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ARTICLE INFO ABSTRACT

Keywords: Titanium carbonitride (TiCN) is an advanced, high-performance hard ceramic of great commercial importance
Ceramic that has been widely developed and employed. Nonetheless, it has only been in recent years that binderless
FAST

titanium carbonitride bulk ceramics have been successfully fabricated using field-assisted sintering technology

H?rdness . . (FAST). However, the underlying structure-processing-property-performance relationships have yet to be fully
Micro-/nanoindentation . . . . .
Deformation evaluated, especially concerning indentation hardness of these materials across a broad range of loads and

TiCN deformation length scales. In this work we aim to address these fundamental relationships and characterize the
multiscale hardness phenomena in detail. It was found that the effects of soak temperature and time directly
impacted the sintered microstructure and were reflected in the observed mechanical properties over various
loads. Valuable insight into the load-dependence of hardness distributions, sensitivity/correlation with elasto-
plastic parameters, and multiscale parameterization were developed using micro-/nanoindentation. Particularly,
the load-dependent hardness sensitivity and resolvability demonstrate a fundamental tradeoff with respect to the
manifested mechanical response influenced by the presence of underlying heterogeneities. These new insights
relating the interplay of compositional/microstructural evolution with FAST processing parameters and multi-
scale hardness are an important step in advancing next-generation hard ceramics.

1. Introduction distinguished example of a commercial hard ceramic that has been
successfully employed for decades due to its superior hardness, tribo-

The development of hard ceramics has been crucial to facilitating the logical properties, thermal stability, corrosion-resistance, and feasible
universal success of wear-resistant cutting/sliding surfaces in key in- scalability [1-3]. In particular, special attention has been invested in the
dustrial applications. Historically, the titanium carbonitride system is a deposition of these hard materials as coatings onto substrates [4-8].
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Although there has been substantial work in describing
structure-processing-property-performance relationships of the titanium
carbide/nitride-based materials in the form of deposited coatings,
significantly less work exists describing these relationships for bulk ti-
tanium carbonitride ceramics [9-18].

One of the underlying reasons for this knowledge gap is that con-
ventional sintering of these pure refractory ceramics has been infeasible
without the addition of large concentrations of binders/sintering aids
that radically degrade the performance of these materials under extreme
conditions (esp. hardness) [9]. Nonetheless, implementing novel sin-
tering techniques such as Field Assisted Sintering Technology (FAST)
has recently enabled the feasible development of binderless ceramics
with superior properties [19-24]. However, even with these substantial
advancements in material processing, complete
structure-processing-property-performance relationships of hard ce-
ramics with FAST still have not been fully realized. Particularly, the
interplay of compositional/microstructural effects on mechanical
properties, coupled with the effects of material processing parameters,
has not been thoroughly developed. Likewise, special consideration into
the multiscale deformation still remains unaddressed and warrants a
comprehensive evaluation. As seen in Table Al, the few reported
hardness values of bulk titanium carbonitride have been performed
under largely disparate loading and processing conditions, making ho-
listic comparisons difficult [25-28]. Therefore, it is critical to investigate
these structure-processing-property-performance relationships and
multiscale hardness of bulk titanium carbonitride to facilitate measur-
able improvements in high-performance hard ceramics for applications
in extreme environments (i.e. aerospace, hypersonics, manufacturing).
This work will address the merits/challenges of multiscale hardness for
equitable comparisons and measurable progress in these
high-performance hard ceramics. The primary focus of these efforts is to
unravel the multiscale hardness phenomena of FAST-processed, bind-
erless titanium carbonitrides for developing new optimization pathways
and mechanistic insights for improving these hard ceramics.

2. Experimental
2.1. Powder preparation

Titanium carbide powder (TiC: 4.93 g/cc) with 99.7% purity and
quoted average particle size of less than 3 pm was purchased from
Inframat Advanced Materials (lot #: IAM7261TIC1). Titanium nitride
powder (TiN: 5.22 g/cc) with 99.2% purity and quoted average particle
size of 800 nm was purchased from US Research Nanomaterials, Inc.
(stock #: US1023M). To reduce the particle size, these powders were
independently ball milled using 94% WC-Co 3/16" satellites (Union
Process, Inc.). Using 250 ml high-density polyethylene bottles loaded
with a 9:1 ball-to-powder mass ratio (BPR) for 80 gs of powder each,
subsequent milling at a roller speed of 200 RPM was performed. This
was done for 36 h dry, then 68 h wet using anhydrous isopropyl alcohol
(60 g) as a dispersant without additional organic additives. The extent of
milling on the powders was monitored using laser diffraction (Master-
Sizer 3000, Malvern Panalytical) with deionized water as the dispersant
and 5 min of pre-ultrasonication to reduce agglomeration effects. Af-
terwards, the milling jars were discharged and the extracted powders
were dried in an oven at ~100 °C. These extracted powders were then
batched for a 50/50 mol% TiC-TiN mixture, and milled for 10 h (7:1
BPR, 200 RPM) to dry mix these powders.

