayerdi et al.*® Therefore, the wear was characterized by
measuring the wear track width s at eight distinct posi-
tions and calculating the wear volume according to
ASTM G99-17 by means of Equation (1) using radius of
the steel ball r =3 and track radius R of 8 mm.

ZTXS XR

6r (1)

Viwear =

The wear volume of the oscillation-tested samples
was characterized by 3D-profiling. First the 3D-profile of
the wear track and its surroundings was measured using
confocal microscopy with a 10x objective lens. Next, the
tilting of the wear track surrounding surface was leveled
using a mathematical operator (gaussian function 3rd
degree). Lastly, the wear volume Ve, Was calculated by
subtracting the wear track topography from the leveled
surrounding surface using MountainsMap 10.

The calculation of the wear rate w, has been done
according to Equation (2) by setting the wear volume
Vwear into proportion of the normal force F and tested
distance S.

_ Viwear (2)
FN xS’

Wy

3 | RESULTS AND DISCUSSION
3.1 | Microcapsules properties

The optical microscope images and the particle size dis-
tribution of the microcapsules directly from the synthesis
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FIGURE 4 Optical microscope images (left) and particle size distribution (right) of PA-based microcapsules containing lubricant Food

Lube. The insert presents one magnified microcapsule for better visibility of the capsule membrane.

are shown in Figure 4. The size distribution Figure 4 of
microcapsules was bimodal with the main peak at 19 pm
and a shoulder around 1 pm. The Dy, value was equal to
47 pm. These values are in agreement with the optical
microscope observations confirming relatively broad par-
ticle size distribution. Bimodal particle size distributions
are beneficial for enhanced particle distribution and
packing density in the matrix. Sun et al. investigated the
tribological effects of self-healing coatings containing
nanocapsules with different sizes.’® Their findings indi-
cated that smaller particle sizes produced rougher plow-
ing and microcracks. Khun et al. demonstrated that the
incorporation of larger microcapsules resulted in a more
pronounced reduction in friction, due to a higher amount
of released oil.*! By varying the size and morphology of
the microcapsules, the stability of the capsules can be
manipulated. It is essential that the microcapsules are
stable enough to withstand the compounding and
manufacturing processes without being damaged. Con-
versely, the oil must be released instantaneously during
the subsequent application.

The transparent shells (part of shells) of the microcap-
sules can be observed, which is not typical for the micro-
capsules prepared by interfacial polymerization®* and
resemble more the typical images obtained for complex
coacervates.”® Like coacervates, the prepared microcap-
sules also seem to be flexible and elastic when pressed
with the spatula between the cover glass and the micro-
scope slide, tend to rather deform than rupture under
pressure and rupture if the pressure is high enough. This
allows us to assume that the formed PA shell is swollen
with considerable (we assume more than 100 wt%)
amounts of water. This makes the shells thicker and

more flexible. Due to this flexibility, microcapsules
agglomerate when dried in air. Due to this reason, they
were spray-dried in order to achieve the dry free-flowing
powder.

The mechanical behavior and appearance of the
microcapsules differs from that of PA microcapsules pre-
pared by other authors. Thus, in** fully aliphatic micro-
capsules with toluene core were prepared by interfacial
polymerization. The air-dried microcapsules observed via
SEM are not spherical; their shape suggests that micro-
capsule wall is very thin and remained flexible until most
of the core material has been evaporated. A comparable
picture can be observed in Chen et al.,** where the micro-
capsules dried by conventional drying in air and by
freeze-drying were compared in SEM. Freeze-drying, in
contrast to air-drying, led to nearly spherical particles.
The thickness of the shell is in both cases extremely low
and cannot be observed with optical microscope. The
morphology of microcapsules under the optical micro-
scope rather resembles the one presented in>> where the
initially formed PA shell was let to reswell in water, after
which the polymerization could continue and highly
swollen in water stable shells clearly visible in the micro-
scope could be observed. The thermal stability of
microcapsules is similar to the one demonstrated in
Mytara et al.,*®> where double polymerization process has
been used.

Figure 5 shows the SEM image of the spray-dried
microcapsules. In contrast to microscope images, the
microcapsules are nonspherical, and it is in fact not easy
to recognize the original core-shell structure in the result-
ing agglomerates. It can be assumed that the flexible
microcapsule shells are considerably distorted and
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FIGURE 5
magnification of 4000.
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stretched during the fast spray-drying process and solidify
in form of folds and irregular formations. However, the
quality of the powder was very good, and no oily feel
could be observed meaning that most of the oil droplets
were covered with a hard polymer shell. Redispersion of
the powder in water leads to the suspensions, in which
no free oil droplets could be observed by optical micros-
copy (appear as perfectly spherical objects in contrast to
microcapsules, which have a more complex shape).

