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ARTICLE INFO ABSTRACT

Handling editor: SN Monteiro In response to the specific requirements of the grinding mill industry, a new composite material for mill crushing
parts has been developed. This innovative material, which is both cost-effective and environmentally sustainable,
is manufactured from industrial waste of high-chromium cast iron (HCCI) reinforced with aluminum oxide
(electrocorundum) particles. The HCCI shavings were crushed, sieved, and milled with the addition of 20 wt% of
electrocorundum. The HCCI+20 %Al,03 powder mixture was consolidated through the process of hot pressing.
By optimizing the process conditions, a composite material was obtained with a remarkably high relative density
of 99.84 %. Fracture toughness under quasistatic and dynamic loading conditions as well as wear resistance of
the HCCI/Al;03 composite samples, were the main material properties investigated in accordance with the
intended application. The wear test program included the ball-on-disc test, the linear abrasive test, and the
abrasive blasting test. The base HCCI alloy and the HCCI reinforced with uncoated zirconia toughened alumina
were used as reference materials. The results from the Taber linear abrasive test and the abrasive blasting test
demonstrated the superior wear resistance of the HCCI/Al,O3 composite over the reference materials. However,
in the ball-on-disc test, the HCCI/Al303 composite exhibited a higher degree of wear compared to the reference
materials. This effect was found to be attributable to a specific microstructure of the reinforcing phase. The
HCCI/Al;03 composite shows promise for industrial applications. However, the hot pressing step requires scaling
up to industrial pressing facilities to obtain reasonably sized samples for use in grinding mills.
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1. Introduction

Grinding mills used in coal-fired power plants, the cement industry,
and mineral mining operate under demanding conditions characterized
by high abrasive wear and impact from the rigid pieces of the crushed
material. One of the persistent industrial problems is the cost of mill
maintenance due to the combined effect of abrasive wear and impact
damage [1-3]. Also, the effect of wear on the fatigue life of metal
components can be significant [4]. Materials typically used for the
working parts in the roller and bowl mills include high-chromium alloys
[5] and high-chromium white cast iron [6-8]. However, the short
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service life of the metal-based parts used in the rolls and bowls has
forced mill manufacturers to look for new technological and material
solutions. For example, the impact toughness and wear resistance of
high-chromium cast iron can be enhanced by laser quenching and laser
short peening [9]. A possible remedy for the significant material losses
caused by abrasive wear can also be the use of hard ceramic particles to
reinforce the metal parts, i.e. iron-matrix composites. In recent years,
iron-matrix composites have attracted industrial attention mainly due to
their high strength, hardness, and good wear resistance [10]. Wear
resistance is not only dependent on hardness, but the interaction be-
tween hardness and fracture toughness can also play an important role
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[11]. In addition, it has been shown that the wear resistance of
iron-matrix composites is related to fracture toughness and strength of
the ceramic reinforcement [12]. For the application in rolling mills,
iron-matrix composites with various ceramic reinforcements are the
primary material choice to be explored. Iron and iron-based alloys, such
as high-chromium cast iron (HCCI),1 have been fully characterized in
terms of their properties and are commercially available in various types
and grades. Tungsten carbide (WC) is often used as a reinforcing phase
due to its exceptional hardness and superior wettability with cast iron
[13]. However, its high cost can be prohibitive in industrial applications.
Therefore, less expensive hard ceramics such as alumina or
zirconia-toughened alumina (ZTA) have been used as the reinforcing
phase in iron-matrix composites [14-17]. A known drawback of alumina
and ZTA particles is their poor wettability by molten iron or its alloys
[14]. Poor wettability can negatively affect the bond strength between
the iron matrix and the alumina reinforcement. Surface metallization of
ZTA particles by mixing with Ti-Ni powder [16] or by electroless plating
of Ni [17] has been used to overcome this problem. Other approaches
where the interfacial bonding was enhanced by chemical reactions at the
interface have been proposed in Refs. [18,19]. Metallurgical bonding
was achieved in an infiltration cast ZTA/Fe composite by introducing
the Ni-Ti or Ni-Cr transition layers between the ZTA particles and the
iron matrix [20,21].

The typical manufacturing routes for iron-matrix MMCs employ
pressure casting or infiltration casting processes [15,23]. The infiltration
methods require preparations of ceramic preforms [22]. However, the
liquid phase fabrication methods of MMCs, such as infiltration casting
[15,23], are often accompanied by process induced structural flaws and
defects [19]. Moreover, additional technological steps, such as electro-
less plating of ceramic particles to improve the matrix-reinforcement
interfacial bonding, are cumbersome and costly. It should be noted
that an HCCI/ZTA composite has also been produced by rapid flow
mixing followed by high pressure composing, which does not require
particle coating or the use of preforms [24].

One issue that often arises during the manufacture of iron-matrix
MMCs through casting is the inhomogeneous dispersion and agglomer-
ation of the reinforcing particles [25,26]. The powder metallurgy route
including preparation of homogeneous powder blends by ball milling
and consolidation by hot pressing can minimize the particle agglomer-
ation [25]. Recenly, the selective laser melting (SLM), a 3D priting
technique, has been employed to fabricate particle reinforced
iron-matrix composites. The SLM enables a precise manufacture of
complex shape components at low cost. However, insufficient interfacial
bonding between particles and the matrix is still an issue in SLM pro-
duced iron-matrix particulate MMCs [25].

Inspired by the specific requirements of the grinding mill industry, in
this paper a new composite material for mill crushing parts is proposed
which is both cost-effective and environmentally sustainable. Unlike
many research works which utilized coated ZTA particles to reinforce
the HCCI matrix [14-19], our composite was manufactured from in-
dustrial waste of high-chromium cast iron (HCCI) reinforced with
aluminum oxide (electrocorundum) uncoated particles. This
HCCI/Al;03 composite has a very high relative density (99.84 %),
enhanced wear resistance in linear and abrasive blasting tests, and fairly
good fracture toughness under quasi-static and dynamic loading con-
ditions compared to the base HCCI alloy commonly used by mill man-
ufacturers to repair working parts damage.

A key objective of this work was to achieve the desired material
properties while keeping manufacturing costs relatively low. This
requirement influenced the choice of starting materials, namely the
HCCI from the waste shavings and the alumina powder as electro-
corundum, a low-cost ceramic material. This study is novel not only

! High-chromium white iron (HCWI) is also used in the literature when the C
content is high.
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Table 1

Elemental composition of the HCCI shavings.
Element Cr C Si Mn \% S Fe
wt% 22.6 5.3 3.3 <1 <0.4 <0.3 rest

because of the innovative material itself, but also because of the pro-
cessing technology employed. The hot pressing technique used to
consolidate the HCCI/Al,O3 composite has several advantages over
casting and infiltration methods. These advantages include higher pro-
cess repeatability, an absence of the liquid phase (which circumvents
wettability problems between the iron matrix and alumina reinforce-
ment), and a lower process temperature. Using uncoated electro-
corundum particles to produce the HCCI/Al,03 composite further
enhances its cost-effectiveness.

