
Citation: Brooks, N.; Brewer, L.;

Beheshti, A.; Davami, K. Tribological

Study of Fe–Cr Alloys for Mechanical

Refinement in a Corn Stover Biomass

Environment. Metals 2024, 14, 448.

https://doi.org/10.3390/

met14040448

Academic Editor: Slobodan Mitrovic

Received: 28 February 2024

Revised: 28 March 2024

Accepted: 2 April 2024

Published: 11 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Tribological Study of Fe–Cr Alloys for Mechanical Refinement in
a Corn Stover Biomass Environment
Nicholas Brooks 1 , Luke Brewer 2, Ali Beheshti 3,* and Keivan Davami 1,*

1 Department of Mechanical Engineering, University of Alabama, Tuscaloosa, AL 35487, USA;
nabrooks1@crimson.ua.edu

2 Department of Metallurgical Engineering, University of Alabama, Tuscaloosa, AL 35487, USA;
lnbrewer1@eng.ua.edu

3 Department of Mechanical Engineering, George Mason University, Fairfax, VA 22030, USA
* Correspondence: abehesh@gmu.edu (A.B.); kdavami@eng.ua.edu (K.D.)

Abstract: The tribological behavior of three Fe–Cr alloys with Cr contents ranging from ~12 to 16 wt.%
as well as low-alloy high-carbon 52100 steel were investigated using pin-on-disk wear testing. Wear
tests were performed in both open atmospheric (dry) and biomass environments (wet). Delamination
and abrasion were observed to be the dominant wear regimes following dry wear tests. For wet
testing, adhesion and pitting corrosion were determined to be the primary wear mechanisms in
the Fe–Cr alloys while adhesion and delamination/cracking were identified as the primary wear
mechanisms in the 52100 steel. The 440C stainless steel and 52100 steel specimens exhibited the
lowest wear volume following dry (7.58 ± 0.52 mm3 and 0.78 ± 0.05 mm3, respectively) and wet wear
testing (0.11 ± 0.06 mm3 and 0.12 ± 0.09 mm3, respectively); however, these specimens exhibited the
most significant corrosion damage. The 410 stainless steel specimen exhibited the best resistance to
corrosion after wear testing in the deacetylated and disc-refined corn stover slurry and had measured
wear volumes after dry and wet wear testing of 6.84 ± 0.88 mm3 and 0.33 ± 0.12 mm3, respectively.
The worst wear resistance was observed by the 420 stainless steel specimen after both dry and wet
wear testing.

Keywords: wear; friction; pin-on-disk; corn stover; stainless steel; Szego mill

1. Introduction

Lignocellulosic biomass (LB), which consists of the primary structural components of
plants, is one of the most abundant renewable resources on Earth [1,2]. LB materials such
as wood, corn stover, rice straw, wheat straw, and switchgrass—primarily composed of
three different kinds of polymers (cellulose, hemicellulose, and lignin)—are of particular
interest as a suitable alternative to fossil fuels in the production of second-generation
biofuels [3,4]. Of these lignocellulose feedstocks, corn stover which consists of the cobs,
leaves, and stalks of corn [5], is among the most widely available crop worldwide with
an annual production of approximately 250 million tons in the United States alone [6,7].
Various types of pretreatment techniques have been studied with the goal of improving
the digestibility of these polymers to make the cellulose more accessible in LBs for more
efficient conversion into soluble sugars. The implementation of mechanical pretreatment
techniques has gained popularity in recent years [8–11] due to the reductions in energy
consumption and the increased benefits that these techniques provide in breaking up
the structural components of LBs. The main advantages that mechanical pretreatment
techniques provide are the ability to alter the properties of the lignocellulose through
cutting, shearing, and compression, which make enzymes more accessible for hydrolysis
conversion [12].

Deacetylation and mechanical refining pretreatment (DMR) is one of the treatment
processes which incorporates two mechanical refinement steps, including disk refining
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and Szego milling [10,11,13,14]. Researchers at the National Renewable Energy Labora-
tory (NREL, Golden, CO, USA) have shown that the inclusion of this technique within
the pretreatment cycle has improved sugar yields and concentrations from LBs includ-
ing corn stover, switchgrass, sorghum, and blends of these LBs [9,10,15]. While disk
refining and Szego milling have shown significant promise for inclusion within the pre-
treatment process of LB materials, further research into the materials and design of such
mechanical refinement equipment is still needed to ensure mechanical durability and
reliability. The Szego mill developed by researchers at the University of Toronto [16,17]
is a planetary ring-roller mill which utilizes mechanical forces to break up the structural
components of LBs for improved enzymatic hydrolysis. Previously, the lab-scale version
of the Szego mill, namely the Szego mill 160 (SM 160) has been utilized [12,15], which in-
cludes three helically grooved rollers which rotate about a center drive shaft within a large
cylindrical shell.

During Szego milling, biomass is fed through the top of the mill, ground and crushed
between grooves in the helical rollers and against the outer cylindrical shell. During
mechanical milling, chemical and physical interactions between the materials and the
biomass take place. Corn stover and other LBs, which contain inorganic particles, es-
pecially SiO2 and Al2O3, can cause significant wear to internal components within the
mill [18,19]. Due to the destructive nature of this process, materials with good wear
and corrosion resistance are necessary to maintain reliability, predictability, and stability
during milling. Previous work performed by NREL and others has shown that materi-
als previously used in the design of the mill began experiencing significant wear and
corrosion damage after the first duty cycle [15]. This accelerated surface damage of
internal components not only lowers the reliability and stability of the mill, reducing
its operational lifetime, but can also result in material loss contaminating the refined
biomass product.

