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Shredders are widely used to reduce biomass feedstock size through the shearing action of the cutter teeth that
are susceptible to wear. A series of wear tests using a custom-built shredder was conducted on corn stover feed-
stock with three cutter materials: a conventional D2 tool steel, iron boriding as a candidate surface treatment,
and M42 tool steel as a candidate alloy. Wear tests showed that the iron borided D2 steel significantly increased
the tool life compared with the non-treated D2 and M42. Although the M42 cutters initially exhibited less wear

than the D2 cutters, the benefit faded as preprocessing progressed. The experimental results demonstrated that
the durability of shredder cutters can be substantially improved by applying more wear-resistant tool materials.

1. Introduction

Size reduction of biomass is an essential preprocessing step for en-
hancing the efficiency of biomass, biofuel, and biochemical production
[1,2]. Raw lignocellulosic biomass is significantly larger than the parti-
cle sizes required for bioprocessing, which typically range from 0.2 to
10 mm, depending on the application. For example, at the lower range,
the biomass size requirement for pelletizing is 0.6-0.9 mm [3,4], and
pyrolysis requires 0.2-2.0 mm [5,6]. In applications such as briquetting
or fermentation, the size of the biomass particles can be larger: up to
5 mm [7] and 10 mm [8], respectively.

Biomass size can be reduced by using various comminution systems
such as specialized mills or shredders, depending on the biomass type,
desired particle size, and other characteristics [1,2]. In knife mills, the
biomass is sheared and cut via the interaction between rotating and sta-
tionary knives, allowing for improved particle flowability and narrower
size distribution [9,10]. Hammer mills use rotating hammers to pulver-
ize biomass. This technique can be applied to a wide range of feedstock
types; however, they are not suitable for high-moisture biomass [11,
12]. By contrast, in a rotary shear, a special type of shredders, the bio-
mass is captured, pulled in, and then torn, sheared, and crushed (i.e.,
shredded) by the cutters [2,13]. This technique can accommodate high-

moisture biomass, but it cannot reduce the size of the particles below
1 mm [13].

One of the challenges facing biomass preprocessing equipment is ex-
cessive wear of the tooling components [2,9,12,14,15]. Biomass feed-
stock contains inorganic particles commonly known as ash, which ei-
ther can be introduced to the feedstock through soil contamination dur-
ing harvesting or can be contained within plant cells [14-17]. Charac-
terization of the biomass ash by Lee et al. [16] showed that these inor-
ganics are tens to hundreds of micrometers in size, primary composed
of quartz and are considerably harder than the steel components used in
preprocessing tooling. Undesirable wear and damage to the tooling
components can eventually lead to increased costs in biomass prepro-
cessing, lower feedstock throughput, irregular particle size of the
processed feedstock and higher power consumption of the preprocess-
ing equipment [9].

Several studies investigated the wear mechanism of biomass prepro-
cessing equipment. For example, significant effort has focused on a ro-
tary bypass shear mill (Crumbler) developed by Forest Concepts, LLC
[13,18-20]. A study by Lee et al. [13] showed that the dominant wear
mode of cutters in the rotary shear mill is a two-body and three-body
abrasion owing to their rubbing against softer biomass and the harder
external inorganic contaminates. Fenske et al. [18] developed an ana-
lytical model to predict wear of the cutters during contact with hard,
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abrasive silica particles. Finite Element Analysis (FEA) by Lin et al. [20]
simulated contact stresses generated on a cutter as a function of silica
particle size and shape. In another study by Lin et al., FEA was used to
optimize the design of clearing plates to improve the flow of the
processed feedstock and to reduce the contact stresses from interaction
with silica particles [19]. The wear mechanism of a hammer mill was
studied by Roy et al. [12]. The study showed that the impact and sliding
of hammers against biomass and contaminants causes their erosion and
polishing wear.