TGA shows that Food Lube is very thermally stable
with 5 wt% weight loss at 365°C (Figure 6). In fact, the
lubricant oil is more thermally stable than the PA wall
material (350°C) and microcapsules (350°C), with regard
to the same weight loss. It is notable that PA has two
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weight loss steps, a comparatively small one between
300 and 400°C (ca 10wt%) and the main step
between 450 and 500°C (ca. 70 wt%). The first step might
be due to not completely extracted lubricant or due to
incomplete polymerization of the PA.

The microcapsules are slightly less thermally stable
than the lubricant and unexpected have less ash. This we
have observed also for some other systems and one possi-
ble explanation of the phenomenon is that microcapsules
have considerably higher surface area than the drop of
the lubricant in a pan used for TGA analysis. The porous
structure of microcapsules preserves until the decomposi-
tion of PA above 450°C, while in case of the lubricant a
much denser film with small outer surface could be
formed during the temperature rise. The chemical trans-
formations happening at high temperatures can be
affected by these structural differences and thus the dif-
ferences in evaporation speed and ash content can arise.

The FT-IR analysis of the same samples shows that
some rests of lubricant might be still present in the
extracted specimens (Figure 7).

The peak at 1741 cm ™' can be assigned to the C=0
stretch, the peak at 1157 cm™ ' to C—O stretch in an ali-
phatic ester,’® which are clearly present in the spectra of
Food Lube and microcapsules and are much less pro-
nounced (but recognizable) in the spectra of the extracted
PA wall material.

The peak at 1644 cm ' can be assigned to amide
C=0, and the peak at 1540 cm ™' to the in-plane N—H
bend typical for aromatic PA.*® They are clearly present
in the spectra of microcapsules and extracted shells, but
not in the spectrum of Food Lube.
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capsules). The images show the surfaces of fractured tensile bars.

3.2 | Composites properties
While preparing the sample, the leakage of oil could not
be detected at the compounding unit or the injection
molding unit. A substantial oil release during the process
results in significant injection molding problems, due to
frictional conveying issues. Process parameters could be
kept unchanged during processing of 100 specimens.
Figure 8 displays SEM images of fractured thermo-
plastic composite tensile bars. The surfaces exhibit differ-
ent characteristics due to the contrasting fracture
mechanisms of PA6.6 and PA6. It was not possible to
identify microcapsules in the PA6 sample, even at higher
magnifications. However, undamaged capsules were
detected in the PA6.6 sample. Released oil was not
detected in both samples. No agglomerates of microcap-
sules were obseved in the matrix during the preparation
of the SEM image. A higher concentration of microcap-
sules at the surface of the samples is advantageous for tri-
bological properties. The analysis of the samples by
nondestructive micro-computer tomography (pCT) did
not yield more detailed microcapsule distribution data
due to the similarity in material density values.

3.2.1 | Mechanical properties

In Figure 9 the mechanical tensile properties of unfilled
and microcapsules-filled PA6 and PA6.6 are shown. The
addition of microcapsules in PA6 leads to reduced
mechanical properties. The Young's modulus decreases
by 21% to 2030 + 35 MPa and ultimate tensile strength
by 24% to 47 + 0.20 MPa. Elongation at break values
remains constant within the standard deviation 39%

SEM images with a magnification of 1000 of thermoplastic composites (a) PA6 and (b) PA6.6 (arrows indicate undamaged

+ 9%. The reduction in the mechanical properties of
microcapsule composites is therefore of a similar magni-
tude to other microcapsule-filled composites.”’ In com-
parison with PA6, PA6.6 displays a more rigid material
characteristic with higher Young's modulus and lower
elongation at break values. The presence of microcap-
sules results in reduced tensile properties. Young's modu-
lus, ultimate tensile strength, and elongation at break
exhibit values of 2900 + 30 MPa (—8%), 64 + 1 MPa
(—18%), and 4.5% + 1.1% (—82%), respectively. The
reduction extent of the decrease in elongation at break is
discernible. The cause for this cannot presently be deter-
mined for this material system.

The mechanical properties of PA6 + PA/MC8 are
lower compared with an industrial PA6 grade with a
PTFE amount of 10 wt%.>” The Young's modulus and
tensile strength of the commercial grade are 2200
and 58 MPa, respectively, and therefore up to 20% higher
compared with the microcapsule-filled composite.
Rudresh and Ravikumar investigated the mechanical
properties of PA6.6 filled with 20 wt% PTFE. The results
indicate a tensile strength of 66.5 MPa, which is within
the same range as the microcapsule-filled PA6.6 compos-
ite studied in this investigation.”® The Young's modulus
exhibited a lower value (1040 MPa) compared with the
PA6.6 + PA/MC5 sample. The high tribological effective-
ness of microcapsules enables the mechanical properties
to be maintained within the same range as other tribolo-
gically modified PA.