The materials being tested in this study include three commercially available Fe-Cr
alloys with varying Cr and C content (410, 420, and 440C stainless steels as well as 52100
low-alloy high-carbon steel which has been previously used in the design of the helical
rollers and the outer shell of the first-generation lab-scale SM 160. Fe-Cr alloys were se-
lected for testing due to their good wear resistance, moderate corrosion resistance, good
weldability, and high hardenability [20–26], as well as their commercial availability and
economic feasibility [27]. The passive Cr-rich oxide films which form on Fe-Cr alloys when
the free surface is exposed to an oxidizing environment reduces the reaction rate between
the environment and the metal improving its corrosion resistance [28–32]. Fe-Cr alloys
such as 410, 420, and 440C stainless steels are commonly used in many different applica-
tions where robust materials with good tribo-corrosion resistance are required, including
nuclear, automotive, agricultural, biomedical, and petrochemical industries [33–36]. While
52100 steel does generally exhibit excellent wear resistance, high hardenability, and good
dimensional stability, it is highly susceptible to corrosion due to the low concentrations of
Cr [37,38] where, without the presence of water-resistant lubricants, corrosion has a big
impact on the life of these components.

The wear characteristics of many different types of steels including 304, 316, 1018,
17–4 PH, 430, 445, Fe-Cr-Mo alloys, and Fe-Mn-Al alloys have been tested previously
using pin-on-disk tests [39–45]. However, very few studies [46–49] have investigated the
wear and tribological properties of the steels studied here, specifically in their annealed
state. Additionally, although the wear characteristics of these steels have been investigated
in some corrosive environments [50–54] with promising results, there is currently no
literature relating to the wear properties of the steels being investigated here in biomass
environments. In one study by Khare et al. [50], the wear behavior of tempered 13Cr
martensitic stainless steel was investigated in nitric acid sliding conditions using ball on
plate (pin-on-disk) tests. This steel has a comparable chemical composition to the 410
and 420 stainless steels tested here with the exception of a higher C content. In Khare
et al.’s work, the combined effects of corrosion and wear were selectively studied by
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systematically investigating the wear characteristics of 13Cr stainless steel after immersion
in a corrosive environment followed by dry wear testing, in a corrosive environment during
wear testing, and being immersed in a corrosive environment followed by wear tests in
the same corrosive environment. This allowed the authors to determine the contribution
of chemical and mechanical effects on the wear characteristics of 13Cr stainless steel.
Results showed that the specimen which was exposed to the 5% nitric acid prior to dry
testing exhibited a higher wear rate than the reference specimen which was tested in a dry
condition. This was attributed to pitting corrosion resulting from the chlorine (Cl) in the
nitric acid solution which caused regions of high stress concentrations where intergranular
cracks were generated beneath the wear surface. This highlighted the promotion of pitting
corrosion in stainless steels which has been reported to be caused primarily by the existence
of chloride ions (Cl−) [55–57]. In another study by Venske et al. [52], the effects of biodiesel
and diesel–biodiesel blends, derived from methanol, sodium hydroxide, and soybean oil,
on the sliding wear behavior of 440B stainless steel was investigated in both annealed
and heat-treated conditions. The 440B stainless steel used here is almost identical to 440C
stainless steel; however, it has a lower C content approximately 0.75–0.95 wt.%. The
results from this study were compared with previous work by this group on SAE 52100
and 1045 steel [58]. Results indicated that the annealed 440B stainless steel exhibited a
similar trend, but reduced wear resistance to the SAE 52100 steel at low concentrations
of biodiesel blends (7–50 vol.%); however, in the pure biodiesel the 440B stainless steel
exhibited much poorer wear resistance than the SAE 52100 steel even though it had a
higher hardness (20 HRC compared to 13 HRC). The decreased wear resistance of the 440B
stainless steel was attributed to the larger carbides which were observed in the metal matrix.
This was also likely attributed to the increased corrosion rate of the 440B stainless steel
in the biodiesel environments due to the existence of chloride ions in the biodiesel fuels
which can generate pitting [56,57]. A similar study on the influence of the oil–water ratio in
drilling fluid on the wear of Cr13 stainless steel was also conducted by Mao et al. [51]. Here
the authors investigated the primary wear mechanisms that dominated during pin-on-disk
tribometer tests in drilling fluids with oil–water ratios from 0 to 5. Results indicated that
at oil–water ratios of 0–2 the primary wear mechanism was abrasion, while at higher oil–
water ratios of 3–5 the dominating wear mechanism was corrosive wear. The studies above
highlight issues related to corrosion of Fe-Cr alloys, but they also indicate that in corrosive
environments with lower concentrations of chlorine, Fe-Cr alloys exhibit very promising
wear characteristics due to their high hardenability, good wear resistance, and moderate
corrosion resistance.

The purpose of the current study is to investigate the influence of corn stover on
the tribological behavior of four different steels using pin-on-disk wear testing to gener-
ate base tribological data and assist in proper material selection for the next generation
pilot-scale Szego mills, namely the SM 280 and the SM 320X. While few studies have
investigated the wear characteristics of similar steels in corrosive environments, to this
date, there have been no published studies on the wear characteristics of Fe-Cr alloys
or 52100 steel in a biomass environment. Both quantitative and qualitative techniques
such as scanning electron microscopy (SEM), optical microscopy, profilometry, microin-
dentation, and tribo-testing have been utilized to investigate the wear characteristics of
the selected materials to determine the primary wear mechanisms exhibited during wear
testing in both atmospheric and biomass environments. These results include the first of
many that will be used to aid in the design and development of future-generation Szego
mills (SM 280 and SM 320X) and similar biomass refinement equipment for enhanced me-
chanical reliability and processing of lignocellulosic biomasses for ethanol and advanced
biofuel production.
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2. Experimental Procedure
2.1. Materials Preparation and Characterization

All four types of steels studied here were fabricated and received in the form of
~50 mm (2′′) diameter cylindrical rods. The 410, 420, and 440C stainless steel rods were
fabricated according to ASTM A276 standard [59] specification for stainless steel bars in
their fully annealed condition (Condition A—typically heated to 830–900 ◦C and then
furnace cooled to ~600 ◦C and subsequently air cooled to room temperature), while the
52100 steel rod was fabricated according to ASTM A108 standard [60] specification for steel
bars in its fully annealed condition (typically heated to ~775 ◦C and then furnace cooled
to ~650 ◦C and subsequently air cooled to room temperature). The chemical compositions
of the materials obtained from material certificates from McMaster Carr are listed in
Table 1. Steels were tested in their annealed conditions since these materials will later be
used to manufacture complex parts, such as helical rollers, which require close tolerances
that can be distorted during high temperature quenching. Specimens with a thickness
of ~6.6 mm (0.26′′) were cut from the ~50 mm diameter rods using electric discharge
machining (EDM). After EDM, specimens were then machined to include a countersunk
hole in the center of the specimens and a pin hole offset from center to ensure proper
constraint during wear testing. They were then ground using 240–4000 grit SiC grinding
pads, polished with 9, 3, and 1 µm polishing pads, and then polished using 0.05 µm
colloidal silica with a METPREP 3 PH-3 grinding/polisher system (Allied High-Tech
Products Inc., Compton, CA, USA) to obtain a surface roughness (Rq) in the range of
2 µm.