2. Materials and methods

The HCCI shavings received from FPM S.A. company (Poland), with
the chemical composition presented in Table 1, were used as the matrix
material. A milling procedure was adopted to convert the shavings of an
average size of 10-20 mm into a ~100 p powder.

The shavings from a commercial G-X300 type HCCI alloy (according
to the DIN1695 standard) were first crushed in a uniaxial hand press in a
steel mold and then milled in a planetary ball mill (Fritsch Pulverisette
5) using tungsten carbide balls of 10 mm diameter and the following
milling parameters: rotational speed 200 rpm, ball-to-powder weight
ratio (BPR) 5:1, total milling time 2h (10-min milling intervals separated
by 15-min cooling breaks). The fragmented HCCI shavings were then
sieved through a 0.5 mm sieve. In the next step the sieved HCCI powder
was milled with 20 wt% of aluminium oxide (electrocorundum EA 1200,
supplied by KOS) or 20 wt% of ZTA (75Al1,03/25ZrO,, supplied by
GoodFellow Ltd) to obtain the composite powder mixtures. The elec-
trocorundum and ZTA powders in the as-received condition are illus-
trated by SEM images in Fig. 1. The spherical particles of the as-received
ZTA powder shown in Fig. 1b are actually conglomerates that radically
change their shape and size after grinding in a planetary ball mill
(Fig. 1c). This will have a profound effect on the wear behavior of the
HCCI/20ZTA composite as discussed in section 3.2.3.

The milling time to obtain the composite powder was 3h, the rota-
tional speed 200 rpm, and the BPR 5:1. The process of preparing the
composite powder from HCCI waste shavings and the commercial
electrocorundum powder is schematically depicted in Fig. 2. The same
preparation process was used for the HCCI and ZTA powders.

Tungsten carbide (WC) balls with a diameter of 10 mm were used for
milling, without any additional milling media, and the process was
carried out in air. WC-lined jars were used to ensure durability and
consistent energy transfer. The use of an inert atmosphere was inten-
tionally avoided in order to develop a simple, cost-effective, and robust
process that does not rely on controlled environments. The high hard-
ness and density of the WC balls and mill interior were essential to
generate the high impact energy needed for effective crushing of the
HCCI shavings, particularly during the initial stages of milling.

The prepared powder mixtures of HCCI+20 %Al;03 and HCCI+20 %
ZTA were densified in a hot press (Thermal Technologies LLC) at a
temperature of 1175 °C in vacuum of 5 x 10~® mbar for 60 min dwell
time under a pressure of 20 MPa. Finally, discs with a diameter of 48 mm
and a thickness of 6 mm were produced. The heating rate was set to
10 °C/min up to the dwell temperature of 1175 °C. The cooling rate was
also set to 10 °C/min from the dwell temperature down to 500 °C. Then,
the system was allowed to cool freely to room temperature. A pressure of
20 MPa was maintained from the start of the process and released during
cooling at 500 °C.

The microstructure of the sintered composite samples prior to frac-
ture testing was examined using light-optical microscopy and scanning
electron microscopy (SEM). The microstructure analyses after the
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Fig. 1. SEM images of the as-received ceramic powders of (a) electrocorundum (average particle size 3.01 pm), (b) ZTA composed of 75A1,03 +25ZrO, (average
particle size 45.7 pm). Fig. 1c shows the effect of milling on the shape and size of ZTA particles (average particle size decreased to 1.42 pm).

Cast iron shavings
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Fig. 2. Stages of the preparation process of the powder mixture from the HCCI waste shavings and commercial alumina powder (electrocorundum).

fracture tests were carried out on broken halves of the samples used to
determine the fracture toughness. To ensure representativeness of the
SEM experiments, they were duplicated by using two samples that were
assumed to be identical but one of which had better fracture toughness
than the other. The microstructures were evaluated in three orienta-
tions, one of which corresponds to the fracture plane of the sample and is
referred to as transverse, and the other two in the direction of the lon-
gitudinal axis of the samples. Only slight anisotropy was observed and
detailed microstructure along with key phase analysis was performed in
the transverse orientation.

The light-optical and SEM observations were carried out on metal-
lographic sections of broken samples prepared according to standard
methods. The samples were ground with SiC paper and polished with 3

1581

and 1 pm diamond pastes. For the final step, a colloidal silica suspension
(Struers OPS) was used to remove damaged surface layers. The evalu-
ation of the microstructure and the hardness measurements were first
carried out in the unetched state. After etching, the microstructure was
examined using a Zeiss Ultra Plus scanning electron microscope equip-
ped with a Backscattered Electron Imaging (BSEI) detector and an En-
ergy Dispersive Spectroscopy (EDS) detector. Where necessary for phase
identification, microstructural analyses were supplemented by EDX
microanalyses. X-ray diffraction (XRD) with Philips X’Pert, 40 kV, Co K
radiation at = 1.7903 A, 2 = 30-120) was performed to evaluate the
phase composition.

The 5x7x38 mm? rectangular bars for fracture testing were machined
from the sintered HCCI+20 %Al;03 discs by wire-cutting (Mitsubishi
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Fig. 3. Side view of a notch produced by diamond wheel cutting and razor
blade sharpening.

MV1200R). All flat surfaces were ground on a diamond disc using pol-
ishing cloths with a diamond suspension of up to 1 pm (Presi Mecatech
334). The V-notches on SEVNB specimens were prepared using a dia-
mond saw (Buehler ISOMET 5000) and a custom-made notching ma-
chine with a razor blade and a diamond paste (9, 6 and 3 pm). The total
depth of the notch was approximately 2 mm as shown in an illustrative
specimen in Fig. 3.

The quasistatic fracture tests were conducted using an Instron 8862
universal testing machine, equipped with a system load cell measuring
100 kN and a more sensitive load cell with a capacity of 5 kN. The
fracture toughness (Kjc) was measured in SEVNB probe according to the
ISO 23146 standard [27]. Since the plastic part of the deformation en-
ergy was non-negligible, the fracture toughness Kjc was determined
according to ISO 12737 standard [28]. Dynamic fracture toughness was
determined using a Zwick/Roell B5113.303 machine with a 7.5J
hammer and an initial high of 30° (the so-called “low blow method”).

Journal of Materials Research and Technology 37 (2025) 1579-1595

The impact rate was 1 m/s. The tests were designed according to the
standard ISO 26843 [29]. At least 5 specimens were prepared for each of
the abovementioned tests.

