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Abstract: With sustainability dominating the industry, recycling the generated waste from different
processes is becoming increasingly important. This study focuses on recycling waste generated
during aluminum anodizing waste (AAW) in friction material formulations for automotive braking
applications. However, before utilization, the waste needs to be pre-treated, which mainly involves
drying. Hence, four different industrial drying methods were studied to dry the AAW, and the
corresponding characteristics were observed by evaluating its residual humidity and crushability
index. The waste powders were further characterized using FT-IR and SEM/EDXS to understand
their constituents. The initial analysis showed that the waste subjected to the drying process P2 and
P1 with the lowest final humidity fetched the most desirable results, with P1 having the simpler
drying procedure. The AAW powders were added in a commercial friction material formulation at
6 and 12 wt.% and subjected to friction, wear, and non-exhaust particulate matter analysis. The worn
surfaces were analyzed using SEM/EDXS evaluation to understand the extension and composition
of the deposited secondary contact plateaus. It was seen that the 12 wt.% addition of waste processed
using the P1 technique provided the most satisfactory friction, wear, and emission characteristics,
along with expansive secondary contact plateaus with a good contribution of the waste in its forma-
tion. This study showed a good relationship between the processing method and a formulation’s
tribological and emission characteristics, thereby paving the way for using this drying method for
other waste requiring pre-treatment.

Keywords: pre-treatment; drying; emissions; friction; wear; humidity

1. Introduction

Aluminum and its alloys are the material of choice, especially for automotive, mineral
processing, and aerospace applications, due to its high performance, low weight, and high
thermal conductivity. Furthermore, aluminum matrix composites (AMCs) are known for
their enhanced mechanical and thermal properties like high strength, ductility, modulus,
corrosion resistance, high temperature creep resistance, low thermal expansion coefficient,
and good fatigue strength. Furthermore, ceramic materials like alumina, SiC, and MgO,
used in these matrices, are well-known for their elevated hardness, refractoriness, corrosion
resistance, etc. Lastly, aluminum is particularly known for its recyclable properties, render-
ing it to be a prime contender for circular economy [1–4]. With rapid industrialization, the
need to effectively recycle the corresponding generated waste is paramount. The current
norm while recycling is landfilling, which is considered an undesirable alternative as it
leads to soil pollution and the depletion of available lands [5]. Usually, recycling refers to
using waste generated from one process as the raw material for another system. Unfortu-
nately, much of the generated waste cannot be completely reused, leading to environmental
and economic repercussions. One such example is aluminum anodizing waste (AAW) [6].
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Aluminum anodizing consumes a large amount of water and produces significant
waste, often subjected to treatment, and disposed of in landfills and sewage systems.
Usually, the waste is made of 85 wt.% of water, aluminum hydroxide, calcium or sodium,
and aluminum sulfates. AAW is classified as being inert and non-hazardous. Due to its
nature and characteristics, the AAW has a strong potential to act as a raw material for
other processes/applications. Furthermore, recycling this waste is considered lucrative
for economic, environmental, and technological purposes—economical for the recycling
capabilities and waste deposition costs, environmental for the reduced impact on the
environment from the AAW disposal, and technological for the AAW’s ability to be recycled
for manufacturing other products [6,7].

A pilot study conducted on the AAW by the authors [7] established that the waste
can be efficiently used as a mild abrasive in different friction material formulations for
automotive braking applications. Car friction materials broadly contain binders, reinforce-
ments, fillers, and friction modifiers. Friction modifiers are classified into lubricants and
abrasives [8]. Abrasives effectively help in the elevation and stabilization of friction traces
and the removal of any carbonaceous products deposited on the counterface surface. With
the addition of tested waste in friction material composition, not only will the recycling
and reusing goals of the industries be realized, but it will also help reduce the production
costs of friction pads [9].

However, from previous laboratory tests [6,7], it is seen that the AAW cannot be
directly incorporated into any friction material formulation without undergoing proper
pre-treatment procedures. As mentioned previously, the as-received waste mainly consists
of aluminum hydroxide with a high water content. The water content must be removed to
the maximum extent possible to successfully add in a formulation without compromising
its structural integrity and performance. Therefore, the pre-treatment of the waste includes
drying and crushing it to obtain a feasible and fine product. Hence, this study focuses on
different industrial drying processes for removing the water/moisture content from the
AAW. The humidity content is expected to affect crushability, but it is unclear if it may affect
the tribological behavior of friction materials. This is a rather important issue since the
humidity content is difficult to control even within the same process properly. Therefore, it
is a pivotal parameter to be observed/evaluated.