The reduced mechanical properties of microcapsule-
filled composites may restrict their use in applications
where higher structural loads are present. To address this
limitation, Khun et al. incorporated additional carbon
fibers into an epoxy matrix, thereby achieving both high
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tribological and mechanical properties.®® This approach
is of significant interest for testing in PA matrices con-
taining microcapsules as well. If fiber reinforcement is
not applicable in the later application, reduced amount of
microcapsules can be used to limit the mechanical weak-
ening effect of the microcapsules.

3.2.2 | Tribological properties

The rotational frictional analysis results are presented in
Figure 10. The sample profiles of each composite repre-
sent the typical characteristics of that composite. No sig-
nificant differences are observed between the samples.
The COF profiles exhibit different characteristics from
the beginning. The sample filled with microcapsules had
an almost constant COF; however, the unfilled PA6

sample showed greater variation over the tested distance.
The higher variations in the COF were due to the unsta-
ble formation of a transfer layer, as reported in Panin
et al.*’ The profile of the microcapsule-filled sample dem-
onstrates the high effectivity of the lubricant. The deter-
mined values of the mean COF and wear rate are shown
in Figure 10b. The addition of microcapsules leads to a
reduction of the averaged COF-values by 79% from 0.34
+ 0.04 to 0.07 = 0.01 compared with the unfilled PA6
sample. Along with the reduction of COF, the lubricant-
filled microcapsules resulted in a reduction of the wear
rates as shown in Figure 10b. The specific wear rates of
PA6 and PA6 + PA/MC8 are 59+11 and 2.6
+ 0.7 x 10°* mm?® x (Nm) . Du-Xin et al. investigated
the tribological effects of solid lubricants in PA6 in rota-
tion against a steel counter surface. Their findings indi-
cated that PTFE-based composites were most effective in
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FIGURE 11 Microscopic images of
(a) PA6 and (b) microcapsules-filled PA6
(+PA/MCB) after rotational tribological

measurement tested against steel

100Cr6 ball.
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reducing COF and wear rate at lower loads. Specifically,
incorporation of 8 wt% PTFE led to a reduction in friction
from 0.11 to 0.05. Furthermore, the incorporation of 2 wt
% PTFE resulted in a wear rate reduction of 78%.*"

Figure 11 shows microscopic images of the PA6 sam-
ples wear tracks. The wear track of the unfilled PA6
sample exhibits multiple grooves caused by fatigue and
adhesive wear of the polymer, mainly located in the cen-
ter of the wear track. In contrast, the capsule-filled sam-
ple displays a much smoother surface in the contact area,
which can be attributed to the lubrication that mainly
prevents adhesive wear of the polymer.

In Figure 12 the tribological testing of the PA6 in
oscillating mode is shown. The friction profile of both
samples over 10,000 cycles is presented and representa-
tive for each composite. The reference sample exhibits an
increasing COF up to 8000 cycles, while the
microcapsule-filled sample maintains a nearly constant

COF throughout the entire test. The addition of the
lubricant-filled microcapsules reduced the COF by 80%
from 0.22 + 0.05 to 0.05 + 0.01. The wear rate of the poly-
meric partner reduced by 38% from 34.2 + 11.0 to 21.0
+2.3 x 10 °mm® x (Nm) . Sathees Kumar and Kana-
garaj conducted an investigation into the effectiveness of
graphite as a solid additive in reducing friction and wear
in rotational steel contact.** Their findings indicated that
the addition of 20 wt% of graphite was the most effective
and lead to a friction reduction at 30 N from 0.3 to 0.14
and wear rate reduction from 68 to 4.1
10> mm?® x (Nm) '. The results of the frictional tests
indicate that graphite is less effective than lubricant-filled
microcapsules in reducing the COF.

In Figure 13 3D images of the wear tracks are dis-
played. The height of the investigated sample area is
color-coded. The darker the blue color, the deeper the
wear track. The capsule-filled sample shows a less deep
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wear track. The depth of the wear track of the PA6 sam-
ple is about 10 pm. The highest wear occurs for both
samples at the reversal points at the ends of the track.
Here counter body accelerates the most. Differences in
wear depth are more pronounced for the capsule-
additivated sample.