The new composite and reference materials were evaluated for their
wear resistance at room temperature using two types of wear tests that
represent different contact conditions: the ball-on-disc test (Anton Paar
High-Temperature Tribotester) and the linear abrasion test (Taber
Linear Abraser 5750) with a flat end pin (Fig. 4a and b). The ball-on-disc
test is a commonly used lab test to evaluate the wear properties of ma-
terials. In turn, the Taber linear abrasion test with a flat-end pin, where
the contact surface area is initially larger than in the ball-on-disc test, is
relevant for certain applications, such as grinding mills. The mills
manufacturer FPM S.A. prepared a HCCI layer cladded on a steel plate as
the reference material for the wear resistance testing. Additionally, the
sintered HCCI powder, designated as HCCI (HP) in the following text,
was tested for wear resistance. This powder was produced by crushing
HCCI shavings and consolidating them using hot pressing. The ball-on-
disc tests were performed using a 6 mm diameter sapphire ball under
a load of 10 N, rotational speed of 100 rpm, and 120 min of the testing
time. This resulted in a total wear track length of 754 mm. The Taber
linear abrasion tests were conducted under a load of 20.1 N, at a speed of
60 cycles per minute (back-and-forth stroke arm movements), with a
cycle length of 0.0381 m, and a total testing time of 20 h. This resulted in
a total wear track length of 1828.8 m. An H-10 type cylindrical wearaser
with a 6.35 mm diameter was used as the counter specimen. Prior to the
wear tests, the sample surfaces were ground on an Equiptop ESG-
1224TD surface grinder and cleaned in isopropanol. The wear profiles
after both tests were measured using Dektak 150 Veeco scanning
profilometer.

In addition to the ball-on-disc and Taber linear abrasion tests, the
wear resistance was evaluated under abrasive blast using a customized
device manufactured by SciTeeX company (Poland) as shown in Fig. 4c
and d. The operating conditions of the crushing mills are better repre-
sented by the impact abrasive wear tests (e.g., Refs. [1,15,30]) or even
three-body abrasive wear tests (e.g., Ref. [31]). However, during the
course of this research, access to such specialised experimental setups
was limited. Consequently, the available setup depicted in Fig. 4c and
d was employed to assess the resistance of the HCCI/Al,03 composite to

Counterspecimen

|
ested mateﬁaj |

(b)

Fig. 4. Devices used for wear resistance testing: (a) Anton Paar THT ball-on-disc setup, (b) Taber Linear Abraser 5750 (c) general view of the stand for testing of
abrasive blasting resistance, (d) the inside of the working chamber of the setup for abrasive blasting with a sample mounted.
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Fig. 5. Light-optical micrographs of microstructure of unetched samples (T -
transversal, L; — longitudinal side, L, — longitudinal upper directions; magni-
fication 200x). White areas — HCCI, dark — HCCI matrix/Al,03.

abrasive blast and to conduct a comparative analysis with the behavior
of the reference materials in this test.

The abrasive blasting resistance tests were carried out using the
following parameters: (i) type and granulation of the abrasive - broken
steel grit WGH 40 (according to ISO 11124-3) with a hardness of 60-
68HRC and a homogeneous martensitic and/or bainitic microstruc-
ture, (ii) angle of incidence of the abrasive jet in relation to the sample
surface: 30° and 70°; (iii) length of the blasting jet: 700 mm; (iv)
diameter of the pneumatic nozzle: 9 mm; (v) air pressure supplied to the

Journal of Materials Research and Technology 37 (2025) 1579-1595

nozzle: 4.3 bar; (vi) duration of the impact of the abrasive jet on the
tested surface: 6 cycles, 10 s each. Flat specimens with the in-plane di-
mensions of approximately 40 mm x 40 mm were prepared for the
abrasive blasting tests composed of six cycles. The amount of the worn
material was evaluated as a loss of mass weighed with a RADWAG PS
1000.R2 (Poland) electronic balance with an accuracy of 0.001 g.

3. Results and discussion
3.1. Microstructure

The light-optical macro-images of the HCCI+20 %Al,03 composite
in three directions T, L3, Ly from unetched metallographic cross sections
are shown in Fig. 5. The microstructure is typical of a random but ho-
mogeneous distribution of bright areas (hereafter referred to as "white
areas") within the darker heterogeneous phase (hereafter referred to as
"matrix"). The microscopic images also reflect the slight changes in the
orientation of the "white areas" due to the influence of pressure during
the consolidation of the composite by hot pressing.

After etching, the metallographic sections (Fig. 6) show that the
"white areas" are original HCCI powder particles consisting of large
grains (primary/ledeburitic high-chromium carbides) and the granular
structure of HCCI. The primary carbides are either unbroken (Fig. 6a) or
completely broken into small pieces (Fig. 6¢). The darker "matrix" is not
a pure HCCI phase, but a heterogeneous mixture of fine HCCI particles
and Al,Oj3 particles (dark, fine grains) formed during mechanical milling
(light grains).

The mixture of nanometric HCCI and Al,O3 particles can be seen
from the SEM image in Fig. 7. The interfaces between the HCCI and
aluminium oxide grains are generally smooth and crack free, except for
the parts where mixed nanometric HCCI and Al;O3 particles are located.

Fig. 8 shows similar areas as observed by SEM in secondary electron
mode (SE) and in backscattered electron mode (BSE). The microscopic
images from SEM are complemented by the mapping of selected ele-
ments from EDS (Fig. 9). The elemental mapping clearly reflects the
phases present in the composite. There is a very good overlap between
the carbon and chromium maps, demonstrating the Cr carbides declared
above as primary/ledeburitic carbides. It also shows that iron is present

Fig. 6. Light-optical microscopy images of etched microstructures in three orientations (a) T, (b) L;, and (c) L,; magnification 1000 x.



K. Bochenek et al.

mixed nanoparticles of
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Fig. 7. High magnification SEM image showing interfaces between the HCCI
and aluminium oxide grains being generally smooth and crack free. However,
high-energy ball milling resulted in the formation of mixed nanoparticles of
HCCI and Al;O3 (marked by the yellow rectangle).

in the white areas (and where there are no primary carbides) and in
mixture with aluminium. There is also a very good correlation between
the presence of aluminium and oxygen, indicating the presence of
alumina oxides in locations where both chromium carbides and iron are
absent or low. The distribution of other elements in the HCCI was not
convincing, except for a few isolated particles containing Si. Since
elevated oxygen content was observed at the same location as Si, these
particles are likely to be silica inclusions.

Individual areas identified on the element maps were examined in
more detail by localized analyses. The results are summarized in Figs. 10
and 11 and the corresponding Tables 2 and 3 with the data from EDS.
Typical results were selected from a statistically meaningful number of
analyses.

Preliminary observations indicate that the larger "white areas"
contain two main phases, all typically of the order of 10 pm or larger in
size: Light particles/places with no internal substructure and a granular
structure indicative of a substructure of plate martensite. In the first
case, high-chromium carbides were identified. These carbides are in
different stages of their fragmentation, from the original unbroken form
(referred to as LC - ledeburitic carbides in Table 2) to separate more or
less equiaxed particles (EC — carbides in Table 2) randomly located in the
granular HCCI matrix and formed during mechanical alloying. In the
second case, no secondary carbides were observed in the HCCI matrix.
The composition corresponding to Fig. 10 can be seen in Table 2. Deep
etching revealed plate martensite in some locations with the typical zig-
zag morphology between the very first plates. In some cases, internal
twins are observed, which are typical of plate martensite.