Table 1. Chemical compositions of the annealed steels used in pin-on-disk tribometer experiments.

Material
Elements (wt.%)

Fe Cr C Mn Ni Cu Mo Si

410 Bal. 11.73 0.13 0.51 0.13 0.12 <0.1 0.34

420 Bal. 13.23 0.08 1.00 <0.1 <0.1 <0.1 1.00

440C Bal. 16.27 1.05 0.83 0.22 0.11 0.51 0.39

52100 Bal. 1.48 1.00 0.40 <0.1 0.11 <0.1 0.24

Separate samples were cut from the steel rods using EDM to dimensions of approxi-
mately 10 mm × 10 mm × 10 mm for the purpose of SEM imaging. The microstructural
analyses of the as-received, annealed steels were performed using an Apreo 2 scanning
electron microscope (Thermo Scientific, Waltham, MA, USA). Prior to SEM imaging speci-
mens, were etched with Alder’s etchant (HCl, (NH4)2CuCl4·2H2O, FeCl3, H2O) for ~2–5 s
after they had been polished. Microhardness testing was also employed to measure the
hardness of each of the steels. Cut steel samples were mounted in a conductive resin,
ground, and polished following the same process as the specimens which were prepared
for wear testing. A total of 16 indents were performed on each of the steel samples
using an automated CLEMEX MMT-X7B microhardness tester (Clemex, Montreal, QC,
Canada) with a load of 300 gf (~3 N), a dwell time of 10 s, and a 150 µm spacing be-
tween indents. The average Vickers microhardness of the annealed steels are illustrated
in Figure 1.
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Figure 1. Microhardness plots of the annealed steels tested in this study (error bars indicate standard
deviation error).

2.2. Tribological Testing

Friction and wear tests were performed according to the ASTM G99-17 standard [61]
on a UMT-TriboLab (Bruker, Billerica, MA, USA) outfitted with a DFH-200-G high-load
transducer (maximum load of 2000 N). All tests were performed in an open atmosphere at
room temperature. A fixed hard (~75 HRC) Al2O3 ball (pin) with a diameter of ~9.5 mm
(3/8 inch) was applied orthogonally to specimens during testing at an applied load of
50 N for a duration of 2700 s and a linear speed of 0.1 m/s for each wear test. The
Al2O3 pin (counterbody) acted as the control variable and was used to accelerate wear
by testing the steels in a more aggressive environment. This also allowed for direct com-
parisons to be drawn between the wear characteristics exhibited by each of the steels.
The loading and sliding speed were chosen to simulate the lubrication conditions of the
SM 280. The lubrication regime of the SM 280 is boundary to mix-lubrication, while
the pin-on-disk tests exhibit boundary lubrication and represent the extreme case of the
SM 280 to accelerate wear. Two different testing configurations depicted in Figure 2a,b
were used for pin-on-disk wear tests. The test configuration in Figure 2a was used for
dry testing in the open environment without a lubricating media, while the test con-
figuration in Figure 2b was used for wet testing in the corn stover slurry. To ensure
the repeatability of the tests, a total of 2–3 wear tests were performed on the surface of
each specimen.

The corn stover used in this study was harvested by Idaho National Laboratory (INL)
and then supplied to NREL. Upon receipt at NREL, the corn stover was deacetylated and
disk refined (DDR) and then dewatered. Prior to testing, the dewatered DDR corn stover
was diluted with deionized (DI) water to achieve a 4% total solid concentration (4 g of corn
stover in 96 mL of DI water). The pH of the mixture was measured with a benchtop pH
meter (Orion Versa Star Pro, Thermo Scientific) to be 3.83 pH, which is consistent with the
previous literature [62]. A 4% solid concentration was selected here since this concentration
has been previously tested in the lab-scale SM 160 by researchers at NREL and has proven
to feed through the mill without clogging. The slurry was further refined in a generic
blender for 1 min to improve the solubility of the corn stover in the DI water and to reduce
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the particle size to ensure reliable testing in the pin-on-disk apparatus. Finally, once the
DDR corn stover was diluted with DI water and blended, the specimens were submerged
in 10 mL of the slurry for each test in the liquid recirculation container for testing.
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Figure 2. Experimental setup for (a) dry and (b) wet pin-on-disk wear experiments.

After the tests, the specimens were placed in an ultrasonic bath filled with isopropyl
alcohol for 10 min and then blasted with nitrogen to remove any excess debris. Once
specimens were cleaned and dried, a DektakXT profilometer (Bruker, Billerica, MA, USA)
equipped with a 2 µm radius stylus tip, applied at a load of 0.01 mN (1 mg) was used
to measure the wear profile of individual wear tracks at four different locations (90◦

apart). These four wear profiles were obtained immediately after wear testing and cleaning
procedures. Using the measured profiles, cross-sectional areas (Ai) of the wear track were
calculated for the four locations. The average of four areas was then utilized along with the
wear track circumference (Pappus–Guldinus theorem) to obtain the wear volume (V) from
each test as specified in the ASTM G99-17 standard:

V =
2πr

4 ∑N=4
i=1 Ai (1)

where r is the radius of the wear track, and Ai is the cross-sectional area of the wear track
measured at the ith location (N = four locations measured along the circumference of the
wear tracks). Specimens were also examined metallographically after pin-on-disk wear
testing with a scanning electron microscope as well as an optical microscope. Optical
images were obtained using a KEYENCE VHX 7000 series optical microscope with a free
angle VHX 7100 observation head (KEYENCE, Campbell, CA, USA) in the full coaxial
lighting mode.

