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ABSTRACT

The evolution of titanium carbonitride (Ti(C,N))-based cermets has seen a notable shift
towards environmentally sustainable compositions, particularly through the use of green
iron (Fe) binders as alternatives to traditional nickel (Ni) or cobalt (Co) binders, for applications
in wear- and corrosion-resistant tooling, such as in oil and gas, chemical processing, and marine
environments. A key challenge with Fe-bonded cermets is their limited wear and corrosion
resistance. This study investigates the effect of varying chromium (Cr) concentrations (20,
30, and 40 binder wt%) on the microstructural evolution, phase composition, and mechanical
properties of Fe-bonded Ti(C,N)-based cermets. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analyses reveal well-defined core-rim structures
and Cr segregation, with increasing Cr content. Grain size increases from 2.03 pm to 2.75 ym,
while ceramic phase contiguity rises from 0.61 to 0.80, with higher Cr content. X-ray diffraction
(XRD) confirms the presence of Ti(C,N) and Cr-rich Cr,C, carbides, contributing to enhanced
hardness of up to 1608 HV through solid solution strengthening and carbide precipitation.
However, fracture toughness decreases from 11.55 to 7.82 MPa-m'2 due to increased ceramic
connectivity and Cr carbide-induced brittleness. The findings of this study provide valuable
insights into optimizing Cr concentration in Fe-bonded Ti(C,N)-based cermets, balancing
hardness and toughness to enhance their wear and corrosion resistance. This optimization is
crucial for developing durable, environmentally sustainable cermet materials suitable for
demanding industrial applications.

1. Introduction

Iron (Fe)-bonded cermets have garnered significant attention in materials science to
meet the sustainable development goals of inclusive and sustainable industrialization.
Traditionally, cermets have utilized binders such as nickel (Ni) or cobalt (Co);
however, the rising costs and health concerns associated with these metals have
prompted a shift towards Fe-based binders [1]. Conversely, a critical challenge in the
development of iron-bonded cermets is enhancing corrosion and wear resistance.
Chromium (Cr) has been identified as a beneficial alloying element in this context.
Its addition leads to the formation of stable Cr-rich oxide layers on the material’s
surface, which act as protective barriers against corrosive agents [2]. Moreover, Cr
can form complex carbides, such as (Cr,Fe),C;, which contribute to the hardness and
wear resistance of the cermets [3,4]. This makes Cr-containing cermets highly suitable
for applications in wear- and corrosion-resistant tooling. However, the quantity, dis-
tribution, and morphology of secondary chromium carbides can influence the wear
and corrosion resistance and the fracture toughness of the composite [5,6].

Despite its advantages, limited research has been conducted on high-Cr-content
Fe-bonded Ti(C,N)-based cermets, leaving the optimal concentration largely un-
explored. In this study, we systematically investigate the effects of varying Cr con-
centrations on the microstructure and mechanical properties of Fe-bonded cermets.
By analyzing the microstructural evolution, phase composition, and performance
metrics, such as hardness and fracture toughness, we aim to elucidate the role of
Cr in optimizing the properties of these composites for advanced engineering ap-
plications.
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2. Experimental procedure

The Ti(C,N)-FeCr cermets were synthesized in a ratio of
70 wt% ceramic to 30 wt% metal, with the binder phase con-
taining high Cr contents of 20 wt%, 30 wt%, and 40 wt%.
The powders were first homogenized using planetary ball mil-
ling for 72 hours with a ball-to-powder ratio of 10:1 in an iso-
propanol medium. After milling, the powders were compacted
via uniaxial pressing at 200 MPa. The green bodies then un-
derwent sintering at 1550 °C. Post-processing involved cut-
ting samples with a diamond cutting disc, mounting the cross-
sections in epoxy resin, polishing the samples up to 0.3 pm
with diamond paste, and the final finishing with colloidal
silica for a high-quality, visibly pore- and scratch-free surface.
Microstructural characterization was conducted using
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS). Phase transformations
of the sintered samples were analyzed using X-ray dif-
fractometry (XRD) with Cu-Ka radiation. The Vickers hard-
ness (HV30) was measured with a load of 30 kgf and a dwell
time of 10 seconds, while the fracture toughness (K,.) was
determined using the equation proposed by Shetty et al. [7].