Wear of the tooling components of the biomass preprocessing equip-
ment can be mitigated by applying advanced wear-resistant materials.
Also, specialized surface treatments such as boriding, chromizing, car-
burizing, or nitriding [21] and coatings such as WC-Co, SiC, or dia-
mond-like carbon coating [22] are commonly used to improve the wear
resistance and hardness of ferrous materials. In a study by Grejtak et al.
[9], full-scale knife mill experiments were conducted for the size reduc-
tion of pine forest residue feedstock using three types of knife materials:
candidate iron borided tool steel, WC-Co insert, and a conventional tool
steel as a baseline. The knife mill experiments clearly showed that the
boriding surface treatment and WC-Co insert improved the wear resis-
tance of the knives by 3 and 8 times, respectively, which led to in-
creased throughput and reduced power consumption during knife mill
operation. Furthermore, a techno-economic analysis (TEA) demon-
strated that using these advanced, more wear-resistant knife materials
reduced downtime by 65 %-85 %, due to less frequent knife replace-
ment. The application of these materials also lowered the milling cost
by $2-$3 per ton of processed feedstock.

The cutters in shredders for biomass preprocessing are commonly
made of tool steels and, like those in knife mills, are subject to excessive
wear when processing dirty biomass feedstocks. The objective of this
work was to demonstrate that the durability of shredder cutters can be
enhanced by applying more wear-resistant tool materials. Three shred-
der wear tests were conducted, each using a different cutter material: a
D2 tool steel as the baseline, iron borided D2 tool steel as candidate sur-
face treatment, and a M42 tool steel as a candidate alloy. The cutter
performance was evaluated based on the measured cutter tooth length
recession. The cutters’ worn surfaces were characterized to determine
and compare the wear modes of the tested cutter materials. The out-
comes of this work could be applied to enhance the wear resistance and
durability of tooling components in various biomass preprocessing
equipment.

2. Materials and methods
2.1. Cutter materials
Three cutter materials were selected for the shredder wear testing:

iron borided D2 tool steel as a candidate surface treatment, M42 tool

a)
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steel as the candidate wear resistant alloy, and D2 tool steel as the base-
line. High-carbon steels and tool steels are commonly used as cutter ma-
terial in applications such as shredders [13,18-20] or knife mills [9]
owing to their relatively low cost and high hardness. Boriding is an af-
fordable diffusion-based case-hardening surface treatment for ferrous
alloys to increase their hardness and wear resistance [23-25]. M42 tool
steel was selected because of its combination of high hardness, high
wear resistance, and adequate fracture toughness [26].

The cutters were fabricated using waterjet cutting by Definitive So-
lutions & Technologies, Inc (Auburn, Washington). Each cutter had an
outer diameter of 115 mm and thickness of 5 mm. Bluewater Thermal
Solutions (Greenville, South Carolina) performed heat treatment of all
cutters and iron boriding surface treatment of the D2 cutters. Propri-
etary boronizing powders were used for boronizing D2 cutters. The heat
treatment process was performed in a vacuum and quenched with nitro-
gen gas. The non-borided and borided D2 cutters were double tempered
at 500°C for 2 h after quenching, whereas the M42 cutters were triple
tempered at 540°C for 2 h. Representative cutters fabricated from each
of the three materials are shown in Fig. 1. The apparent surface discol-
oration of the D2 and M42 cutters, as observed in Fig. 1b,c, is mostly
cosmetic and does not affect the properties, as per discussion with the
waterjet and heat treatment vendors. Vickers hardness of the cutters is
listed in Table 1. The 2-body abrasive wear rate of the cutter materials
also listed in Table 1 was determined by bench-scale abrasive wear test-
ing using the standard ASTM G174 loop abrasion test [27] on test
coupons. The wear rates of D2 and borided D2 coupons were reported
elsewhere [9], and the wear rate of M42 steel was determined in this
work using the same standard method.