3. Results and Discussion
3.1. Microstructural Characterization

SEM micrographs of the microstructures of the annealed, as-received steels obtained
using the secondary electron mode are presented in Figure 3a–h. The microstructures of the
annealed steels appear to be primarily composed of the body-centered cubic (BCC) ferrite
(α) phase and spheroidized carbides. Undissolved carbides within the ferrite matrix of the
410 and 420 stainless steels (Figure 3e,f) appear to grow preferentially along ferrite grain
boundaries, while carbides in the 440C stainless steel and the 52100 steel microstructures
(Figure 3g,h) are dispersed uniformly across the α matrix. Since the C has limited solubility
in the BCC α phase, and since Cr has a higher affinity to C than Fe, many different carbides



Metals 2024, 14, 448 7 of 22

with crystal structures of M7C3 and M23C6 (M denoting a mixture of Fe and Cr) are formed
in the Fe–Cr alloys. Such carbides have a very high hardness between 72 and 79 HRC
(1600 and 1800 HV) [63,64] and contribute greatly to the mechanical properties of these
alloys. The size and morphology of these carbides is largely dependent on annealing
times. It has been shown by Godec et al. [65] that prolonged annealing times in high
Cr steels can cause the further coarsening of carbides, and as these carbides grow and
their neighboring distances decrease, carbides come into contact with one another to form
single larger carbides. Additionally, it was found that at even longer annealing times,
carbides migrated preferentially towards grain boundaries. These observations can be
useful when investigating the size, morphology, and locations of the carbides within the
metal matrix of the Fe–Cr alloys shown in Figure 3e–h). While the small concentrations
of Cr (1.30–1.60 wt.%) in low-alloy high-carbon 52100 steel are not sufficient to form a
passive oxide layer, Cr has a significant influence on the formation of spheroidal M3C
carbides within the metal matrix [66,67]. These M3C carbides have a hardness between
64 and 68 HRC (910–1050 HV) [64], and while they are slightly softer than the M7C3 and
M23C6 carbides that form in Fe–Cr alloys, they contribute greatly to the wear resistance of
52100 steel.
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The smallest carbides, which can be seen in the 410 stainless steel microstructure
(Figure 3e), appear to be largely spherical with little elongation, while carbides which
are present in the 420 stainless steel (Figure 3f) not only appear to be larger than those
present in the 410 stainless steel, but also appear to be elongated. This elongation is
assumed to be due to neighboring carbides agglomerating during annealing [65]. A large
amount of agglomeration of carbides can also be seen in the 420, 440C, and 52100 steels
not only surrounding the α grains, but also within the α grains (Figure 3f–h), while little
agglomeration of carbides is seen in the 410 stainless steel (Figure 3e). It should also be
noted that carbides present with the matrix of the 440C stainless steel and the 52100 steel are
much more uniformly distributed across the α matrix (Figure 3g,h). In some studies [68,69]
it has been found that steels containing coarser carbides had a higher wear resistance than
those with smaller carbides. However, in another study, it was found that steels which
contained coarser carbides within the metal matrix led to increased wear [52]. During this
process large carbides which have been previously removed from the matrix can remove
more material by plowing during wear. The purpose of evaluating the microstructures
of these steels is to better understand the influence that these carbides have on the wear
characteristics of each of the selected steels.
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3.2. Morphological Characterization
3.2.1. Optical Microscopy Analysis of Wear Tracks

Optical images of the specimens after wear testing are shown in Figure 4 with
Figure 4a–d) corresponding to images of wear tracks after the dry testing, and Figure 4e–h)
corresponding to images of wear tracks obtained after wet testing in the DDR corn stover
slurry. Images in between Figure 4a–h show the ~50 mm (2′′) diameter disks used in the pin-
on-disk tests. Slight discoloration, which is indicative of rust that has been shown to consist
of a mixture of Fe(III) oxides and hydroxides (Fe2O3, FeO(OH), and Fe(OH)3) [70], can
be seen on and surrounding the wear tracks of the 420 stainless steel, 440C stainless steel,
and 52100 steel specimens, while little-to-no discoloration of the wear track is observed on
the 410 stainless steel specimen. Additionally, a significant amount of discoloration can
be observed on the 52100 specimen which was tested in the wet mode. This prominent
discoloration of the 52100 specimen has also been observed on components previously
used in the lab-scale SM 160 after mechanical milling of the DDR corn stover.
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Figure 4. Wear test specimens tested in both (a–d) dry and (e–h) wet conditions for the (a,e) 410 stainless
steel, (b,f) 420 stainless steel, (c,g) 440C stainless steel, and (d,h) 52100 steel.

As seen in Figure 4a–h, the width of wear tracks obtained in the dry condition are
much wider than those obtained in the wet condition. This is expected since the DDR
corn stover slurry acts as a lubricating media during testing which reduces solid-solid
contact, reducing the coefficient of friction and the wear volume. A closer look at the
wear tracks provides a better understanding of the wear mechanisms at play during wear
testing and the influence of the DDR corn stover during wet testing. Higher magnification
optical images of the wear tracks can be seen in Figure 5a–h. Due to the nature of the tests,
two different types of surface damage processes will be evaluated in this study. These
include mechanical wear processes such as abrasion, adhesion, and delamination as well
as pitting corrosion, which is a chemical process common in Fe–Cr alloys in lubricating
medias that contain Cl [57]. For the lubricated tests, the two mechanisms have, of course,
synergic effects.
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images show the surfaces of the Al2O3 pins used for (a–d) dry and (e–h) wet tests.