3. Results and discussion

3.1. SEM and EDS analyses

Detailed SEM micrographs and EDS elemental compositions
presented in Fig. 1 highlight the microstructural character-
istics of Ti(C,N)-FeCr cermets at varying Cr concentrations.
At 20 wt% Cr, the core-rim structure was well defined, with
relatively thin rims of Ti(C,N) and with minimal Cr content
(1.01 wt%), indicating more Cr diffusion into the binder
phase (6.24 wt%). The microstructure exhibited a relatively
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homogeneous distribution of binder with fine grains and
minimal secondary phase precipitation. The Fe content was
predominant in the binder phase, with a highly uniform Cr
distribution and minimal segregation. Chromium carbide
formation was significantly low (32.67 wt%), with only fine,
dispersed carbides present, primarily at grain boundaries.

At 30 wt% Cr addition, the rims were more prominent,
showing clear grain growth with a relatively higher Cr con-
tent (1.21 wt%). This indicated reduced Cr diffusion into the
binder phase (5.48 wt%). The cermet displayed a moderately
refined microstructure with a higher density of secondary car-
bide precipitates. The binder phase became more fragmented
due to the Cr-induced formation of secondary carbides
(42.24 wt%) along grain boundaries and the areas connecting
the grains.

In the 40 wt% Cr cermet, the core-rim structure was sig-
nificantly developed, with thick Cr-rich rims (2.36 wt%),
leading to the formation of complex (Ti,Cr)(C,N) solid solu-
tions along the grain boundaries. The microstructure became
coarser due to grain growth driven by higher Cr content, and
the binder phase appeared discontinuous due to the extensive
formation of Cr-based secondary carbides (45.24 wt%) along
the grain boundaries and within the matrix.

3.2. Grain size and contiguity
The binder distribution in Ti(C,N)-FeCr cermets appeared to
become more uniform with increasing Cr concentration. The
microstructural analysis revealed distinct trends in grain size
evolution and ceramic phase contiguity.

The average grain size of the ceramic phase demonstrated
a progressive increase with the rise in Cr content (Fig. 2).
At 20 wt% Cr concentration, the average grain size was meas-
ured at 2.03 um. Significant grain growth was observed when

Chemical composition (wt%)

C N Ti Cr Fe %
7.98 7.12 | 55.19 545 | 21.82 | 2.44
8.14 0.17 3.73 6.24 | 79.15 | 2.56

10.84 231 13.71 | 32.67 | 36.69 | 3.78
10.59 832 | 77.01 1.01 1.10 | 1.98

Chemical composition (wt%)

C N Ti Cr Fe W
9.06 = 4.59 | 58.76 7.22 | 18.13 | 2.26
7.68 | 0.19 10.09 548 | 74.59 @ 197

12.37 | 0.01 7.09 | 4224 | 36.26 | 2.03
11.09 | 5091 78.79 1.21 1.10 | 1.90
Chemical composition (wt%)

C N Ti Cr Fe W
9.35 4.06 64.09 7.80 | 11.98 | 2.72
4.57 0.03 8.76 526 7913 | 2.25

10.70 0.04 9.76 | 45.24 | 3291 1.35
9.73 5.15 79.19 | 236 0.81 | 276

Fig. 1. SEM micrographs with the corresponding EDS elemental mapping and EDS elemental compositions of Ti(C,N)-FeCr cermets with:

(a) 20 binder wt% Cr, (b) 30 binder wt% Cr, and (c) 40 binder wt% Cr.
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Grain size and contiguity vs. chromium concentration
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Fig. 2. Grain size and contiguity of Ti(C,N)-based cermets with
varying chromium concentrations.

the Cr concentration increased from 20 wt% to 30 wt%, with
the grain size rising to 2.68 um. This grain growth may be
attributed to the enhanced diffusion rates facilitated by Cer,
which lowers the grain boundary energy. However, as the Cr
content further increased from 30 wt% to 40 wt%, the grain
size grew at a relatively reduced rate compared to the pre-
vious increment, reaching 2.75 pm. This suggests a saturation
effect where the grain growth mechanism becomes less re-
sponsive to additional Cr addition. Importantly, the observed
grain growth is not substantial enough to adversely affect the
mechanical properties.

The contiguity, defined as the fraction of the total grain
boundary length shared between ceramic grains, showed
contrasting trends compared to grain size evolution (Fig. 2).
At 20 wt% Cr concentration, the contiguity was measured
at 0.61. Between 20 wt% and 30 wt% Cr concentration, there
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was a slight increase in ceramic-to-ceramic contact, with con-
tiguity reaching 0.64, indicating a stable phase distribution
without significant changes in the connectivity of ceramic
grains. In contrast, a substantial increase in contiguity was
observed when the Cr content rose from 30 wt% to 40 wt%,
with the contiguity sharply rising to 0.80. This marked en-
hancement suggests improved ceramic network formation,
which could be attributed to changes in the binder phase
distribution and the corresponding reduction in binder phase
continuity.