2.2. Biomass feedstock

The feedstock used in shredder wear testing was high-ash corn
stover, harvested from Kadolph Farm’s North Field in located in Hub-
bard, Hardin County, Iowa, Fig. 2a. The harvest took place on October
23, 2018, using a large square baler after raking with a rotary tedder.
After harvest, the bales were stored in bale form outside under a hoop
shed. The fractions in the feedstock sample included cob, leaf, husk,
and stalk. They were then hammer milled through a 38 mm screen. The
particle size distribution of the feedstock, excluding particles smaller
than 150 um and larger than 2 mm, is shown in Fig. 2b. The feedstock
had an average moisture content of 6.8 wt% and an ash content around
8 wt%.

2.3. Shredder
The experimental wear measurements were conducted using a cus-

tom-fabricated shredding unit, shown in Fig. 3. The shredder configura-
tion consists of 42 blades: 21 blades on each side. The shafts are parallel

Fig. 1. Optical images of new (not tested) cutters. (a) Borided D2, (b) D2, and (c) M42 cutters. Size of the scale bar is 10 mm.
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Table 1
Hardness and abrasive wear properties for the selected cutter materials.

Cutter material Hardness (HV0.05) Abrasive wear rate (mm>/(Nem)

D2 825 + 35 8.6 x 107* [9]
M42 1114 + 70 6.7 x 107
D2-borided 1411 * 69 5.6 x 107 [9]

to each other, and the cutter blades overlap. The counter-rotating shafts
with cutters are designed to grab and pull feedstock through a zone
where the waste chips are cut, sheared, or torn into smaller pieces. Dur-
ing operation, the feedstock is transported to the area where the adja-
cent cutters overlap. The hexagonal shafts match the inner mounting
holes of the cutters, locking the cutters to the shafts.

2.4. Shredder wear testing

The feedstock was fed to the shredder using a variable-speed screw
system with a feed hopper at a rate of approximately 0.2 kg/min. The
hopper was set at a constant feed rate of 23 Hz, and the secondary hop-
per ran at a rate of 60 Hz. The material was processed through the
shredder at a speed of 4000 rpm. The total amount of material
processed, average feed rates, and total shredding time are shown in
Table 2.

2.5. Wear evaluation of cutters

The wear performance of the cutters in the shredder experiments
was determined by measuring the recessive length of the cutter’s tooth.
The change in the cutter’s tooth length over a given period during test-
ing was measured using a digital caliper (Mitutoyo 500-196-30CAL
Digimatic 0-6"/150MM W/long-form calibration; Kawasaki, Japan),
with 0.01 mm resolution. The measurements were performed from the
tooth base to the top edge as shown in Fig. 4. The change in the tooth

Tribology International xxx (xxxx) 110766

length, AL, was determined as a difference between the initial length,
Liniiay, and the length at a given interval, L., during testing,
AL=Lipita1 — Lintervai- The evolving length change was measured three
times on each of two teeth for each of the three cutters made from each
cutter material.

2.6. Characterization of worn cutters

The morphological characterization of the cutter materials was per-
formed using a laser digital microscope (3D Surface Profiler, VK-X3000,
Keyence; Itasca, Illinois) and a scanning electron microscopy (SEM) in-
strument (Hitachi S4800; Japan) with an accelerating voltage of 20 kV.
A metallography specimen from the borided D2 cutter was extracted us-
ing wire electrical discharge machining, mounted in epoxy, polished
(finished with a 0.5 um diamond suspension), and etched with a 2 % ni-
tal solution for microstructural for SEM characterization.

2.7. Hardness measurement

Hardness of the cutter materials was determined using Vickers and
Knoop microindentation (Buehler, Model 1600 —6305) according to
ASTM E384 [28]. The Vickers hardness was measured at a 50 gf load
(HV0.05). Five measurements were conducted on each cutter material
to determine an average value and a standard deviation as shown in
Table 1. For the borided D2 cutter, the Vickers hardness was measured
on the cross-section that was prepared as described in the above sec-
tion. Additionally, Knoop microindentation was performed on the top
surface of the borided D2 cutter sample at a 100 gf load.