After the different industrial treatments, the final products were added in a commer-
cially employed friction material formulation at 6 and 12 wt.% content. The modified
formulations with the waste were subjected to friction, wear, and emission analysis on a
pin-on-disc testing equipment. Concerning the emission analysis, any new formulations or
existing compositions with modifications must adhere to Euro7 or emit non-exhaust partic-
ulate matter emissions (PM) that are as low as possible [10]. The release of non-exhaust
PM is a great concern as it seriously affects human health and the environment [11]. This
study sheds light on the various characteristics of heat-treated waste. It compares the
most desirable treatment process through the most feasible friction, wear, and emission
characteristics and deposited secondary contact plateaus on the worn surfaces. Though
this study is specific to a particular waste type, the drying methods could be incorporated
into any produced industrial waste with a significantly high moisture content.

2. Materials and Methods
2.1. Materials

The AAW was produced in Ossicolor SRL, Spormaggiore, Trentino, Italy. It is very
moist (high water content, approx. 85%) due to the anodizing process. Additionally, the
waste is dull grey and clumped together [7].

The as-received AAW was subjected to four kinds of drying treatment before being
crushed and added to friction material formulations. The names of the companies where
the drying treatment occurred are not mentioned due to confidentiality. The processes are
named P1, P2, P3, and P4. The details of the drying method for each process are provided
in Table 1, along with the average air temperature while drying.
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Table 1. Different drying methods and average air temperature while drying.

Industrial Process Method Average Air Temperature

Process 1 (P1) Moving belt, hot air flow, 2 h and 15 min
as residence time 70–80 ◦C

Process 2 (P2)
Moving belt, hot air flow, 2 h and 15 min

as residence time under
technological vacuum

60 ◦C

Process 3 (P3) Muffle furnace with air circulation,
duration: 32 h 50 ◦C

Process 4 (P4) Moving belt, hot air flow, 2 h and 15 min
as residence time 40–50 ◦C

The dried AAW powders were subjected to a few analyses and compared with ref-
erence material. This reference was the as-received AAW, heat-treated in a laboratory
furnace to 400 ◦C for 4.5 h to eliminate any moisture content. The reference was named
‘Lab Heating’. This reference was further subjected to friction, wear, and emission analysis
in a previous study and was deemed to provide satisfactory characteristics [7].

The dried AAW powders and the reference were first analyzed for residual humidity.
To calculate this, the dried waste was subjected to a further heat treatment at 200 ◦C for
two hours. The residual humidity was calculated by weighing the powders before and
after drying. Furthermore, the crushability index of the dried AAW and reference powders
was also evaluated. This was carried out by weighing a predetermined powder weight
(50 g) and grinding it for 30 s, and then weighing the powders collected after sieving them
to obtain particle size below 90 microns. A crushability index was then introduced, defined
as the difference between the initial and final powder weighed before and after crushing
and sieving.

The different heat-treated AAWs were added in an already commercially employed
friction material formulation (CFM). Table 2 shows the CFM constituents. The full CFM com-
position is not revealed for confidentiality reasons, but the main ingredients are shown [12].

Table 2. A few constituents of the commercial formulation with their respective function in (wt.%).

Constituents Function Content

Phenolic resin Binder 8
Steel Reinforcing fibers 30

Vermiculite, others Fillers 24
Silicon Carbide, magnesium oxide, aluminum oxide Abrasives 25

Graphite, tin sulfide, zinc oxide Lubricants 13

The CFM is highly optimized, extensively tested, and used in high-speed cars. The
previous study showed that friction material formulations’ most desirable AAW content
is less than 12 wt.% [7]. Hence, in this study, 6 and 12 wt.% of P1, P2, P3, and P4 dried
AAW were added to the formulation. To accommodate the AAW additions, the CFM
composition was uniformly reduced to 94 and 88 wt.% to incorporate the 6 and 12 wt.%
additions, respectively. This was carried out as CFM is highly sensitive to any changes in
its composition and could affect its friction, wear, and emission features. From previous
studies, it is already known that the AAW behaves as a mild abrasive; hence, any change in
its characteristics would be attributed to the addition of waste. A reference composition
with no waste was also tested to compare the tribological and emission features of the
waste containing CFM.