3.3. Phase analysis

The XRD analysis of Ti(C,N)-FeCr cermets with 20 wt%,
30 wt%, and 40 wt% Cr additions revealed slight variations
in phase composition and carbide formation influenced by the
increasing Cr content (Fig. 3). Prominent diffraction peaks
corresponding to Ti(C,N) were observed in all samples, in-
dicating its dominance as the primary ceramic phase. At
20 wt% Cr, sharp Ti(C,N) peaks with minor signals from Cr-
rich carbides, mainly Cr,C;, suggested limited solid solution
formation, with Cr,C, carbide concentration measured at
7.4%. With 30 wt% Cr, the intensity of Cr-rich carbide
peaks increased, with Cr,C, concentration rising to 12.9%.
At 40 wt% Cr, a significant increase in the intensity of Cr-
rich carbide phases confirmed extensive carbide formation,
with Cr,C; concentration reaching 29.6%. The reduction in
binder phase peak intensity with higher Cr content suggested
improved ceramic phase continuity, correlating with the ob-
served increase in contiguity and grain growth in the micro-
structural analysis. These findings highlight the role of Cr in
promoting solid solution strengthening and enhancing the
ceramic network structure in Ti(C,N)-FeCr cermets.
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Fig. 3. XRD patterns of Cr-added Ti(C,N)-FeCr cermets at different Cr concentrations.
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Hardness and fracture toughness vs. chromium concentration
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3.4. Mechanical properties

The mechanical properties of Ti(C,N)-FeCr cermets, particu-
larly hardness and fracture toughness, exhibited notable
trends with increasing Cr content (Fig. 4), which can be
directly correlated to the observed microstructural and phase
evolution. Hardness measurements revealed a progressive
increase with higher Cr additions, rising from 1286 HV at 20
wt% Cr to 1468 HV at 30 wt% Cr, and reaching 1608 HV at
40 wt% Cr. This increase is primarily attributed to the
enhanced formation of Cr-rich carbides, particularly Cr,C,,
which strengthen the ceramic matrix by impeding dislocation
motion [8]. Additionally, the progressive thickening of Cr-
rich rims in the core-rim structure, as observed in SEM micro-
graphs, contributes to solid solution strengthening. At 40 wt%
Cr, a higher degree of ceramic phase contiguity further en-
hances the material’s hardness, resulting in a more rigid but
brittle structure.

Conversely, fracture toughness showed a decreasing trend
with increasing Cr content, dropping from 11.55 MPa-m'? at
20 wt% Cr to 9.53 MPa-m'? at 30 wt% Cr, and further to
7.82 MPa'm'? at 40 wt% Cr. This reduction in fracture tough-
ness is primarily due to the increased ceramic phase con-
tiguity and reduced binder phase continuity. At 20 wt% Cr,
the binder phase is relatively well distributed, facilitating
crack deflection and energy dissipation, thereby maintaining
toughness. However, as Cr content increases, the binder phase
becomes more fragmented and less continuous, as seen in
EDS analyses, leading to a reduction in its crack-bridging
ability. The formation of a more interconnected ceramic net-
work with thicker Cr-rich rims at 30 wt% and 40 wt% Cr
results in brittle fracture pathways, further lowering tough-
ness. Moreover, the increased presence of Cr,C, carbides at
higher Cr levels introduces brittle phases that serve as crack
initiation sites, intensifying the loss of fracture resistance.

XRD analysis also supports this trend, showing a re-
duction in binder phase intensity at higher Cr concentrations,
indicating a shift toward a more ceramic-dominant structure.
The diminished ductile binder phase, combined with en-
hanced ceramic connectivity and secondary carbide precipi-
tation, significantly restricts crack-bridging mechanisms,
making the material more prone to brittle failure.

2
Chromium concentration (binder wt%)

Fig. 4. Hardness and fracture
14 toughness of Ti(C,N)-FeCr cermets
as a function of Cr concentration.

L= (=) o

Fracture toughness (MPa-m'?)

o

M Fracture toughness (MPa-m'?)

To achieve an optimal balance, the hardness of low-chro-
mium content cermets can be enhanced through the addition
of secondary carbides [8], while the toughness of high-Cr
cermets can be improved by increasing the binder phase [10]
or incorporating additional metallic elements [11]. Our future
research will be dedicated to refining this balance to optimize
performance.