2.8. Feedstock particle size analysis
The size of the corn stover particles collected during the shredder

wear experiments was measured using a particle size and shape ana-
lyzer (Microtrac PartAn3D, Montgomeryville, Pennsylvania). The feret

b
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Fig. 3. A custom-built bench-scale shredder. (a) Photograph of the laboratory-scale shredder, (b) 3D computer aided assembly (CAD) of the cutter and clearing plates,

and (c) layout of the adjacent cutters (all dimensions are in mm).
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Table 2
Total amount of processed feedstock, average feed rate, and total shredding
time for each cutter material in the shredder wear test.

Cutter Amount of processed Average feed rate  Total shredding time
material feedstock (kg) (g/min) (hours)

D2 79 65.8 20

M42 41 85 8

Borided D2 78 65 20

width (i.e., the smallest distance between two parallel lines of a parti-
cle) was analyzed after processing 2, 30, and 80 kg of corn stover. The
number of analyzed particles was in a range of 15,000 — 20,000.

3. Results and discussion
3.1. Wear performance of the cutter materials

Borided D2 cutters exhibited the highest wear resistance (the lowest
wear rate) among all tested cutter materials in the shredder wear test,
as determined by measuring the evolving tooth recession (Fig. 5a). At
the end of the test, after processing of approximately 79 kg of feedstock,
the total tooth length recession of the candidate borided D2 cutter was
0.08 mm—one-third that of the baseline D2 cutter, which experienced
a recession of 0.26 mm after 78 kg of processed feedstock. Candidate
M42 cutters were tested for a total of 41 kg of processed feedstock and
exhibited a tooth length recession of 0.23 mm, slightly higher than the
baseline D2 cutter’s 0.20 mm recession after processing the same
amount of feedstock. A linear fit was applied to the height recession
data points for each cutter material to calculate the wear rate, defined
as the cutter tooth recession in millimeters per kilogram of processed
feedstock. Fig. 5b shows the tooth recession length of each cutter mater-
ial during the initial period of testing.

Tribology International xxx (xxxx) 110766

The baseline D2 and candidate borided D2 cutters experienced two
wear regimes as shown in Fig. 5a. In the first stage (running-in), at the
beginning of the test, the tooth length recession was at its highest. For
the baseline D2 cutters, the running-in wear rate was 8.1 x 1073 mm/
kg for the first 14 kg of processed feedstock; the wear rate then de-
creased to a steady-state value of 2.0 x 1072 mm/kg, for the reminder
of the shredder wear test, as shown in Table 3. For the candidate
borided D2 cutters, the higher rate of the tooth length recession oc-
curred only up to 8 kg of processed feedstock, with a running-in wear
rateof 7.1 x 1073 mm/kg. After that, the tooth recession decreased to a
much lower steady-state wear rate of 2.0 X 10~* mm/kg, which is an
order of magnitude lower than that of the baseline D2 cutter.

The difference in the tooth length recession after processing 8 kg of
feedstock and at the end of the test is minimal, only 0.02 mm, suggest-
ing that the wear of the borided cutter teeth is very low once the steady-
state regime is reached. In contrast to the baseline D2 and candidate
borided D2 cutters, the tooth length recession of the candidate M42 cut-
ter teeth was more linear throughout the testing period and did not
slow down the wear rate after running-in.