All the CFM and its variations were tested in the form of pins, which were produced
in-house using a standardized procedure [9,13,14]. The AAW waste added in this study
were all sieved to have particle size less than 90 micron to completely mix with the CFM
constituents without settling at the bottom of the container. The CFM with the AAW content
was weighed and continuously mixed using a TURBULA® mixer (Muttenz, Switzerland)
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for one hour. The pins were produced using a hot-press procedure. The required amount of
mixture was ‘tap-pressed’ in tool steel cylindrical mold, and the process was carried out in a
BUEHLER® hot mounting press (Lake Bluff, IL, USA) at a compaction pressure of 100 MPa,
temperature of 150 ◦C, and holding time of 10 min, producing the green body. The last step
was to cure the green body specimens for 4 h at 200 ◦C in a generic muffle furnace.

The pins were paired against a pearlitic grey cast iron counterface surface tested in
discs. The material was chosen as it is usually used as a counterface for automotive braking
applications. The discs had a diameter of 60 mm and a thickness of 6 mm. The properties
and the constituents of the disc material are shown in Table 3.

Table 3. Properties and composition of the pearlitic grey cast iron counterface.

Disc
Chemical Composition, wt.% Hardness

[HV 30]
Thermal Conductivity

(W/mK)
Specific Heat (J/gK)

C Mn Si Sn P S Fe

Pearlitic Grey Cast Iron 3.40 0.50 2.00 0.11 0.15 0.05 Rest 245 ± 6 52 0.447

2.2. Pin-on-Disc and Emission Analysis

The friction, wear, and non-exhaust PM analysis on the reference CFM and its cor-
responding variations with the heat-treated waste was conducted on a pin-on-disc (PoD)
testing equipment (make: Ducom, India). The PoD apparatus was selected for this study
as it provides quick yet reliable results when preliminary studies are considered. In this
study, the main intention was to find the most desirable heat treatment for AAW. Once
the best process is determined, the next step involves specific dynamometric tests. For the
tests, the average pin height and diameter were 10 mm. Before any trial, wherein a fresh
disc was always employed, the discs were cleaned with 180-grit SiC paper and wiped with
acetone repeatedly to rid the surface of any impurities and dirt. All trials were conducted
at ambient temperature. The relative humidity of the lab was not controlled but regularly
monitored, and it varied between 45–50%. All tests were conducted within ten days to have
the same humidity throughout the trials. The testing conditions employed were a sliding
velocity of 1.51 m/s and a constant contact pressure of 1 MPa, which is 79 N for 10 mm
diameter pins. These testing conditions denote the mild braking conditions, typically used
to observe the characteristics of the formed and deposited secondary contact plateaus on
the worn mated surfaces [9]. To attain proper contact/conformance between the pin and
disc surfaces, a 30 min run-in procedure was conducted. The actual tests were continuously
conducted for 90 min to establish the friction layer on the mated surfaces properly. All
compositions were tested four times to obtain repeatability in the results.

Figure 1 shows the schematics of the PoD testing equipment with the apparatus
attached to measure the PM/emissions. Site A shows the introduction of ambient air
from the lab, which is pulled in by the fan (B). The air is purified by passing it through
a High-Efficiency Particulate Air (HEPA) filter (C), leading to the introduction of clean
air inside the equipment chamber (D). The air velocity was maintained at 11.5 m/s, a
magnitude obtained from previous studies [15]. Before the beginning of any trial, the air
cleanliness was inspected and kept below 10 #/cm3.

Concerning emissions, to obtain the particle concentration, the air with the airborne
PM is fed into a TSI® (TSI Incorporated, Shoreview, MN, USA) Optical Particle Sizer Spec-
trometer (OPS, model 3330) at site F in Figure 1. The OPS has the following features—total
particle number concentration between the size range of 0.3 µm to 10 µm. The OPS is di-
vided into 16 channels and has a sampling frequency of 1 Hz. It can record particle number
concentrations up to 3000 #/cm3. Lastly, the equipment has a self-controlled sampling flow
rate of 1 l/min.
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The instantaneous friction coefficient (CoF) and emissions magnitude were directly
procured from the software connected to the PoD and OPS, respectively. The specific wear
coefficient (pin wear) was obtained by weighing the pins before and after each trial using
an analytical weighing balance with a precision of 10−4 g and the following equation:

Ka =
V

(F × d)

where: V: wear volume loss; F: load applied; and d: sliding distance (~8150 m).