Here, for the dry wear testing, the abrasion and delamination processes seem to
be the primary wear mechanisms. The abrasion primarily occurs due to severe plastic
deformation of the steel when contacted with the much harder Al2O3 pin. This process
is indicated by ploughing and cutting marks along with ridges and sharp edges. These
sharp edges are usually formed by delaminated and severely deformed hard steel particles
(debris) generated through the wear process [71]. Delamination occurs when layers of the
material fracture from nucleated subsurface cracks due to the presence of high stress (and
accumulated plastic deformation) (Figure 5a–d). During repetitive unidirectional loading,
the unstable thin oxide layer which forms on the surface of the Fe–Cr alloys is delaminated
causing direct contact between the metal and the Al2O3 pin. Further delamination of the
exposed metal follows with continued loading, and as the pin continues to rotate around
the specimen surface. Previously delaminated layers, which have not been ejected from
the wear path, become compacted under repetitive loading. This process explains the
apparent compaction of layers and sharp edges and ridges within the wear tracks which
were exhibited during dry wear testing in all Fe–Cr alloys and 52100 steel (Figure 5a–d).
These compacted layers can later delaminate and move to another location within the wear
track or be ejected from the wear track entirely. The severity of delamination and abrasive
wear will be explored further with the assistance of SEM (See Section 3.2.2) which provides
better spatial resolution of the wear tracks. In addition to abrasion and delamination,
adhesive wear is also present as secondary wear mechanism here. In fact, optical images
included as insets in Figure 5a–d confirmed material transferred from the steel specimens
to the pins.

Smooth grooves, which are indicative of adhesive wear, with little-to-no delamination
present, appear within the wear tracks of specimens tested in the wet mode (Figure 5e–h).
Adhesion between metals typically occurs when solid–solid contact occurs without the
existence of an oxide layer [71]. It can be reasonably assumed that the DDR corn stover
not only acted as a lubricant during pin-on-disk testing, reducing solid–solid contact
and subsequently reducing plastic deformation and abrasion as well as the likelihood
of delamination, but that the presence of the liquid may have also assisted in ejecting
delaminated layers and debris so that they could not be compacted (reattached) under
repetitive loading. As such, four different kinds of wear mechanisms appear to be domi-
nant in specimens which were tested in the wet mode. Adhesive wear between the hard
Al2O3 pin and the softer steels, which is indicated by smooth grooves within the wear
tracks in the direction of sliding (Figure 5e–h), appears to be the primary wear mechanism
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in all steels tested in the wet mode. This was also verified by observing the Al2O3 pins
under an optical microscope (see inset images in Figure 5e–h). In addition to adhesive
wear, moderate abrasive wear—of lower intensity compared to dry testing—is also present.
This is likely attributed to some loose debris that remained within the wear tracks as
well as the direct contact between the pin and the disk. Two other primary wear mech-
anisms were also observed in the steel specimens tested in the DDR corn stover slurry.
These include the chemical degradation process known as pitting corrosion and delami-
nation/cracking which caused fragments of the material to be broken off from the solid
surface. However, only one of these wear mechanisms, namely pitting corrosion, can
be observed in the optical images of the Fe–Cr alloys (Figure 5e–g). The cracking and
fragmentation which appeared to have caused the degradation of the 52100 steels surface
(Figure 5h) will be investigated later with the use of the scanning electron microscope
in Section 3.2.2.

Pitting corrosion is an electrochemical oxidation-reduction process which is primarily
caused by local degradation of the passive oxide film on metals. During the stochastic process,
ions disrupt the passive oxide film at locations where flaws are present and cause segregation of
the metal matrix which results in localized pitting at the surface of the metal. Pit initiation not
only reduces the strength of the material, but also creates areas with high stress concentrations
on the surface of the metal where cracks can nucleate. Under repetitive unidirectional loading
this can cause the material to fracture. The most common ions responsible for pitting in stainless
steels are chlorides (Cl−) or ions containing Cl [55,56]. Once these pits are initiated, anodic
reactions occur inside the newly formed pit and electrons are transferred from the anode to the
cathode where a cathodic reaction occurs. This causes the electrolyte within the pit to become
positively charged which attracts the negatively charged chloride ions and increases the acidity
within the pit, which further accelerates the process [72]. While the exact amount of Cl present
in the DDR corn stover used in this study is unknown, it has been shown in a previous study by
Lee et al. [19] that corn stover has a high concentration of Cl. To do this, Lee et al. obtained the
EDS spectra of a clean Ti plate with and without corn stover and compared the spectra. Results
showed that the Ti plate with corn stover had a Cl concentration of 5.37 wt.% as opposed to the
cleaned Ti plate which contained only 0.07 wt.%. The presence of Cl in the DDR corn stover
during tests likely accelerated pitting corrosion of the Fe–Cr alloys. However, it is important to
note that these pits may not have only been generated by pitting corrosion, but by the combined
effects of mechanical loading and corrosion (tribo-corrosion) which is typical during lubricated
sliding wear with corrosive media. To systematically investigate the effects of pitting corrosion
on the Fe–Cr alloys tested here, stand-alone immersion tests are required.

The most prominent pitting can be observed within the wear tracks of 420 and 440C
stainless steels (Figures 5f and 5g, respectively), with the largest pits and apparent discoloration
present in the 440C stainless steel, while the least prominent pitting and discoloration can be
seen in the 410 stainless steel (Figure 5e) with a few pits of small size present within the wear
track. Comparing the size and distribution of these pits to those observed within the wear
tracks of the other Fe–Cr alloys (420 and 440C stainless steels), it can be assumed that the
410 stainless steel had the most resilient passive oxide film of the Fe–Cr alloys. It has been
experimentally shown by Steinsmo and Isaacs [73] that tendency for the repassivation of the
oxide film increases with increasing Cr concentration in Fe–Cr alloys, meaning that the time
required for the repassivation of the oxide film is increased with decreasing Cr content. As
such, the results here appear to indicate that something more is contributing to the increased
pitting in the Fe–Cr alloys with increasing Cr content. Since the repetitive unidirectional loading
from the pin does not allow the Cr-rich oxide film to have enough time to repassivate [73],
this is likely due to another phenomena. It is important to consider that Cr can form hard
carbides in steels with crystal structures of M7C3 and M23C6 which have a very high hardness
in the range of 72–79 HRC (1600–1800 HV) [63,64]. Since Cr has a higher affinity to C than Fe,
higher concentrations of Cr can contribute to a greater number of these hard carbides within
the metal matrix, and if the neighboring distances between these carbides decrease, they can
agglomerate to form single larger carbides [65]. Comparing the microstructures of 420 and 440C
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stainless steels in Figure 3f,g, it can be observed that these stainless steels have larger carbides
within their metal matrix than the 410 stainless steel (Figure 3e), with the coarsest and most
uniformly distributed carbides present within the 440C stainless steel. Repetitive loading within
the wear tracks of these specimens can cause these coarser carbides to dislodge from the metal
matrix and form large cavities which can rupture the passive oxide films within the wear tracks.
Energy dispersive spectroscopy (EDS) analysis showing the elemental distribution of material
within the wear tracks of 420 stainless steel can be found in the Supplementary Information
(SI) file. The existence of carbides within the wear track is confirmed by EDS analysis. Larger
pits observed within the wear tracks of the 420 and 440C stainless steel specimens are likely
a result of the above-mentioned larger cavities which accelerated the anodic reactions within
the pits causing them to grow faster [54]. Similar observations have also been reported by Sun
et al. [74,75] following pin-on-disc wear tests of stainless steels in corrosive environments. It
has been observed that anodic dissolution and pit formation is accelerated by the sliding action
during pin-on-disk tribo-corrosion tests. This can be reasonably assumed to be the mechanism
responsible for the increased pitting observed in the higher Cr-content 420 and 440C stainless
steels as opposed to the 410 stainless steel specimen following wet wear testing (Compare
Figure 4f,g to Figure 4e).