The wear rate of the M42 cutters was more linear throughout the
testing than other two types of cutters, and its transition to the steady-
state wear for the M42 cutter was hardly distinguishable. Still the wear
rate for the first 12 kg of processed feedstock was calculated for com-
parison with the D2 and borided D2 cutters, as shown in Fig. 5b. The
analysis showed that the initial wear rate of the M42 cutter is 7.5 X
10~3 mm/kg, which is lower than that of the candidate D2 cutter and is
similar to the borided D2 cutter, as shown in Table 3. The steady-state
wear rate of the M42 cutters, which represents the total wear rate mea-
sured from the start of the test, was 5.4 x 10~° mm/kg, which was the
highest among all the studied cutter materials.
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Fig. 5. Wear performance of the three cutter materials expressed as tooth recessing length for (a) the entire duration and (b) the initial period of shredder testing.
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Table 3
Running-in and steady-state wear rates of the cutter materials in the shredder
wear tests.

Cutter material Running-in wear rate (mm/kg)  Steady-state wear rate (mm/kg)

D2 8.1 x 107 2.0 x 107°
M42 7.5 x 1072 5.4 x 107%
Borided D2 7.1 x 107° 2.0 x 107

a Note: Since the transition from running-in to steady-state wear rate in M42
is indistinguishable, the running-in wear rate was determined using a linear fit
up to 12 kg of processed feedstock, for easier comparison with D2 and borided
D2 cutters, while the steady-state wear rate reflects the overall wear rate from
the start of the shredder test.

Table 4
Identification of the primary and secondary wear modes of the cutter materi-
als based on microstructural characterization.

Cutter Primary wear mode Secondary wear mode
material
D2 2-body and 3-body —
abrasion
M42 2-body and 3-body minor erosion near the tip
abrasion
Borided D2 2-body and 3-body erosion of the borided layer near the
abrasion tip

Tribology International xxx (xxxx) 110766
3.2. Wear mechanism of the cutters

Microstructural analysis was performed to reveal the underlying
wear mechanisms of the three cutter materials which are summarized
in Table 4 and to determine how the boriding surface treatment of the
D2 cutter enabled a 10 X increase in wear resistance. Optical images of
the cutters after completion of the shredder testing show that the side
face of all cutter materials was subjected to combined two-body and
three-body abrasive wear, which is evident from the low-magnification
images in Fig. 6. The degree of the abrasive wear appears to be more se-
vere in D2 and M42 cutters, as indicated by the visibly pronounced sur-
face scratches shown in Fig. 6b,c.

In the candidate borided D2 cutters, the borided layer was abraded
from the side face near the top edge of the tooth, as shown in Fig. 7. A
higher magnification examination of the tooth morphology indicates
that the transition from the borided area to the exposed substrate is rel-
atively smooth, showing no signs of delamination or cracking, as shown
in Fig. 7a—c. This observation suggests that the borided layer on the side
face of the tooth tip was likely worn away by abrasion and/or erosion.
The top edge of the tooth tip of the borided cutters showed evidence of
chipping as a result of erosion, Fig. 7d-f.

An unworn region away from the cutting teeth, (Fig. 8a) along with
one tooth of the tested D2-borided cutter (Fig. 8d) were cut out,
mounted in epoxy, polished, and etched for the SEM microstructural
characterization and Knoop hardness measurements. SEM images of the
unworn region showed that the borided layer is fairly uniform, and the
thickness is approximately 60 pum, as shown in Fig. 8b,c. The optical

Fig. 6. Optical images of three cutters after completion of the shredder wear testing. (a) Borided D2, (b) D2, and (c) M42 cutters. Size of the scale bar is 5 mm.

Fig. 7. Microstructural analysis of three borided D2 cutter teeth (a—c) after the completion of the shredder wear test, (d) tooth tip, (e) leading edge, and (f) top edge of

the tooth shown in (c).
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Fig. 8. Microstructural analysis of the borided layer of the D2 cutter. (a) An unworn region of the cutter that was extracted for the analysis, (b) optical and (c)
SEM image showing the borided layer, (d) extracted tooth after the completion of the shredder wear testing used for the analysis, (e) optical image of the tooth

showing regions of interest examined with SEM in (f-i).

and SEM images of the cutter tooth show that the borided layer was pre-
served on the top face of the tooth after the shredder wear test, as
shown in Fig. 8d-i. Interestingly, the thickness of the borided layer was
consistent across different regions along the top surface of the tooth,
ranging from 52 to 57 um (Fig. 8f-i), which is only slightly smaller than
the thickness of the borided layer in the unworn cutter region.