2.3. Characterization of the Worn Surfaces and Materials

To obtain their composition, the different heat-treated AAWs were subjected to Fourier-
Transform Infrared Spectroscopy (FT-IR, Varian Excalibur series 4100, Palo, Alto, CA, USA)
analyses. The pins’ worn surfaces and the AAW particles’ morphologies were obtained
through SEM (JEOL IT300, JEOL, Tokyo, Japan), attached with Energy-Dispersive X-ray
Spectroscopy (EDXS; Bruker, Billerica, MA, USA) system.

3. Results and Discussion
3.1. Various Industrially Dried AAW Characterization

Figure 2 compares humidity (Figure 2a), crushability index (Figure 2b), and crushabil-
ity index with humidity (Figure 2c). Figure 2a shows that the humidity is the least for the
lab-heated specimens, followed by P2, P1, P4, and P3. The relative humidity of P1 and P2,
and P3 and P4 varies between 9–14 wt.% and 20–30 wt.%, respectively. Figure 2b shows lab
heating, P2, P1, and P4 have the highest crushability index, in that order, while P3 provides
the least. Lastly, Figure 2c shows the combined effect of the humidity and crushability
index. It is well-known that the humidity and crushability index are proportional [16]. Due
to this, the reference lab heating has the highest magnitude compared to other samples.
However, it must be noted that the reference lab heating conditions cannot be used for
industrial drying, as it requires a high temperature (400 ◦C) for a long time (4.5 h), which
may not be economically feasible and could produce environmentally harmful off-gases.
The ideal candidate is P2, with a low humidity and a high crushability index. However,
Table 1 shows that, compared to P1, an additional vacuum treatment was conducted, which
could again be economically not feasible in long run. Considering this, P1 has a higher
crushability than P4 and P3 without additional treatment steps (vacuum) and like P2 (±5%).
Hence, P2 and P1 could potentially be viable candidates for the ease of crushing and a suitable
drying method.



Lubricants 2024, 12, 173 6 of 13

Lubricants 2024, 12, x FOR PEER REVIEW 6 of 15 
 

 

run. Considering this, P1 has a higher crushability than P4 and P3 without additional 
treatment steps (vacuum) and like P2 (±5%). Hence, P2 and P1 could potentially be viable 
candidates for the ease of crushing and a suitable drying method.  

 

 

Figure 2. Comparison of (a) humidity; (b) crushability index; and (c) crushability index and humidity. 

A note from Table 1: P1 and P4 have the same drying method. However, the major 
difference is the drying temperature. P1 employs drying between 70–80 °C, whereas P4 
uses 40–50 °C. It could be noted that, although the difference in the drying temperature 
may not be significant, a temperature close to 100 °C could effectively help in the thorough 
removal of moisture content. Now, consider P1 and P2. Again, the method is similar 
except for the vacuum in P2. This is an added step and could result in higher production 
costs. Lastly, P3 employs the same drying methods as its counterpart. However, the 
duration is 32 h, which, in the long run, may not be feasible from an industrial point of 
view. 

To understand the phases present in the AAW, XRD analysis was conducted on the 
various heat-treated samples. However, the phases could not be recognized due to their 
extremely amorphous nature. However, to understand the composition of the different 
heat-treated AAWs, the powders were subjected to FT-IR analysis, as shown in Figure 3. 
The FT-IR graph includes the composition information of all AAW samples, along with 
alumina as a reference and the as-received AAW. According to the FT-IR database, the 
graph can be divided into four parts. Areas 1 and 2 are O-H (water and/or Al-hydroxide) 
[6,7]. The third area is the sulfate (SO4, Al sulfate hydrate), and the last area is the alumina, 
as can be seen from the curves of the reference alumina. Where the as-received AAW is 
concerned, the curves in Areas 1 and 2 are comparatively the deepest. However, with the 
heat treatment, the curves shrink significantly. The heat-treated AAWs have a similar O-

(c) 

(b) (a) 

Figure 2. Comparison of (a) humidity; (b) crushability index; and (c) crushability index and humidity.

A note from Table 1: P1 and P4 have the same drying method. However, the major
difference is the drying temperature. P1 employs drying between 70–80 ◦C, whereas P4
uses 40–50 ◦C. It could be noted that, although the difference in the drying temperature
may not be significant, a temperature close to 100 ◦C could effectively help in the thorough
removal of moisture content. Now, consider P1 and P2. Again, the method is similar except
for the vacuum in P2. This is an added step and could result in higher production costs.
Lastly, P3 employs the same drying methods as its counterpart. However, the duration is
32 h, which, in the long run, may not be feasible from an industrial point of view.