3.2.2. SEM Analysis of Wear Tracks

Further analysis of the wear tracks after dry and wet testing obtained using the scan-
ning electron microscope in secondary electron mode are provided in Figures 6a–d and 7a–d,
respectively. While previous images of the wear tracks obtained using the optical micro-
scope provided a clear distinction between the mechanical and chemical processes that
dominated during wear testing in both the dry and wet conditions, the scanning electron
microscope provides the spatial resolution necessary to further analyze the morphology
of the wear tracks. Figures include low- (Figures 6a–d and 7a–d) and high-magnification
(Figures 6a1–d1 and 7a1–d1) micrographs of the wear tracks.

Significant delamination of the metal surfaces can be observed across the entire
wear tracks of specimens tested in the dry mode (Figure 6a–d). Abrasion (plowing
marks—denoted by teal arrows) and adhesion (smooth grooves—denoted by orange ar-
rows) can be observed clearly on the wear tracks of all specimens tested in the dry mode.
During dry testing, the abrasive and adhesive wear coupled with repetitive unidirectional
loading by the pin and the accumulated plastic strain, caused delamination. These de-
laminated layers can either be ejected from the track or are further compacted under the
normal load within the track. A delaminated fragment of the material can be clearly seen
in Figure 6c1 within the wear track of the 440C stainless steel specimen. The most obvious
dominant wear mechanisms observed within these micrographs are delamination and
abrasion, as previously shown in Figure 5a–d.

Figure 7a–d illustrated SEM micrographs of the wear track after wet wear testing.
Smooth grooves, indicative of adhesive wear [71], are easily discernable (Figure 7a–d).
As discussed above, in addition to adhesive wear, abrasive wear with low intensity is
also present. Comparing Figure 6a–d to Figure 7a–d, it can be seen that adhesive wear
was much more prominent within the wear tracks of specimens tested in the wet mode.
These micrographs also corroborate the claim that delamination and abrasion were the
primary mechanical wear mechanisms during dry pin-on-disk wear testing, while adhe-
sive wear in combination with either pitting corrosion or delamination/cracking were
the primary mechanical wear mechanisms during wet testing and abrasive wear as the
secondary mechanism. The pitting that was observed within the wear tracks of the Fe–Cr
alloys after wet testing (shown in Figure 5e–g) cannot clearly be seen here in the SEM
micrographs; however, cracks can be observed within the wear tracks of the 440C stainless
steel and 52100 steel after wet testing. The most prominent cracking can be observed in
the 52100 steel where the cracking even extended outside of the wear track (Figure 7d,d1).
While there was also some cracking observed in the 440C stainless steel specimen, the
cracks are much smaller and localized within the wear track. It worth mentioning that SEM
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images shows instances of carbides within the wear track affecting coefficient of friction
and wear. As mentioned above, EDS analysis (included in Supplementary Information file)
confirms the presence of carbides within the wear track.
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Figure 6. SEM micrographs of wear tracks after dry testing for (a) 410, (b) 420, (c) 440C stainless
steels, and (d) 52100 steel. The figures (a1–d1) are higher magnification images. White arrows indicate
the sliding direction during pin-on-disk wear tests. Red circles included in (a1–d1) show instances of
carbides within the wear tracks.
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3.3. Coefficient of Friction

Qualitative analysis of the wear tracks has proven invaluable in determining the
primary wear mechanisms including abrasion/adhesion, delamination, pitting, and crack-
ing/fragmentation which occurred during pin-on-disk wear testing of each of the selected
steels. However, to further understand the influence of each of these wear mechanisms
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and their effects on respective steels during wear testing, quantitative measurements must
be employed. In-situ coefficient of friction (COF) measurements obtained with a 2D load
transducer during sliding tests provide the possibility of linking the morphology of wear
tracks to fluctuations in the COF exhibited during pin-on-disk wear testing. In addition to
in-situ measurements, steady-state COF values were also calculated. Figure 8a,b include
the in-situ COFs obtained from each of the steel specimens during testing in dry and wet
conditions, respectively. The averaged steady-state COFs, obtained from the interval of
1000 to 2700 s, are shown in Figure 8c where the error bars represent the maximum and
minimum fluctuations from the average COF within that interval.
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Figure 8. In-situ coefficient of friction plots obtained during (a) dry and (b) wet testing and (c) the
steady-state coefficient of friction obtained from dry and wet testing (1000–2700 s); error bars in
(c) indicate maximum/minimum fluctuations from the averaged steady-state COFs within the inter-
val from 1000–2700 s.

The in-situ COF might fluctuate with sliding distance due to changes in the wear
mechanism which causes structural changes to the material within the wear track during
testing [76]. During unidirectional loading of the pin, previously delaminated layers of
the material and carbides (debris) which have been removed from the metal matrix be-
come compacted beneath the pin. This repetitive compaction of previously delaminated
layers combined with abrasion from the pin and the free carbides beneath the pin cause
the wear track to constantly change its structural state. This causes instability between
the pin and the disc which can be observed as fluctuations in the COF. Similar analysis
of the in-situ COFs obtained from metallic specimens have been conducted in previous
studies [39,42,50,77–79]. In general, changes in the in-situ COFs are attributed to changes
in testing process parameters, environmental conditions, surface conditions, among oth-
ers [50]. Steady-state regimes are often defined within specific time intervals to draw
comparisons between data obtained from different specimens. While the in-situ COF
remains relatively stable for most materials in the steady-state region (1000–2700 s), one of
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the steel specimens exhibited fairly significant fluctuations in the COF during testing even
within the steady-state region (See the error bars in Figure 8c).