The iron boriding surface treatment of ferrous materials could result
in either a single Fe,B or a dual FeB and Fe,B phase [29]. A single-phase
borided layer typically exhibits a sawtooth structure [24]; however,
this morphology is not observed in Fig. 8. Therefore, the borided D2
cutter likely has a dual-phase borided layer. The outer FeB phase is
harder and more brittle than the inner Fe,B phase which adheres better
to the substrate [24,30]. The chipping of the borided layer was only ob-
served on the outermost surface, as observed in Fig. 8f-i, which could
have been occupied by the brittle FeB phase. A formation of single-
phase Fe,B layer instead of a dual FeB and Fe,B phase could be more
desirable to resist the erosive wear and to prevent brittle failure of the
borided layer.

The presence of the borided layer was also confirmed by Knoop mi-
croindentation, which revealed a steep gradient in hardness from the
D2 steel substrate to the apparent borided layer, Fig. 9. The average
Knoop hardness of the substrate is 1077.2 += 110.9 and increases to
1659.8 * 266.2 in the borided layer. The preservation of the harder
borided layer and the minimal changes in its thickness after testing is in
agreement with the wear measurement results, indicating that the can-
didate borided D2 cutters experienced minimal tooth length recession,

enabling an order-of-magnitude improvement in the wear resistance in
comparison to the non-treated D2 cutters .

The primary wear mode of the baseline D2 and candidate M42 cut-
ters is combined two-body and three-body abrasion, as evident from the
shorter and longer scratches on the side face, shown in Fig. 10a-c and
Fig. 11a-c, respectively. A close examination of Fig. 10d-f shows that on
the D2 cutter tooth the contact surface of the edges appears to be
smooth (polished) with abrasive scratches parallel to each other, shown
in Fig. 10d-f. In contrast, the contact surface of the edges of the cutter
tooth in M42 showed signs of chipping (Fig. 11 d-f), similar to the
borided D2 cutter but on a smaller scale.

3.3. Particle size distribution

Analysis of the PSD was conducted on the corn stover feedstock
processed at the beginning of the testing after processing approximately
2 kg (before the cutters were worn), and after processing 30 and 80 kg
of feedstock, as shown in Fig. 12. Particles smaller than 150 pm were
considered to be ash or dust and were excluded from the analysis. Addi-
tionally, particles larger than 2 mm were also excluded from the analy-
sis as they represented only a small fraction. The PSD was represented
using a histogram and a cumulative distribution function. Overall, the
frequency of the particles decreases with their increasing size. This
trend is most notable in the D2 and borided D2 cutters, in which most
the particles are smaller than 1 mm, as shown in Fig. 12a,b. Cutting
with sharper, less worn cutters results in a higher frequency of smaller
particles, as indicated by the cumulative distribution curves. The PSD
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Fig. 9. Knoop microindentation results on the borided D2 cutter tooth after
completion of the shredder wear test. (a) optical image, (b) hardness data.
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appears to be more consistent with M42 cutters after processing 2 kg of
feedstock (Fig. 12c). The PSD after processing 30 kg of feedstock
showed that the frequency of the smallest particles was the lowest. This
trend is the opposite of that observed with D2 and borided D2 cutters. It
is not straightforward to explain the difference between the PSD of M42
cutters and those observed in D2 and borided D2. While it is plausible
to assume that the higher number of smaller-sized particles at the be-
ginning of the test in D2 and borided D2 is due to their sharper edges, it
is not well understood why cutting with initially sharper M42 cutters
resulted in a more even particle distribution after 2 kg of processed
feedstock and fewer amount of smaller sized particles after 30 kg of
processed feedstock. The PSD analysis may be influenced by the inher-
ent measurement errors arising from the particle selection for the analy-
sis. Although up to 20,000 particles were selected for each analysis, this
number represents only a small fraction of the total processed biomass
particles. Analyzing the PSD of all processed particles at each measured
interval would be highly time-consuming and impractical.