To understand the phases present in the AAW, XRD analysis was conducted on the
various heat-treated samples. However, the phases could not be recognized due to their
extremely amorphous nature. However, to understand the composition of the different
heat-treated AAWs, the powders were subjected to FT-IR analysis, as shown in Figure 3.
The FT-IR graph includes the composition information of all AAW samples, along with
alumina as a reference and the as-received AAW. According to the FT-IR database, the graph
can be divided into four parts. Areas 1 and 2 are O-H (water and/or Al-hydroxide) [6,7].
The third area is the sulfate (SO4, Al sulfate hydrate), and the last area is the alumina,
as can be seen from the curves of the reference alumina. Where the as-received AAW is
concerned, the curves in Areas 1 and 2 are comparatively the deepest. However, with
the heat treatment, the curves shrink significantly. The heat-treated AAWs have a similar
O-H content, ranging from 15% to 25%. Like Areas 1 and 2, Area 3 (Al sulfate hydrate)
observes a high content in the case of the as-received AAW, the curves shrinking with
the introduction of heat treatment in the case of the P1, P2, P3, and P4 AAW. Lastly, all
specimens show the presence of alumina in Area 4, inferring an alumina presence with or
without heat treatment. Nevertheless, without a proper XRD evaluation, the exact phase
cannot be determined and is referred to as AlOx. With the presence of AlOx, the theory of
AAW potentially behaving as an abrasive is reinforced.
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Figure 3. FT-IR analysis of the AAW as-received, reference alumina, and P1, P2, P3, P4 AAW. Areas 1
and 2 are O-H and/Al hydroxide; Area 3 is SO4, Al sulfate hydrate, and Area 4 is alumina.

Figure 3 can be compared to the humidity measurements in Figure 2a. The as-received
AAW has the highest humidity content, which is to be expected. The shallowest curves
are seen for lab heating in Sections 1, 2, and 3, agreeing with the low humidity content in
Figure 2a.

The heat-treated AAWs were also subjected to SEM/EDXS evaluation under two
categories—full-frame and point/object EDXS analyses. Concerning the particle morphol-
ogy, as an example, Figures 4 and 5 show the low and high magnification images of P4
AAW. The particles appear to have smooth surfaces and sharp edges due to the brittle
nature of the AAW particles and the crushing process after AAW drying. Similar results
are also seen in Figure 5, wherein the focus is exclusively on two separate particles. Two
categories of particle morphologies were observed. Figure 5a shows a particle with a flaky
texture on the surface, whereas Figure 5b shows the typical particle with a smooth surface
and pointed edge. Table 4 denotes the full-frame EDXS analysis of all heat-treated AAWs.
The table shows a high Al and O content and minor constituents, which agrees with the
FT-IR analysis. Similarly, Table 5 shows the average point EDXS analysis conducted on
ten different particles for all heat-treated AAW particles. The results are like Table 4, with
high amounts of Al and O. The presence of other minor elements includes Ca, Fe, Sn, and S.
From the EDXS analysis, the AAWs are observed to have a lot of Al and O content, thereby
confirming the presence of Al oxides and validating their abrasive nature.
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Lastly, the average pin density of all the heat-treated AAWs at a 6 and 12 wt.%
addition is shown in Figure 6. The density was calculated from ten pins for each
composition [9,13,17,18]. Let us first consider the pins with 6 wt.% AAW additions. Com-
pared to the reference, P1, P2, and P4 have a higher density, whereas P3 has a similar
density. Concerning the pins with a 12 wt.% AAW content, compared to the reference, the
general trend is the reduction of density with the addition of 12 wt.% AAW. Only P3 has
a higher density compared to the reference. Hence, from the density analysis, the higher
the addition of AAW, the lower the pin density. Nevertheless, in all cases, the pin density
ranges between 2.05–2.4 g/cm3.
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3.2. Friction, Wear, and Emission Analysis