The tribological properties of PA6.6 samples are dis-
played in Figure 14. The COF profiles are representative
for each composite and show a divergent behavior. The
COF of the unfilled PA6.6 sample exhibits a sharp
increase during the first 1000 meters of testing followed
by a gradual decrease until reaching a plateau. The sam-
ple filled with microcapsule has a nearly constant COF
over the tested distance and no running-in behavior was
detected. The averaged values of unfilled and filled sam-
ple show decreased COF by 77% from 0.36 + 0.02 to 0.08
+ 0.02. Thus, the COF reduction is in the same order as
PA6 with a smaller number of microcapsules. The wear
rate is reduced by 75% from 51+20 to 1.2
+0.5 x 10°®mm® x (Nm)'. Wang et al. conducted a

study investigating the tribological properties of
UHMWPE (ultra-high-molecular-weight polyethylene)
filled PA6.6. UHMWPE was blended by a cotwin-screw
extruder with a content up to 40 wt%. Lowest COF and
wear rates were observed with an UHMWPE content of
10 wt% by forming a transfer layer on the steel counter-
part. The COF and wear rate were reduced by up to 65%
and 74%, respectively.*?

Figure 15 shows microscopic images of the wear tracks
of PA6.6 samples. The wear track of the unfilled PA6.6
sample contains grooves in the contact area. This is proba-
bly due to abrasive wear. The wear of the microcapsule-
filled PA6.6 is only visible by the difference in gloss and
not by the profilometer. The original roughness of the
sample caused by the injection molding tool is detectable
in the wear track as well. Microcapsules are distributed
finely on the surface of the sample, resulting in an initial
reduction of friction and wear of the polymeric body.

Figure 16 displays the tribological results in oscilla-
tion mode. The COF-profiles are representative for each
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composite and show for both samples nearly steady
values. While the PA6.6 sample shows almost no devia-
tions, the COF of the microcapsule-filled sample drops
slightly with an increasing number of cycles. The mean
COF is reduced by the addition of microcapsules by 54%
from 0.09 +0.02 to 0.04 + 0.01. Even if the COF is
halved, the wear rate remains unchanged and is of the
same magnitude as the reference at 13.9 + 2.8 (PA6.6)
and 16.5+ 3.1 x 10 °*mm® x (Nm)™' (PA6.6 + PA/
MC5). The specific wear rates are about a half as high as
the wear rates of the PA6 samples.

Figure 17 shows 3D images of the wear track of the
PA6.6 samples. The wear track of the microcapsule-filled
sample is more pronounced compared with the unfilled
sample. The wear depth is highest at the ends of the wear
track. In comparison to the rotational analysis, the tested
distance in oscillation is much lower at 20 m.

In order to estimate the effectiveness of microcapsule
composites, it is necessary to conduct in-depth tribologi-
cal tests. Despite tests over longer distance durations to
obtain a more accurate evaluation of wear and friction;
further counter-bodies are of great interest. Additional
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investigations with other counter-body materials
(ceramics and plastics), surface contact geometries, and
roughness are of great interest in order to be able to eval-
uate the tribological potential better. External factors
such as water droplets can result in the removal of the
lubrication. The extent to which oil can be replenished
by capillary effects can be analyzed based on the tests
shown by Tran et al.**

4 | CONCLUSIONS

In this study, we demonstrate that the fabrication of self-
lubricating PA6 and PA6.6 by extrusion and injection-
molding is feasible and presents an exciting possibility for
the reduction of friction and wear and related energetic
losses in PA-based plastic parts and the extension of their
service life. The production was demonstrated on kg-
scale using a corotating twin-screw extruder system and
an injection molding unit. The production of 100 tensile
rods could be performed with unchanged process param-
eters. This represents a significant achievement in the
transfer of scientific results into industrial applications
and serves to demonstrate the high technology readiness
level.

In order to achieve this result, highly thermally and
mechanically stable lubricant-filled microcapsules with
a cross-linked PA shell and a diameter of Dyg 50 pm
were synthesized by interfacial polymerization and iso-
lated as the dry powder via spray-drying. The resulting
microcapsules show high thermal stability (5 wt%
weight loss at 350°C in TGA), which makes them
suitable for the processing in PA melts (265°C). The
tribological characterization of parts filled with micro-
capsules showed a significant reduction in both friction
and wear values for PA6 samples, up to 80% and 56%
respectively. The tribological performance of PA6.6
samples shows an opposite result, while the friction
values are reduced in rotation and oscillation mode, the
wear rate is reduced only in rotation. By using micro-
capsules in PA6.6, a reduction in COF (77%) and wear

FIGURE 17 Microscopic 3D images
of PA6.6 and microcapsules-filled PA6.6

(+PA/MC5) after tribological oscillation

measurement tested against steel

100Cr6 ball. [Color figure can be viewed

at wileyonlinelibrary.com]|

(75%) can be achieved in rotation. However, the use of
microcapsule-filled compounds was found to result in a
reduction in Young's modulus and tensile strength,
which may limit their suitability for use in mechanically
stressed parts.
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