3.4. Relationship between the cutter materials and the wear performance

The results of the shredder wear testing clearly demonstrated that
the boriding surface treatment improved the wear resistance of the
baseline D2 tool steel cutters. The improvement in the wear resistance
could be contributed to the higher hardness of the borided layer. A
1.7 X increase in the cutter hardness resulted in 10 X improvement in
wear resistance. The effect of the boriding surface treatment is espe-
cially notable in the transition from the initially higher running-in wear
to a lower steady-state wear as the shredding test progresses.

Microstructural analysis showed that the primary wear mode in all
three cutter materials is abrasion. In addition to the higher hardness,
boriding surface treatment also increased the abrasive wear resistance
of the D2 tool steel, as determined by a loop abrasion test, the results of
which are listed in Table 1. Therefore, the high abrasive wear resistance
of the borided surface treatment is responsible for the significant im-
provement of the wear performance of the D2 cutters. However, the
high hardness of the borided layer comes at the cost of lower fracture
toughness, which is evident from the chipping of the top surface in the

200 |

Fig. 10. Microstructural analysis of three D2 cutter teeth (a—c) after completion of the shredder wear test, (d) tooth tip, (e) leading edge, and (f) top edge of the tooth

shown in (c¢).
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Fig. 11. Microstructural analysis of three M42 cutter teeth (a—c) after completion of the shredder wear test, (d) tooth tip, (e) leading edge, and (f) top edge of the

tooth shown in (c).

D2 borided layer, as shown in Fig. 7. The surface damage and chipping
of the borided layer may have occurred during the initial stage of the
shredder wear test, when the cutter edge was the sharpest, owing to
higher contact stresses between the feedstock particles and the cutter
edge. The evolution of the wear of the borided D2 cutter in Fig. 5a
showed that its wear rate was the highest during the initial period. At
the end of the test, the hard and wear-resistant borided layer was still
present at the edge of the cutter’s tooth, suggesting that the softer D2
steel substrate was protected from the abrasive wear and that the
borided layer greatly contributed to the overall improved wear resis-
tance of the D2 cutters.

The softer D2 cutter teeth have higher fracture toughness, and the
shredder wear testing did not cause chipping of the cutter’s tooth edge.
The polished appearance of the edge surface is due to abrasion. Because
the abrasive wear is the dominant wear mechanism of the cutters in the
shredder, the poor performance of the D2 cutter is due to its lower hard-
ness and lower abrasive wear resistance. A transition from an initially
higher wear rate to a lower steady-state wear rate in the D2 and borided
D2 cutters could be attributed to the geometric changes at the cutter
edge which evolved during the processing of the biomass feedstock. As
the abrasion thickened and blunted the edge, the contact pressure de-
creased, potentially significantly reducing the wear rate.

Curiously, the evolution of the wear in the candidate M42 alloy ap-
pears to be linear and no transition from the running-in to the steady-
state wear regime was observed. Although the initial wear rate was less
than that of the D2 cutters, the final measured data point after process-
ing 41 kg of feedstock showed more wear. It was expected that the wear
rate of the M42 cutter would eventually decrease as the edge became
thicker and blunter due to abrasive wear, which is a hypothesized wear
mechanism in the D2 and borided D2 cutters. The reason that the M42
cutters did not transition to a lower steady-state wear rate remain un-
clear at this moment and warrant future investigation. For the D2 cut-
ters, the dominant wear mode is two-body and three-body abrasion and
the wear rate of the cutters eventually decreased due to the blunting the
of the edge. For the borided D2 cutters, the high hardness and abrasion
resistance of the borided layer were sufficient to minimize the two-body
and three-body abrasive wear as well as erosion of the cutter’s tip, after
the initial blunting. Failure of M42 to achieve a lower steady-state wear