Figure 7a,b show the typical friction curves of all heat-treated AAW at a 6 and 12 wt.%
addition. All the AAW curves are compared with the reference composition containing
no AAW. In Figure 7, the reference is represented by a black curve. In this case, we see an
initial increase in the traces, followed by a gradual reduction and subsequent stabilization
of the friction trace. The curve has no appreciable fluctuations and demonstrates a long
steady state. Concerning friction traces at 6 wt.%, in Figure 7a, all traces except for P3 have
elevated CoF curves compared to the reference. Like the reference, all traces observe a
long steady state without any considerable fluctuations. With 12 wt.% waste additions, in
Figure 7b, the results are similar to Figure 7a for steady-state attainment and maintenance.
The major difference is that the CoF traces of the waste have a similar magnitude compared
to the reference material.
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Figure 7. Typical friction curves for reference and with (a) 6 wt.% waste addition; and (b) 12 wt.%
waste addition for all heat-treated AAWs.

Figure 8a,b represents the typical emission characteristics of the reference, with a 6
and 12 wt.% waste addition, respectively. In Figure 8, the black trace shows the reference
curve. The mild fluctuations are characteristics of the emission curves. The reference curve
attains stability right from the early part of the test and continues until the end of the test.
In the 6 wt.% addition, Figure 8a, we see that the heat-treated waste has difficulty attaining
a long steady state with minimum fluctuations. On the other hand, in the case of 12 wt.%
addition, Figure 8b, P1 was able to attain characteristics and a magnitude similar to that of
the reference. The rest of the heat-treated waste had elevated and highly fluctuated traces.
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waste addition for all heat-treated AAWs.

Figure 9 compares the average steady-state CoF, pin wear, and average particle con-
centration of the reference with all the heat-treated AAWs at a 6 and 12 wt.% addition.
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Figure 9a compares the steady-state CoF for both percentage additions. Consider the
6 wt.% addition first. The general trend is an increase in the steady-state CoF except P3,
which has a similar CoF as the reference. On the other hand, in the case of the 12 wt.%
addition, the steady-state CoF of the reference and all the heat-treated AAWs are quite
similar to each other, varying between 0.45 and 0.5. Figure 9b shows the pin wear of the
reference and all the heat-treated AAWs at both additions. Interestingly, in both cases,
except for the 6 wt.% P3, all other compositions have a higher pin wear compared to the
reference. However, it must be noted that, although the wear is higher, the pin wear for all
the samples is still in the same wear regime—mild to severe (above 2 × 10−14 and below
10−13 m2/N) [19]. Additionally, in this case, all pin wear was between 2.5–4 × 10−14 m2/N,
which is acceptable. Lastly, the average particle concentration/emissions are compared
in Figure 9c. Similar to the pin wear, the general trend depicts an increase in emissions
with the addition of waste. The only exception is P1 at a 12 wt.% addition and P4 at a
6 wt.% addition. However, P4 has a higher data scatter compared to P1, which has a similar
emission magnitude as the reference. From the friction, wear, and emission analysis, the P1
addition at 12 wt.% provides similar characteristics as the reference, thereby enforcing a relationship
between the drying method and wear and emission characteristics. Another note to be added
here is the role of the AAW addition towards the tribological and emission characteristics.
The AAW is, in general, beneficial regarding the friction coefficient (because of the known
mild abrasive nature of the powder) and slightly negative regarding wear and emissions.
However, in any case, the pin wear and emissions remain rather low and in the permissible
range (Figure 9b,c).
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all compositions.

Figure 10 shows the worn surface characteristics of the reference pin. Typically,
the worn surfaces have certain features in a friction material for automotive braking
applications, as shown in Figure. The surface usually contains primary contact plateaus,
mainly steel fibers (reinforcements). The primary contact plateaus usually help in the
deposition, collection, and compaction of wear debris against them. These compacted grey
masses (shown in Figure) are secondary contact plateaus. The secondary contact plateaus
are mainly caused by the oxidized wear debris detached from the counterface surface.
Hence, they mainly constitute Fe oxides. The expansion and compaction of the secondary
contact plateaus help regulate the wear and emission characteristics of any system. Apart
from these constituents, the worn surfaces could also demonstrate the presence of graphite
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and vermiculite. In Figure 10, we see a considerable presence of graphite and steel fibers
for the reference specimen. The secondary contact plateaus are well-spread but are in the
form of small islands and are not very well-extended.
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Figure 10. Worn surface characteristics of the reference pin material.