The phases forming the "matrix" of the composite microstructure
were quite clearly identified as alumina particles and very fine HCCI
grains, see Fig. 11 and the corresponding compositions in Table 3.

Journal of Materials Research and Technology 37 (2025) 1579-1595

The composite phases discovered by microstructural observations
coupled with EDS analyses were confirmed by XRD analyses. For this
purpose, an analysis of HCCI without the reinforcing Al,O3 phase sin-
tered from the same starting material as the composite samples was also
performed. An example of the diffraction spectra is shown in Fig. 12.

The quantitative XRD analyses revealed 54.2 wt% of a solid solution
formed by a bec lattice and 12.6 % of a solid solution of iron formed by
an fecc lattice for the HCCI reference sample. In addition, ledeburitic
carbide of the Cr;Cg type was clearly identified in an amount of 33.1 %.
Repeated analyses of the HCCI/Al,O3 composite (a total of 3 measure-
ments were performed) revealed 25.5 wt% aluminium oxide phase,
31.4 % primary Cr;Cs carbides and up to 43.1 % iron solid solution
(HCCI matrix). The presence of retained austenite in the composite is
difficult to confirm accurately due to the overlap of the dominant
austenite peaks with the Al;O3 peaks. When the austenite model is
included in the calculation, its presence is possible up to 5 wt% (for
HCCI it was 12.6 wt%).

The reported difference in retained austenite content between the
HCCI and the HCCI+20 %Al;03 composite is significant despite the
overlap of the main peaks. This fact can be seen from the inserted image
with an enlarged detail of the part of the spectrum in the range 20 from
41 to 49° (Fig. 12). The intensity of the (011) peak of martensite (Fe-bcc)
at 20 = 44.5° is comparable in both spectra (so that the intensities of the
other peaks of both records reflect this fact). In the XRD spectrum of the
HCCI matrix (without AlyO3), the position (111) of the austenite peak
(20 = 43.5°) is significantly higher than in the peak of the composite,
where a clear overlap with the Al,O3 peak (113) (20 = 43.3°) can also
be seen. With the same austenite content in both samples, the intensity
of the (111) austenite peak in the spectrum of the composite should be
higher due to the overlap with the AloO3 peak (113), but exactly the
opposite is the case. This effect cannot be explained well enough by an
artefact/distortion of the measured record, but is clearly due to a
different state of the structure. Behind the decrease in the amount of
retained austenite can be seen, firstly, its decomposition during the
mechanical milling/mixing in the production of a matrix containing
Al,03 particles and, secondly, the temperature used in the compaction
process has partly contributed to its destabilization. The retained
austenite content can be decisive for the behavior of the composite
under contact stress. In general, its optimised content can positively
influence both fracture behavior and wear resistance, [32]. The residual
austenite contributes to higher fracture toughness due to its ductility and
dissipation of deformation energy through transformation-induced
martensitic transformation in the process zone of the propagating
crack. Although a reduction in the volume fraction of austenite reduces
the binding of hard particles in the matrix, a lower volume fraction of
retained austenite simultaneously leads to a higher hardness and thus to
a higher wear resistance [32,33]. The mechanically induced trans-
formation of retained austenite during wear is considered beneficial in
areas where stresses or deformations are localised (mainly in contact).
Due to the overlap of the corresponding Al,O3 and Fe-fcc peaks, the
resulting data on the content of the reinforcing Al,O3 phase can also be
influenced, which was not lower than the reported value (25.5 wt%) in

Fig. 8. SEM images of etched microstructures of HCCI4-20 %Al,03 composite (a) SE, (b) BSE; T, magnification 1000x.
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Fig. 9. An overview and EDS maps in selected elements taken from the area highlighted by the rectangle in Fig. 8.

Fig. 10. Localized SEM analyses in selected areas showing locations of EDS microanalysis of carbides and matrix (average values - see Table 2).

all 3 measurements on different samples. 3.2. Material properties
3.2.1. Density and hardness

The density of the fabricated composites was evaluated according to
the Archimedes law. The densities of the phase materials used in the

1585
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Fig. 11. Details of the selected areas in the matrix areas showing locations of
EDS microanalysis of carbides and matrix (average values see Table 3).

Table 2

The local EDS analyses (average values from 3 to 5 locations, in wt%) of loca-
tions indicated in Fig. 10 as observed in ,white“ areas (HCCI — matrix, LC —
ledeburitic carbides, EC — equiaxed carbides).

Si v Cr Mn Fe Ni Mo
HCCI 0.26 9.60 + 0.36 + 87.95 1.25 0.70
+0.09 0.15 0.08 +0.37 +0.10 +0.09
LC 0.17 0.31 56.77 0.73. 41.14 1.49
+0.01 +0.03 +254 +0.10 +2.03 +0.26
EC 0.15 42.70 55.11 1.49
+0.03 +0.69 + 0.56 +0.30

calculations were: 7.368 g/cm® for sintered HCCI, 7.587 g/cm® for
cladded HCCI, 3.921 g/cm?® for sintered aluminum oxide, and 4.375 g/
em?® for sintered ZTA. Pure electrocorundum EA 1200 and ZTA were
sintered at 1450°C/30 MPa/1h to achieve full consolidation of these
materials. The theoretical density of the HCCI+20 %Al;03 composite,
calculated from the densities of the sintered pure phase materials, was
6.27 g/cm°>. The measured density of the HCCI+20 %Al,03 composite
was 6.26 g/cm?, resulting in a relative density of 99.84 %. Such a high
relative density of the HCCI+20 %Al,03 composite is an indication of its
high quality due to the precisely tuned process conditions during pow-
der preparation and consolidation by HP. On the other hand, the density
of HCCI+20 %ZTA composite consolidated by HP under the same con-
ditions was 6.165 g/cm® and the relative density was 95.1 %, indicating
a higher porosity of HCCI+20 %ZTA than HCCI+20 %Al0s.

The macrohardness was evaluated by the Vickers test (HV1). The
average values shown in Table 4 are based on five measurements. The
relatively low macrohardness of HCCI+-20 %ZTA is related to its lower
density than that of HCCI+20 %Al,03, as discussed above.

The detailed hardness studies, including macrohardness (HV1) and
microhardness (HVO0.1) tests, were performed on the hot-pressed
HCCI+20 %Al203 specimens. The macro and micro hardness of the
matrix and "white areas" were evaluated in three orientations (Table 5)
of the metallographic section. The differences in the different orienta-
tions are not large. On the other hand, the large scatter reflects the
heterogeneous structure of the "white areas" (ledeburitic high-chromium
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carbides and HCCI matrix), which vary from case to case depending on
the content and fragmentation stage of the LC.

The microhardness values show that there is a significant difference
between the white spots and the "matrix" (i.e. the mixture of HCCI and
alumina particles). The "white areas" are influenced by the presence of
ledeburitic high-chromium carbides, which show an average value of
1227 HVO.1, but at the same time a rather high standard deviation
(155). On the other hand, the standard deviation of the "matrix" shows
that the distribution of alumina and HCCI particles is quite homoge-
neous (769 4 21 HVO0.1). It should be noted from the data in Table 5 that
the uniaxial hot pressing technique provides a homogeneous hardness
distribution along three directions.