During dry wear testing, the most significant fluctuations in the COF within the steady-
state region were observed in the 52100 steel specimen (See Figure 8a) from 1000–2700 s
and error bars in Figure 8c. Since the other materials tested in the dry mode (410, 420, and
440C stainless steels) also exhibited similar amounts of delamination and abrasion within
their wear tracks (See Figures 5a–d and 6a–d), it is suspected that something else also
contributed to the increased fluctuations in the COF within the wear track of the 52100 steel.
The existence of larger undissolved carbides observed within the 52100 steel matrix (See
Figure 3h) which were dislodged from the matrix during repetitive mechanical loading, in
addition to the combined effects of corrosion, affecting the 52100 steel more than its Cr-rich
counterparts, are assumed to be responsible for the instability of contact between the pin
and the disc which resulted in larger fluctuations in the COF. The fragmentation/cracking
which was observed in Figure 5d within the wear track of the 52100 specimen after dry
testing was also a likely culprit in the increased fluctuations in the COF during dry testing.
All the Fe–Cr alloys tested in the dry mode exhibited fairly steady COF measurements
during the steady-state regime with the softer materials (410 and 420 stainless steels)
exhibiting the highest COFs. Initial unsteady-state regions can also be observed in Figure 8a
for all of the Fe–Cr alloys. The 410 stainless steel appeared to enter into the steady-state
regime much faster than the 420 or 440C stainless steels during dry wear testing.

The in-situ COF plots in Figure 8b correspond to measurements obtained during the
wet testing of the steels. Here it can be seen that the 440C stainless steel exhibited not
only the lowest COF throughout the testing duration, but also the steadiest COF values.
It can also be seen that the in-situ COFs measured for each of the materials scaled with
hardness, with the hardest materials exhibiting the lowest COFs (See Figure 1). The 410 and
420 stainless steels as well as the 52100 steel demonstrated similar unsteady-state regions
at the beginning of the testing period during wet testing as they did during dry testing.

As expected, the steady-state COF is higher during dry wear testing due to the
absence of a lubricating media. This reduction in COF has also been observed by others
and is attributed to the reduction of solid–solid contact by the existence of a lubricating
media [50,51]. This lubricating media can also cause carbides and delaminated material to
be ejected from the wear tracks which might reduce the instability between the pin and disk
leading to steadier COFs. Steady-state COF values obtained during dry wear testing were
within the range of 0.6–0.9, while steady-state COF values obtained during wet testing
were in the range of 0.1–0.3 (Figure 8c). The highest average steady-state COFs observed
during dry wear testing were exhibited from the 410 and 420 stainless steels with values
of 0.87 and 0.79. Both stainless steels were much softer than the 440C stainless steel and
the 52100 steel (See Figure 1), and they had smaller carbides present within their metal
matrix (See Figure 3e–h). The specimens which exhibited the lowest averaged steady-state
COFs during dry testing were the 440C stainless steel and 52100 steel with values of 0.74
and 0.68, respectively. These specimens (440C stainless steel and 52100 steel) also exhibited
the lowest averaged steady-state COFs during wet testing (0.18 and 0.24, respectively);
however, while the 440C exhibited the lowest COF during wet testing, it was the second
lowest COF during dry testing (after 52100 steel).

3.4. Wear Volume Analysis

To directly compare the amount of material removed from each of the steel specimens
during wet and dry wear testing, the wear volume was calculated for each of the specimens
after pin-on-disk testing. It should be mentioned that the pile-up near the edges of the wear
tracks (clearly seen in Figure 9b,c) is the material that was displaced rather than removed.
Hence, this was not included in calculation of the cross-sectional areas of the wear track
and the subsequent estimation of the wear volume (Equation (1)). This methodology has
been used by others to only consider removed material rather than the combination of
displaced and removed material [50,51,77]. Since clear guidance on whether to include
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this displaced (piled-up) material is not provided in ASTM G99, displaced material has
not been considered in this study. While it is difficult to draw a direct comparison between
the material loss of each specimen solely by observing the wear profiles, some distinct
features should be discussed. As expected, large variations in the depth and breadth of
wear tracks between dry and wet testing can be observed from the wear track profiles
of all specimens (compare red and blue profiles in Figure 9a–d). As discussed earlier,
this is due to the presence of the DDR corn stover which acted as a lubricating media
during wet testing that was shown to mitigate delamination and material loss within the
wear tracks of specimens (See Figure 5a–h). The specimen which exhibited the greatest
wear depth (~76 µm at its peak depth) within its wear tracks was the 410 stainless steel
(Figure 9a). The profiles and the measured wear depth of the dry wear tracks of both
the 420 and 440C stainless steels (Figure 9b,c) appear to coincide well with one another.
The maximum depth near the peak of the 420 and 440C stainless steels wear tracks were
measured to be ~59 µm and ~54 µm, respectively. Additionally, these two wear tracks
also exhibited pile-up near edges of the wear tracks, which can be seen not only from
the wear depth profiles obtained from profilometry, but also in the SEM micrographs in
Figure 6b,c. No significant pile-up was observed near the edges of the wear tracks which
resulted from dry testing on the 410 stainless steel or 52100 steel specimens in either the
SEM micrographs (Figure 6a,d) or on the wear profiles (Figure 9a,d). No significant galling
was found near the edges of wear tracks tested in the wet mode. The materials which
exhibited the greatest wear depth during wet testing were the 410 and 420 stainless steels
(Figure 9a,b), which also had the lowest hardness of the steels tested here (see Figure 1),
with maximum depth measurements from the peak of the wear tracks measured to be
~8 µm and ~9 µm, respectively. The shallowest depths were realized within the wear tracks
of the harder 440C stainless steel and 52100 steel specimens (Figure 9c,d). The maximum
depth of the wear tracks measured from the peaks were ~3 µm for the 440C stainless steel
specimen and ~4 µm for the 52100 steel specimen.