rate could be due to combined action of abrasion and erosion at the cut-
ter’s edge. Microstructural characterization in Fig. 11 revealed that the
primary wear mechanism in M42 cutters is a two-body and three-body
abrasion and a minor erosion near the tip. The higher hardness and de-
creased fracture toughness resulted in erosive wear at the tooth edge
but to a lower degree than in the borided D2 layer. However, the higher
hardness of the M42 seemed to be beneficial only during the initial
stage of the shredder testing in which the wear rate was lower than that
of the D2 cutter. It is hypothesized that continuous erosive wear caused
by decreased fracture toughness was responsible for the higher wear of
M42 after the running-in period. Although the cutter’s edge becomes
blunter as abrasive wear progresses, the wear may have remained at
higher rates due to continuous erosion caused by dynamic contact with
the hard and abrasive inorganic contaminants present in the biomass
feedstock.

There is a possibility that the wear rate of the M42 cutters could
have transitioned to a lower steady state if the shredder testing contin-
ued further, similar to the other two cutter materials. However, the
shredder wear testing of the M42 cutters did not progress beyond pro-
cessing 41 kg of feedstock, because the preliminary measurements of
the wear rate indicated they already had a higher wear loss compared
with the baseline D2 cutters by then.

Enhanced wear resistance is not the only factor that needs to be con-
sidered for selecting a candidate cutter material. Because biomass pre-
processing is an industry-driven field, the operational costs play a cru-
cial role in material selection. Although, in this case, the boriding sur-
face treatment improved the durability of the cutters, the cost of the
cutter would be higher. Therefore, a TEA must be conducted to clarify
the economic benefits from utilizing more wear-resistant, but costlier,
cutter materials. Several factors should be taken into consideration, in-
cluding the cost of the material, overall improvement of the cutter dura-
bility, downtime cost owing to cutter replacement, and power con-
sumption. TEA analysis of a knife mill operation by Grejtak et al. [9]
showed that the higher cost associated with the boriding surface treat-
ment for tool steel knives and WC as a bulk overlay of steel knives re-
sulted in an overall lower milling operation cost and reduced power
consumption. Although TEA was not performed in this study because of
a lack of key inputs, the significant improvement in the wear resistance
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Fig. 12. Histograms of the particle size distribution and corresponding cumulative distribution curves of (a) borided D2, (b) D2, and (c) M42 cutters after completion

of the shredder wear testing.

of the borided D2 cutters suggests that the boriding surface treatment
could be an economically feasible option for enhancing cutter durabil-
ity and reducing operational costs.

4. Conclusions

This study examined the wear performance of three cutter materials:
D2 tool steel as the baseline, iron borided D2 tool steel as a candidate
for surface treatment, and M42 tool steel as a candidate alloy using a
shredder test for size reduction of a high-ash corn stover feedstock. The
shredder wear testing demonstrated that the iron boriding improved
the wear resistance by one order of magnitude. All three cutter materi-
als showed a higher wear at the beginning of the shredder test; but the
D2 and borided D2 cutters transitioned to lower steady state afterward.
The borided D2 exhibited the lowest steady-state wear rate among all
three cutter materials. The improvement in the wear resistance was en-
abled by a high hardness and abrasive wear resistance of the borided
layer, which was still present on the cutter after completion of the
shredder testing. The higher hardness of the M42 appeared to provide
benefits only during the initial stage of shredder testing. The dominant
wear modes in all three cutter materials were identified as a two-body
and three-body abrasion. Erosive wear was also observed on the edge of

the borided layer. Future studies are to investigate the feasibilities of
other surface treatment methods for biomass size reduction tools.
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