3.2.2. Fracture toughness

The fracture behavior of the HCCI+20 %Al,03 composite was one of
the two key properties addressed in this study, the other being wear
resistance. As mentioned before, the fracture testing was performed
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Fig. 12. XRD analysis of phase composition of the HCCI/Al,O3 composite
(upper blue spectrum) and HCCI without reinforcement (lower red spectrum).
Insert: a detail of the peak identification in position 20 = 41-49°.

Table 4

Evaluation of macrohardness (HV1) of all investigated materials: HCCI cladded,
hot-pressed HCCI (HP), HCCI+20 %Al,O3 composite, and HCCI+20 %ZTA
composite.

HCCI HCCI (HP) HCCI+20 % HCCI+20 %
cladded Al,03 ZTA
HV1 821.11 + 798.88 + 989.1 + 24.9 815.8 +42.9
(macro) 46.0 44.0

Table 5
Evaluation of macro (HV1) and microhardness (HV0.1) of HCCI+20 %Al,03
composite in three directions as indicated in Fig. 5.

HCCI+20 % T L Ly Average

Al,O3

HV1 (macro) 975.3 + 991.0 + 963.3 + 989.1 +24.9
49.4 135.7 15.3

HVO0.1 (matrix) 749.7 £ 765.7 + 791.0 + 768.8 +20.8
39.8 22.0 17.3

HVO0.1 (white 1247.3 + 1234.7 + 1199.3 + 1227.1 +

areas) 130.7 121.6 213.9 155.4

Table 3
The local EDS analyses (average values from 3 to 5 locations, in wt%) of typical phases observed in the ,darker matrix* of Fig. 11 (HCCI - matrix, Al,O3).
(¢] Al Si v Cr Mn Fe Mo
HCCI 1.56 + 0.69 0.20 £ 0.10 0.29 £+ 0.03 54.05 + 0.49 41.78 £ 0.91 2.29 £ 0.34
Al,03 41.29 £+ 1.41 47.47 +£1.32 1.03 £ 0.82 4.23 £1.15 0.32 £0.17 5.58 +£1.18
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Table 6
Fracture toughness of HCCI+20 %Al,03 composite and unreinforced HCCI (HP) sintered material from the quasistatic three-point bending test on notched specimens
(SEVNB).
Specimen no. B [mm] W [mm] ap [mm] Fs [kN] Fc [kN] Kic [MPa m'/?] Kyc [MPa m'/?]
4 (HCCI+20A1,03) 5.042 7.055 1.998 1.035 1.042 14.1 16.3
6 (HCCI+20A1,03) 5.154 7.028 1.984 1.088 1.088 14.4 16.8
1 (HCCI (HP)) 4.913 7.004 2.015 1.115 1.206 16.0 21.8
2 (HCCI (HP)) 4.915 7.003 1.955 1.375 1.391 19.3 22.3
3 (HCCI (HP)) 4.910 7.012 2.040 1.218 1.275 17.5 22.1
4 (HCCI (HP)) 4.916 7.008 1.925 1.201 1.298 16.6 235
5 (HCCI (HP)) 4.917 7.008 1.945 1.412 1.421 19.7 22.6

Fig. 13. Fracture surfaces of the HCCI+20 %Al,03 notched specimens broken under quasistatic three-point bending: (a) macro view; (b), (c) details of the area

marked by the yellow rectangle, (d) matrix fracture.

under (i) quasistatic conditions, and (ii) impact loading using a 50 J
instrumented impact pendulum with 7.5 J hammer. The quasistatic tests
were conducted in three-point bending using 100 kN and 5 kN load cells.
Some small differences were found in the load measurements obtained
from the two load cells. This is a normal consequence of the different
stiffness of the load cells. Due to the high porosity of the HCCI+20 %ZTA
composite, this section focuses primarily on the fracture behavior of the
studied composite HCCI+20 %Al;03 and the sintered HCCI (HP)
material.

(i) Quasistatic tests

A standard procedure according to EN ISO 12737 [27] was used to
determine the fracture toughness. As a certain plastic/quasi-plastic
behavior of the material was observed, the plastic part of the deforma-
tion energy was found not to be negligible. This was a reason to include
the plastic work in the fracture toughness determination. Both the linear
elastic fracture toughness Kjc and the elastic-plastic fracture toughness
Kjc were determined. The details of the K¢ and K¢ evalution are pro-
vided in Appendix 1.

The results of the quasistatic tests for the Kjc and K¢ are shown in
Table 6 (specimens 4 and 6). The elastic constants E and v were esti-
mated to be 210 GPa and 0.3, respectively. Both the linear elastic and
elastic-plastic fracture toughness values were found to be valid. The
average Kjc for HCCI/20Al,03, obtained from two repetitions of the
SEVNB test in three-point bending is 16.6 + 0.3 MPa m'/2. Fracture
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toughness was also measured on unreinforced HCCI (HP) samples pre-
pared from waste shavings under the same process conditions as the
HCCI/20Al,03 composite. The elastic constant E was estimated to be
199 GPa [34]. The average Kjc values of unreinforced HCCI (HP)
specimens from five test repetitions in three-point bending (specimens 1
to 5) is 22.5 + 0.5 MPa m'/2

The data in Table 6 show that the fracture toughness of the unrein-
forced HCCI (HP) material is higher than that of the HCCI+20 %Al»03
composite. A similar observation has been reported for the HCCI alloy
matrix in squeeze cast HCCI/ZTA composite [15] and Ti alloy matrix
composite [35]. This is related to the microstructure and fracture
mechanisms of the materials under investigation. The fracture surfaces
of the composite specimens broken during the fracture toughness tests
(Fig. 13) show similar characteristics to the original microstructures
(Figs. 10 and 11). There are distinct areas that correspond to the "white
areas" in the microstructure. These areas serve as weak points in the
fracture surface, mainly the interfaces between these areas (HCCI with
LCs) and the matrix (fine HCCI with alumina) support steps formation
and contribute to a higher roughness of the fracture surface. Under these
conditions, the fracture surfaces of these domains are covered with
dimples, indicating a ductile mechanism of microvoid coalescence. The
fracture of the ledeburitic carbides in the HCCI granular matrix ("white
areas") is purely cleavage. The "matrix" surrounding these white areas
(consisting of fine HCCI particles and alumina particles) shows no
transgranular micromechanism and the fracture morphology can be
characterized as typical of very fine-grained/nanocrystalline
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Fig. 14. SEM images of the fracture surface of an unreinforced HCCI (HP) specimen after a quasistatic SEVNB test under three-point bending at various magnifi-

cations: (a) 500x, (b) 1500x, (c) 2500x, (d) 5000x.

Table 7
Results of the dynamic fracture test on HCCI/20Al,03 notched specimens in
three-point bending using an instrumented impact pendulum.