Figure 9e–f summarize the calculated wear volumes from each of the steel specimens
after wear testing with Figure 9e depicting the wear volumes of specimens tested in both
wet and dry modes, and Figure 9f depicting the wear volumes of specimens tested in the
wet mode with a smaller scale for easier comparison. Since the load, sliding speed, and
testing duration remained constant for all pin-on-disk tests, the wear volumes for each
specimen are normalized. Maximum and minimum calculated wear volume error bars are
also included to show the error between the wear volume calculated from the two wear
tracks on each specimen.

The largest wear volume in both atmospheric and biomass environments was exhibited
by the 420 stainless steel specimen which had the lowest hardness (~94 HRB). The averaged
calculated wear volumes of the 420 stainless steel specimen after dry and wet testing were
13.34 mm3 and 0.43 mm3, respectively. A fairly similar wear volume was measured for both
the 410 (6.84 mm3) and 440C stainless steel (7.58 mm3) specimens after dry wear testing.
The measured wear volume of these Fe–Cr alloys is within the maximum/minimum error,
and as such, it is assumed that their wear resistance in an atmospheric environment is
relatively the same. Since these two Fe–Cr alloys had different measured values of hardness
(~96 HRB (or ~19 HRC) for the 410 and ~23 HRC for the 440C stainless steel), another
mechanism might be involved in the wear process leading to relatively the same wear
resistance. The increased C content in the 440C stainless steel (1.05 wt.% compared to
0.13 wt.%) may have been attributed to the increased oxidation of the specimen during
dry testing in the open atmospheric environment. This could be one possible explanation
for the similar wear resistance exhibited by the softer 410 stainless steel and the harder
440C stainless steel. The 52100 steel specimen exhibited the lowest wear volume and thus
the best wear resistance after dry wear testing even though its hardness was measured to
be slightly less than that of the 440C stainless steel (~21 HRC). The wear volume of this
specimen was calculated to be 0.78 mm3.
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During wet wear testing in the DDR corn stover slurry, the 440C stainless steel and
52100 steel specimens exhibited the best wear resistance with the lowest measured wear
volumes of 0.11 mm3 and 0.12 mm3, respectively. The superior wear resistance of these
steels under the presence of a lubricating media can be mainly attributed to their high
hardness. The steels which exhibited the poorest wear resistance during wet wear testing
were the 410 and 420 stainless steels. The wear volumes of these specimens were calculated
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to be 0.33 mm3 for the 410 stainless steel and 0.43 mm3 for the 420 stainless steel. Although
the wear resistance of the steels tested in the dry condition did not correspond to the
hardness of the steel, during wet wear testing it can be seen that the softest materials
exhibited the poorest wear performance, while the hardest materials exhibited the best.

4. Conclusions

In this study the influence of a lignocellulosic biomass, namely corn stover, and its
effects on the tribological behavior of three different Fe–Cr alloys with varying Cr content
(410, 420, and 440C stainless steel) and 52100 low-alloy high-carbon steel were evaluated
using both qualitative and quantitative techniques. Pin-on-disk tribology tests were em-
ployed to simulate the unidirectional loading that occurs during the mechanical milling
process known as Szego milling. Wear tests were performed on the steels in an open
atmospheric environment without any lubricating media (dry) and in a biomass environ-
ment with deacetylated and disc refined corn stover slurry (wet). Optical microscopy
and scanning electron microscopy were used to investigate the tribological behavior of
the steels and to investigate the primary wear mechanisms which occurred during dry
and wet testing. Additional energy dispersive spectroscopy analysis was performed
(Supplementary Information) to confirm the existence of carbides within the wear tracks of
the specimens tested in both dry and wet conditions. The in-situ coefficient of friction was
used to investigate the behavior of the steels during wear testing, while the wear profiles
were obtained to quantify the wear volume which was used to determine the amount of
material removed from the steels after pin-on-disk wear testing. The following conclusions
were drawn from the results obtained in this study.

- Delamination and abrasion were the primary wear mechanisms observed after dry
testing of all steels in the open atmospheric environment while adhesion was also
present as the secondary mechanism. During wet testing, a combination of adhesion
with moderate abrasion, pitting corrosion and cracking/fragmentation were observed
to be the primary wear mechanisms after wet testing in the Fe-Cr alloys and the
52100 steel, respectively.

- Energy dispersive spectroscopy analysis of the cross-sectioned wear tracks of the
420 stainless steel specimens tested in both wet and dry conditions proved the exis-
tence of carbides within the wear tracks.

- The 410 stainless steel exhibited the best resistance to corrosion after wear testing in
the DDR corn stover slurry compared to other Fe-Cr steels. It was attributed to lower
concentrations of C present within the material.

- Besides the relatively lower hardness, the presence of large carbides is assumed to
be one of the main reasons behind the poor corrosion and wear performance of
the 420 stainless steel. Considering the steel with the highest hardness, the same
conclusion can be made for the relatively poor tribo-corrosion performance of 440C
stainless steel. The presence of coarse and high density carbides, which can be
dislodged from the metal matrix during sliding tests, can rupture the passive oxide
films. This can also generate large cavities accelerating pit growth while dislodged
hard carbides debris accelerates wear.

- The highest steady-state COFs during dry wear testing were exhibited by the 410 and
420 stainless steel specimens, while the lowest steady-state COF was exhibited by the
52100 steel.

- The lowest steady-state COFs were exhibited by the 440C stainless steel and 52100 steel
specimens during wet testing, while the highest steady-state COF was realized by the
420 stainless steel specimen.

- The 420 stainless steel exhibited the poorest wear resistance during dry wear testing,
while the 410 and 440C stainless steels exhibited similar wear resistance. The best
wear resistance was exhibited by the 52100 steel during dry testing.

- The 440C stainless steel and the 52100 steel and the 410 and 420 stainless steel ex-
hibited similar wear resistance to one another during wet wear testing in the DDR
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corn stover slurry. The best wear resistance during wet testing was exhibited by
52100 steel specimens.
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//www.mdpi.com/article/10.3390/met14040448/s1.
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