4. Conclusions

This study investigated the influence of high chromium con-

centrations (20 wt%, 30 wt%, and 40 wt%) on the micro-

structural evolution, phase composition, and mechanical prop-
erties of iron-bonded Ti(C,N)-based cermets.

e SEM and EDS analyses revealed a more uniform binder
distribution and an enhanced rim phase with increasing Cr
content. EDS mapping confirmed that the increase in Cr
concentration leads to a less uniform Cr distribution with
an increase in Cr segregation at the core-rim interfaces
and within the binder phase, promoting the formation of
Cr-rich carbides.

e Grain size exhibited a notable increase from 2.03 um at
20 wt% Cr to 2.75 pm at 40 wt% Cr, with the most pro-
nounced growth occurring between 20 wt% and 30 wt% Cr.
Concurrently, ceramic phase contiguity rose markedly
from 0.61 to 0.80, particularly between 30 wt% and
40 wt% Cr, indicating enhanced ceramic-to-ceramic con-
nectivity and reduced binder phase continuity.

e Phase analysis via XRD confirmed the presence of
Ti(C,N) and Cr-rich carbides (especially Cr,C,). The
Cr,C, carbide content increased from 7.4% at 20 wt% Cr
to 29.6% at 40 wt% Cr, contributing to greater phase
stability and hardness through solid solution strengthening
and carbide precipitation.

e Mechanically, hardness improved progressively with Cr
content, reaching 1608 HV at 40 wt% Cer, driven by solid
solution strengthening, carbide formation, and increased ce-
ramic phase contiguity. Conversely, fracture toughness de-
creased from 11.55 MPa-m'? at 20 wt% Cr to 7.82 MPa-m'?
at 40 wt% Cr, primarily due to the brittleness of Cr-rich
carbides and the dominance of ceramic-to-ceramic contact,
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which reduced the energy-dissipating role of the binder
phase.

Overall, while higher Cr content enhances hardness and
microstructural uniformity, it compromises fracture tough-
ness, Cr distribution, and binder phase continuity. There-
fore, optimizing Cr concentration is critical to achieving
a balanced combination of hardness and toughness for
superior mechanical performance in Fe-bonded Ti(C,N)-
based cermets.
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Suure kroomisisalduse mdju rauapdhise sideainega Ti(C,N) kermistele:

kévaduse ja sitkuse kompromiss

Tabeen Halawat Pampori, Mart Kolnes, Kristjan Juhani, Marek Tarraste ja

Jakob Kiibarsepp

Titaankarbonitriidsete (Ti(C,N)) kermiste arendamine vdimaldab méargatavat edasiminekut jatkusuutlikumate
ja keskkonnasdbralikumate komposiitmaterjalide kasutuselevétul, eriti juhul kui traditsioonilised nikli- ja koo-
baltipdhised sideained asendatakse ,rohelisteks” peetavate rauapd&histe sideainetega, naiteks kulumis- ja
korrosioonikindlust ndudvates tooriistades. Rauapdhiste sideainetega kermiste p&hiprobleem on seni olnud
nende piiratud kulumis- ja korrosioonikindlus. T66s uuritakse kroomisisalduse (20%, 30% ja 40% sideaines)
mdju rauapdhise sideainega Ti(C,N) kermiste mikrostruktuurile, faasilisele koostisele ja mehaanilistele oma-
dustele. SEM- ja EDS-anallilsid tdid esile karbonitriidile iseloomuliku rdngassidamik-struktuuri ning néitasid,
et kroomisisalduse suurenemine p&hjustab kroomi segregatsiooni. Kroomisisalduse suurenedes kasvab kar-
biiditera suurus 2,03-2,75 pm-ni. XRD-uuringud tdestasid lisaks titaankarbonitriidile ka kroomirikaste Cr,C,-
karbiidide esinemist mikrostruktuuris, mis suurendas kiill kdvadust (kuni 1608 HV), kuid vahendas samal ajal
purunemissitkust (11,55-7,82 MPa-m"2) kroomkarbiidide hapruse t6ttu. T66 tulemused pakuvad vaartuslikku
teavet kroomisisalduse optimeerimiseks rauapdhiste sideainetega titaankarbonitriidsetes kermistes, suuren-
damaks nende kulumis- ja korrosioonikindlust. Uurimus on oluline samm vastupidavate ja keskkonnasdbralike
kermiste arendamisel ndudlike tddstuslike rakenduste tarvis.
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