Specimenno.  B[mm] W [mm] ao[mm] Foq' [kN]  Kicq [MPam'/?]
5 5.059 7.059 1.969 1.102 14.8
11 5.048 7.025 1.969 1.183 16.1
3 5.034 7.017 1.941 1.151 15.6
7 5.036 7.044 2.008 0.916 12.6
9 5.042 7.021 2.002 1.011 14.0
10 5.056 7.041 1.988 0.861 11.7
12 5.153 7.014 1.988 0.888 12.0

# Original data determined from the load-deflection curves shown in Supple-
mentary Material (Fig. A1) as the actual onset of unstable fracture (deviating
from regular peak shape).

microstructures with predominantly intergranular decohesion.

From the energetic point of view of energy consumption for crack
propagation, the high fracture surface relief (controlled by the "white
areas") and the ductile microvoid mechanism in the HCCI matrix of the
"white areas" seems to be decisive, while the "matrix" (alumina and fine
HCCI grains) contributed only through the intergranular shielding
mechanisms and surface roughness.

Fracture surface of an HCCI (HP) specimen without a reinforcing
phase after quasistatic loading (Fig. 14a—d) is not as relief as HCCI+20 %
Al;03 composite material broken under similar loading conditions. In
this case, the fracture is also controlled by a brittle ledeburitic carbide
phase, which manifests itself at the fracture surfaces through larger
cleavage facets mainly (Fig. 14d). By interconnecting these sites
together, the cleavage facets of the larger ledeburite carbides control the
depth of the relief. The areas between these facets are covered with a
mixture of mostly fine, relatively shallow dimples, areas of quasi
cleavage and cleavage facets of similar size (less than 1 pm). The energy
dissipation associated with the formation of fine dimples then represents
the greatest contribution to the consumption of deformation energy and
the fracture toughness achieved.

(ii) Impact tests
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The tests were designed according to ISO 26843 [29]. The details of
the dynamic fracture experiments are presented in Appendix 2. The
results of Kjcq measurements for notched HCCI+20 %Al,03 specimens
are given in Table 7, whereas SEM images of the fracture surface are
shown in Fig. 15.

From the data in Tables 6 and 7, the average dynamic fracture
toughness of HCCI+20 %Al,03 (Kicq = 13.8 + 1.5 MPa m'/2) is slightly
lower than the average quasistatic fracture toughness (Kjc = 14.3 + 0.3,
Kjc = 16.8 + 0.3 MPa m'/%). This difference must be associated with the
fracture mechanism (Fig. 15). The introduction of the reinforcing AloO3
phase changes the deformation response of the HCCI matrix in the
macroscopically dark part of the HCCI+20 %Al;03 structure, which
leads to highlighting the role of larger ledeburite carbides, observed only
in the light part of the structure. This is reflected in the higher relief of
the fracture surface observed in both quasistatically and dynamically
strained test specimens, approximately to the same extent. Although it is
a brittle phase, it paradoxically contributes to hardening, in that it
represents defect sites in which microcracks form in front of the main
crack and the fracture itself is created by connecting these defect sites.
At the same time, they are not in the plane of crack propagation, but "zig
zag" at certain and varying distances from this plane. This leads to an
increase in the area of the real crack, while a local shear stress field is
created between the defect spots, which facilitates the formation of
cavities manifested in the fracture surface by fine dimples. In essence,
this is a toughening process used for brittle non-deformable materials,
where the "shear ligament toughening" effect is achieved by controlled
defectivity in front of the crack front. This mechanism contributes to the
relatively small embrittlement of HCCI+20 %Al;03 compared to unre-
inforced HCCI, which would otherwise be induced by introducing a 20
% Al;03 phase. An order of magnitude higher loading speed shortens the
time for the necessary deformation processes, both in relation to the
splitting of ledeburitic carbides (controlled not only by the critical
fracture stress for their fracture, but also by a certain level of deforma-
tion), and also in relation to the deformation required to create a frac-
ture failure when joining defective sites on ledeburite carbides.
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Fig. 15. SEM images of fracture surface of an HCCI+20 %Al,03 specimen after impact loading at various magnifications to show characteristic features of the

dynamic fracture.
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Fig. 16. Wear profiles and the specific wear rates (SWR) after the ball-on-disc test (a) HCCI cladded, (b) HCCI (HP), (c) HCCI+20 %Al,03, (d) HCCI+20 %ZTA.

Table 8

Specific wear rates (SWR) and the coefficients of friction (CoF) obtained from
the ball-on-disc test for HCCI cladded, HCCI (HP), HCCI+20 %Al,03, and
HCCI+20 %ZTA.

Material SWR (mm®/Nm) CoF

HCCI cladded 2.50 x 107° 0.601
HCCI (HP) 1.55 x 107° 0.521
HCCI+20 %Al,05 5.25x10°° 0.736
HCCI+20 %ZTA 6.10 x 107° 0.563
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3.2.3. Wear resistance

As already stated, the wear resistance of the HCCI+20 %Al;03
composite is the key material property from the point of view of its
intended use in crushing mills. The specific wear rates of the HCCI+20 %
Al;03 composite and the reference materials were evaluated using three
tribological/abrasive wear tests: (i) the ball-on-disc test, (ii) the linear
abrasion test, and (iii) the abrasive blasting wear test. In addition, the
coefficients of friction were also determined from the ball-on-disc test
for the studied materials.
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Fig. 17. Coefficients of friction vs. time obtained from the ball-on-disc test for: (a) HCCI cladded, (b) HCCI (HP), (c) HCCI+20 %Al,03, (d) HCCI+20 %ZTA.

3.2.3.1. Ball-on-disc test. The wear profiles after the ball-on disc tests
for the materials tested are presented in Fig. 16. The specific wear rates
(SWR) and the coefficients of friction (CoF) are given in Table 8. The
values of the SWR are the average values taken from the three test runs.

It is evident from Table 8 that the HCCI+20 %Al;03 composite shows
a lower wear resistance (higher SWR) as compared to the other tested
materials. The point contact between the composite surface and the
sapphire ball in the ball-on-disc test creates high pressure in the early
stages of the wear test. This results in tearing off the ceramics particles,
which can increase the SWR and the CoF. Fig. 17a-d shows the co-
efficients of friction vs. time for the HCCI+20 %Al;03 composite and the
reference materials (HCCI cladded and HCCI+20 %ZTA). The HCCI
cladded and HCCI4-20 %ZTA exhibit lower coefficients of friction than
the HCCI+20 %Al,03 composite. The highest CoF for the HCCI+20 %
Al,03 composite correlates with the highest SWR value for this material
(Table 8). A similar experimental observation can be found elsewhere
[36].