Figure 11a–d show the worn surface characteristics of P1, P2, P3, and P4 AAWs at
12 wt.%. The features and constituents are similar to Figure 10. The difference (Figure 11)
is the extension of the secondary contact plateaus. Figure 11a,d have higher secondary
contact plate extension extensions than Figure 11b,d. Similar results were also seen for the
6 wt.% additions, with P1 and P4 having a higher secondary contact plateau coverage.
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Lastly, point/object EDXS analyses were conducted on ten deposited secondary con-
tact plateau sites on the worn AAW specimens at a 12 wt.% content, along with the reference.
The results are shown in Table 6. In all cases, there is a high Fe and O content, inferring
Fe oxides to be the main constituent. An interesting observation is the Al content. The Al
content is observed to increase with the AAW content, showing a good contribution of the
AAW towards the development and sustenance of the secondary contact plateaus. P1 and
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P3 show the highest Al content. Lastly, in all cases, minor elements like Mg, Si, S, Zn, and
Sn are also seen.

Table 6. Object/point EDXS analysis of the secondary contact plateaus deposited on different
heat-treated AAW pins at 12 wt.% addition.

Element Reference P1 P2 P3 P4

Oxygen 24 ± 4 24 ± 3 23 ± 1 20 ± 5 20 ± 3
Magnesium 3 ± 0.5 2.5 ± 0.4 2.2 ± 0.7 3 ± 0.9 2 ± 0.2
Aluminum 2 ± 0.08 4 ± 0.9 3 ± 0.5 4 ± 0.6 3 ± 0.05

Silicon 1.5 ± 0.02 2 ± 0.8 1.6 ± 0.2 1.3 ± 0.3 1.5 ± 0.09
Sulfur 1.6 ± 0.2 2 ± 1.1 1.4 ± 0.5 1.7 ± 0.3 1.4 ± 0.05

Calcium 0.6 ± 0.05 0.7 ± 0.09 0.6 ± 0.05 0.8 ± 0.09 0.8 ± 0.1
Chromium 0.7 ± 0.05 0.6 ± 0.03 0.5 ± 0.03 0.9 ± 0.01 0.7 ± 0.04

Iron 61 ± 4 60 ± 5 62 ± 3 64 ± 1 65 ± 3
Zinc 3 ± 1.2 3 ± 0.7 3 ± 0.4 3 ± 1.3 3 ± 0.8
Tin 1.7 ± 0.3 1.7 ± 0.8 1.6 ± 0.05 1.3 ± 0.9 1.2 ± 0.4

Hence, from the SEM/EDXS analysis, it was seen that P1 fared well concerning the
extension, as well as the AAW content in the secondary contact plateaus. Hence, from the
perspective of drying, wear, emissions, and worn surface characteristics, P1 is an ideal
drying method choice.

Lastly, a comment on the residual humidity (Figure 2): From the PoD and worn surface
analysis, no role of the residual humidity can be recognized. Hence, it does not play a role
in the production stages. However, it is well-known that residual humidity after a certain
extent (e.g., 80 wt.%) can alter the tribological characteristics and structural integrity of
the specimens [7]. Here, in all cases, the typical contact plateaus are formed (Figure 11),
and, in such plateaus, the contact temperature is rather high, rendering any role of residual
humidity negligible [20].

4. Conclusions

This study explored the utilization of different drying methods in the pre-treatment
of aluminum anodizing waste. Four treatments were utilized, and the waste powders
were subjected to residual humidity, crushability index, FT-IR, and SEM/EDX analysis.
The dried and crushed powders were added in a commercially employed friction material
formulation and subjected to tribological and non-exhaust particulate matter analysis. The
worn pin surfaces were analyzed using SEM/EDXS.

• From the initial drying methods observations, P2 had the most feasible procedure,
and the drying temperature was feasible but effective. Furthermore, the P1 results
concerning the relative humidity and crushability index were also satisfactory with a
simple drying procedure.

• The FT-IR and SEM/EDX analysis showed the presence of Al, O, and alumina for all
the dried waste powders.

• Regarding the friction, wear, and emission characteristics, P1 showed a stable and
allowable CoF, pin wear, and emission magnitude when compared to other drying
methods. Through this, it was seen that there is a direct relationship between the
drying method and tribological and emission characteristics.

• Amongst the alternatives, P1 and P4 had expansive secondary contact plateaus and
P1 and P3 had the highest participation of AAW in the formation of the secondary
contact plateaus. Hence, even from the worn surface analysis, the advantage of the P1
drying method utilization was observed.
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