It is noticeable that the wear behaviors of the HCCI+20 %Al,03 and
HCCI+20 %ZTA composites in the ball-on-disc test are not proportional

to their hardness (see Table 4), [37]. The HCCI+20 %Al;03 composite
demonstrates superior hardness, yet it exhibits alower SWR and a higher
CoF compared to the HCCI+20 %ZTA composite (refer to Table 8 and
Fig. 17c¢). It is evident that a more in-depth analysis of the inferior wear
performance of the HCCI+20 %Al,03 composite in the ball-on-disc test
is needed. The lower wear resistance of the HCCI+20 %Al,03 composite
and its higher CoF are primarily due to the microscopic characteristics of
the reinforcing phase, particularly the particle size and morphology.
According to Bembalge et al. [38] the coefficient of friction decreases as
the particle size decreases from coarse to micro to nano. Fig. 18 shows
the SEM images of the HCCI+20 %Al;03 and HCCI+20 %ZTA com-
posites with the close-up of the reinforcement phases as insets, illus-
trating their complex internal microstructure. The reinforcing phase in
HCCI+20 %Al,03 (Fig. 18a) consists of micrometric grains, whereas in
HCCI+20 %ZTA (Fig. 18b) it has a nanometric structure. During the
ball-on-disc test, the micrometric Al;O3 grains are pulled out from the
HCCI matrix surface. These grains act as a third body, resulting in the
enhanced CoF of HCCI4+20 %Al,03 (Fig. 17c¢). Joshi et al. [39] have
reported a similar effect for micrometric yttrium oxide-reinforced

Fig. 18. SEM images of the composites microstructure with close-up view of the reinforcing alumina phases (a) HCCI+20 %Al,03, (b) HCCI+20 %ZTA.
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Fig. 19. SEM micrographs of worn surfaces after the ball-on-disc test: (a) HCCI cladded, (b) HCCI (HP), (c) HCCI+20 %Al,03 composite, (d) HCCI+20 %

ZTA composite.

AA-7075 matrix composites. According to that study, increasing the load
to 20 kN during pin-on-disc tests resulted in material pulling out from
the sample surface. This material acted as an abrasive powder, leading to
a higher CoF. In contrast, the lower CoF of the HCCI4+20 %ZTA com-
posite (Fig. 17d) is attributed to the presence of ZTA nanograins. These
grains act as the rolling media between two mating surfaces, thereby
reducing the CoF [35].

Fig. 19 shows the SEM images of the worn surfaces after the ball-on-
disc test. The difference in wear behavior of the HCCI+20 %Al,03 and
HCCI+20 %ZTA composites is visually evident in Fig. 19¢ and d. The
HCCI+20 %Al,03 surface appears rough and riddled with loosely bound
particles, while the HCCI+20 %ZTA surface is much smoother and
shows less wear. The frictional heating generated during the ball-on-disc
test is initially higher because the debris between the pin and the
specimen surface is sharper and more abrasive. However, as the test
progresses, the slippery action increases, and the heating decreases. This
phenomenon leads to the softening of the sample surface, thereby
increasing its vulnerability to penetration by the debris material [40].
This process can result in delamination, as illustrated in Fig. 19c and d.

The results of the ball-on-disc test were unfavorable for the
HCCI+20 %Al,03 composite as a material for the working parts in roller
and bowl mills. However, the Taber linear abrasive wear test, the results
of which will be presented in the following section, seems more repre-
sentative than the ball-on-disc test for the intended application. This is
due to the larger contact surface area between the test specimen and the
counter specimen, which is closer to real service conditions.

3.2.3.2. Taber linear abrasion test. Abrasion tests using the Taber linear
abraser have revealed markedly different wear behaviors of the inves-
tigated materials than the ball-on-disc tests. The wear profiles after the
Taber test were analyzed using a 3D scanning profilometer (Dektak).
The loss of material volume was evaluated by means of the Vision
software. The average values of the specific wear rate (SWR) from five
repetitions for each of the three materials tested are shown in Table 9.
The SWR data in Table 9 indicate an order of magnitude lower abrasive
wear of the sintered HCCI+20 %Al;03 composite than the reference
materials HCCI cladded, HCCI (HP), and HCCI+20 %ZTA (uncoated).
The present experimental findings are at variance with the ball-on-disc
test results (see Table 8), in which the SWR for HCCI+20 %Al,03 was
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Table 9

Specific wear rates (SWR) of the HCCI cladded, HCCI (HP),
HCCI+20 %Al,03 and HCCI+20 %ZTA from the Taber
linear abrasion test.

Material SWR (mm®/Nm)

HCCI cladded 4.27 x 1077

HCCI (HP) 5.03 x 107°

HCCI/20A1,03 5.74x 1078

HGCI/20ZTA 1.21 x 107°
the highest.

As already mentioned, the contact stresses between the material
surface and the counterspecimen in the Taber linear abrasion test are
lower than in the ball-on-disc test. In the ball-on-disc test, a 6 mm hard
sapphire ball was utilized, where the local pressure, at least in the initial
stage is, according to the Hertz model, several orders of magnitude
higher than in the Taber abrasion test, which employed a flat-end pin of
6.35 mm in diameter made of sintered SiC and SiO2 manifesting sharp
edges (see Fig. 20a). This may result in microcracking at the alumina/
matrix interfaces, thereby facilitating the pullout of the alumina parti-
cles and increasing the material loss rate in the ball-on-disc test (see
Table 8). In contrast, the Taber test utilizes a significantly larger contact
area of the flat-end cylindrical pin and a lower contact stress. Conse-
quently, there is a suppressed tendency of microcracking and particle
pullout.

The wear traces in Fig. 21a-d show surface plowing by the hard
particles of the counterspecimen, suggesting an abrasive wear mecha-
nism. It should be noted that in the Taber tests, the wear response of the
material is more "global" than in ball-on-disc tests. Fig. 21a shows the
worn surface of the HCCI cladded. Due to the higher hardness of coun-
terspecimen material and its microstructure, a significant amount of
debris is visible with plastic deformation marks across the wear line.
This is similar to the three-body wear process that results in material
loss. However, the high homogeneity and lack of porosity due to the
cladding process results in good wear properties in the Taber test. The
hot-pressed HCCI (HP) specimen (Fig. 21b) is characterized by
numerous grooves and delamination areas, which is directly reflected in
the high SWR value (Table 9). As evidenced in Fig. 21c (see also
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Fig. 20. (a) SEM image of counterspecimen used in the Taber linear abrasive wear test; (b) macroscopic image of HCCI+20 %Al,03 composite specimen after the

Taber wear test.
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Fig. 21. SEM micrographs of worn surfaces after linear abrasion test using Taber 5750 device: (a) HCCI cladded, (b) HCCI (HP), (c) HCCI+20 %Al;03, (d) HCCI+20

%ZTA.

Fig. 20b), the HCCI+20 %Al;03 composite demonstrates a significantly
lower degree of abrasive wear when compared to the HCCI cladded
material (Fig. 21a). The abrasion grooves are also visible, but they are
significantly smaller, and the plowing traces are least pronounced in
HCCI+20 %Al203 composite. Tearing off of small ceramic particles can
be detected, which can be defined as the main mechanism responsible
for the mass loss. The presence of locally torn particles is evident, yet the
overall degree of material loss is minimal for the HCCI+20 %Al,03
composite. In the case of HCCI+20 %ZTA (Fig. 21d), the lower mate-
rial’s relative density (95.1 %) and lower hardness (see Table 4) result in

the higher mass loss. Here, a complex wear mechanism is observed with
delamination craters along with plowing and tearing off of the ceramic
particles, creating sharp edges that also accelerate the mass loss of the
counterspecimen. The three-body abrasive wear-like mechanisms, in
conjunction with the low density, result in the greatest material loss
among the materials that were tested.

As already mentioned, the Taber linear abrasive wear test provides a
more comprehensive evaluation of the wear behavior of the materials
studied in regard of their application to ball mills. In this context, the
relatively high porosity of the HCCI+20 %ZTA composite

Fig. 22. View of a test specimen (30) HCCI+20Al1,03 before (a), and after the abrasive blasting wear test (b).
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Fig. 23. Total weight loss in the abrasive blasting wear test. Specimens labels:
1. (30)HCCI cladded, 2. (70)HCCI cladded, 3. (30)HCCI+20 %Al;03, 4. (70)
HCCI+20 %Al,03, 5. (30)HCCI4-20 %ZTA, 6. (70)HCCI+20 %ZTA.

(approximately 5 %) plays a significant role in its poor wear perfor-
mance in the Taber test. The geometry of the flat pin further amplifies
the mass loss effect. Consequently, the combined factors of high porosity
and the flat pin geometry contribute to the higher mass loss of HCCI+-20
%ZTA composite when compared to the performance of this material in
the ball-on-disc test.

3.2.3.3. Abrasive blasting wear test. The enhanced wear resistance of
HCCI+20 %Al,03 composite is further substantiated by the results of the

Table 10
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abrasive blasting test, which are reported below for two angles of inci-
dence of the abrasive jet to the sample surface, 30° and 70°. These two
angles are reflected in the notation used below by adding (30) or (70), in
front of the material composition, respectively. An example of a spec-
imen view before and after the abrasive blasting test is shown in Fig. 22.
The area of impact of the abrasive blasting stream on the tested surfaces
is clearly visible.

The surface wear was determined by the weight loss measurements
and the results for the investigated materials are shown in Fig. 23 and
Table 10.

The data in Fig. 23 show that the total weight loss recorded for the
HCCI+20 %Al;03 composite is the lowest for both angles of incidence of
the abrasive jet, 30° and 70°. In other words, the HCCI4+20 %Al,03
composite has a significantly higher resistance to abrasive blast wear
than the HCCI cladded and HCCI+20 %ZTA as shown in the last column
of Table 10. In addition, it can be seen from Table 10 that the HCCI+20
%ZTA specimen shows approximately constant level of wear over time,
while the other specimens show the highest wear during the first 10 s of
the test, with the wear decreasing in the following stages. This may
indicate that a more wear resistant surface layer is formed on the HCCI
cladded and HCCI+20 %Al,03 specimens.

The SEM images in Fig. 24 show the surface after abrasive blasting.
This is one of the most aggressive surface treatment methods involving
the use of loose abrasive media with high kinetic energy, which apart
from removing the surface material leads to deformation and develop-
ment of the treated surface. When a solid sharp-edged hard particle
impinges on a material surface, it may skid and/or rotate on the surface,

Results of the abrasive blasting wear test obtained for the composite material HCCI4-20 %Al;03 with (30), (70) denoting the angles of incidence of the abrasive jet to
the sample surface. The data shows that the (30)HCCI+20 %Al,03 material has the highest, while the (70)HCCI+20 %Al,03 material has the second highest resistance

to abrasive blasting.

Material Specimen Loss of weight after the next machining cycle Total weight loss (g) Relative abrasion resistance
10s 20s 30s 40 s 50s 60s

(30)HCCI cladded 1 0.063 0.034 0.01 0.008 0.008 0.006 0.129 0.49

(70)HCCI cladded 2 0.023 0.019 0.008 0.012 0.011 0.010 0.083 0.76

(30)HCCI+-20 %Al,03 3 0.015 0.019 0.004 0.009 0.011 0.005 0.063 1

(70)HCCI+20 %Al1,03 4 0.019 0.01 0.010 0.009 0.009 0.011 0.068 0.93

(30)HCCI+20 %ZTA 5 0.009 0.021 0.016 0.018 0.017 0.019 0.100 0.63

(70)HCCI+20 %ZTA 6 0.031 0.035 0.031 0.032 0.030 0.034 0.193 0.33

Fig. 24. SEM images of worn surfaces after abrasive blasting wear test: (a) HCCI cladded, (b) HCCI+20 %Al,03 composite, (c) HCCI+20 %ZTA composite.
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and at the same time create an indentation (ductile materials) or crater
(brittle materials). With successive impacts of particles on the same
location, this indentation causes material removal due to the repeated
plastic deformation and the skidding of sharp-edged hard particles over
a surface of relatively lower hardness. If the abrasive particle impact
below critical speed in relatively hard surface the particle does not skid
but rotate, resulting in no intensive cutting damage but more likely
plastic fatigue damage.

The surface images in Figs. 24a and b differ slightly in terms of wear
intensity, while the surface in Fig. 24c is clearly more developed with a
relatively large share of craters and inhomogeneities. This is evident
from the results in Table 10, where the highest observed wear is for the
HCCI+20 %ZTA specimens. In the HCCI cladded sample (Fig. 24a),
delamination and microcracking can be observed on the surface. In the
HCCI+20 %Al;03 sample (Fig. 24b), in addition to delaminations and
microcracks, some microcracks also appear at the interface between the
HCCI matrix and the alumina grains. It was already mentioned that the
HCCI+20 %ZTA specimen (Fig. 24c) shows many craters left by the ZTA
grains that were torn out during the test. This mechanism is mainly
responsible for the wear of this material during abrasive blasting. The
wear mechanisms depicted in Fig. 24 have also been reported by other
authors for iron based materials under impact abrasive wear conditions
[41].

4. Conclusions

This study presents a promising approach to utilize industrial waste
by developing a high-performance composite material through the
integration of high-chromium cast iron (HCCI) shavings with commer-
cial electrocorundum (Al;O3). The key findings and implications are
summarized below.

e Through optimization of the high-energy ball milling and hot
pressing processes, an HCCI+20 %Al,03 composite with a remark-
ably high relative density (99.84 %) was successfully obtained.
This composite exhibits (i) satisfactory fracture toughness both in
static and dynamic cases, (ii) enhanced hardness, and (iii) excellent
wear resistance in the Taber linear abrasion test and the abrasive
blasting test.

From an industrial perspective, the HCCI4+-20 %Al;03 composite is
noteworthy for two reasons: (i) the waste HCCI shavings and com-
mercial electrocorundum powder are low-cost materials, (ii) the
composite is machinable, which is an asset in industrial production.
The hot pressing technique used to consolidate the HCCI+20 %Al,03
composite has several advantages over casting methods. However,
the process time and total energy cost may pose challenges to the
commercialization of this material.
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