2.2. FAST processing

The mixed carbide/nitride powders were sintered using a 25 ton
FAST system (FCT Systeme GmbH) with 20 mm outer-diameter graphite
dies/punches. The internal surfaces of the die body were covered with
graphite foil to minimize die degradation and each was loaded with 8 gs
of powder. All sintering trials were performed under vacuum (3 mTorr)
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over a constant heating rate of 100 °C/min and a stepped pressure
sequence from 30 to 50 MPa during this heating ramp. In this work, the
controlled FAST processing variables were soak temperature
(1600-2200 °C) and soak time (5-30 min). As a function of soak tem-
perature series (1600, 1800, 2000, 2200 °C), a constant soak time of 10
min was used, while as a function of soak time trials (5, 15, 20, 30 min),
a constant soak temperature of 2000 °C was used. Each sintered sample
was subsequently extracted, grit blasted with alumina (100 grit) to
remove adherent graphite foil, and the Archimedes densities were
measured with a precision digital analytical balance. The relative den-
sities were calculated relative to the stoichiometric TiC/TiN phases and
corrected for trace WC media content using the X-ray reference intensity
ratio method and helium pycnometry density measurements of pre/
post-milled powders (~1-2 wt% WC). These samples were then pro-
cessed and characterized with scanning electron microscopy (Tescan
Mira3 SEM, Bruker Quantax), X-ray diffraction (Empyrean III, Malvern
Panalytical XRD), and transmission electron microscopy (FEI Talos
F200X TEM) for microstructural and compositional insights.

2.3. Mechanical property testing

For mechanical property characterization, both microindentation
and nanoindentation were employed on the relative centers of mounted/
polished cross-sections. For Vickers microindentation (Qness Q60 A+,
ASTM C1327-15), three separate loads (0.5, 1, and 2 kgf) were per-
formed, each with a linear array of 9 indents oriented parallel in the
direction of uniaxial pressure and spaced over 5 times the diagonal
length (~0.3 mm). For nanoindentation (Bruker Hysitron TI-980, Ber-
kovich tip), two separate loads (2, 3 mN) were performed using 4 x 4
square grids (16 indents) spaced 10 pm apart placed along clear central-
equatorial areas. The loading profiles for the indents were quasi-static
trapezoids, with 5 s loading/unloading times and 2 s hold times,
where the hardness was measured using the Oliver-Pharr method. Be-
tween sessions, appropriate fused quartz calibrations and tip cleanings
were routinely performed. After collection, all measured hardness
values and force-displacement loading/unloading curves were plotted
and screened for defects and outliers (i.e. curve discontinuities or
abnormal profiles), before further analysis.

3. Results and discussion
3.1. Materials processing

We have observed significant size class reduction under these milling
conditions for the TiC and TiN powders as shown in Fig. 1a and 1b. For
example, the 10-50th percentile particle sizes (Dv10-50) showed a
44-68% reduction, which yielded colloidal particles spanning 0.3-1 pm
respectively. The presence of the colloidal primary particles was
confirmed by SEM analysis, as shown in Fig. 1c and d. The post-milling
particle morphology appeared moderately angular but with relatively
equiaxed particles spanning over comparable size ranges between TiC
and TiN. This commensuration of distinct powder particle size distri-
butions into more similar size classes allows for higher packing densities
and maximum interfacial particle contact area for improved sintering
and homogenization. Furthermore, due to the Hall-Petch relationship,
smaller particle sizes is necessary for obtaining finer, harder micro-
structures [29]. Therefore, these ball milling efforts have demonstrated
effective comminution and commensuration of TiC/TiN powder for
subsequent FAST processing to achieve dense, fine-grained
microstructures.

After the powder processing, subsequent FAST processing of the 50/
50 TiC-TiN mixtures across various soak temperatures and times was
performed and the Archimedes densities measured (see Table 1).

For the soak temperature series, temperatures at or above 1800 °C
lead to apparent saturation in relative density (~96%). Similar trends
were also observed for soak times at or above 15 min, but with a slight
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Fig. 1. (a) TiC particle size distributions and (b) TiN particle size distributions measured with laser diffraction. (c) Post-milled TiC and (d) post-milled TiN particles

resolved with SEM.

Table 1
Tabulated FAST sintering soak conditions for 50/50 TiC-TiN ceramics with
respective Archimedes relative densities.

Series Temperature Time Relative Density *Error
(Y] (min) (%) (%)

Temperature 1600 10 94.7 0.64
1800 10 96.2 0.36
2000 10 96.4 0.24
2200 10 96.2 0.27

Time 2000 5 96.1 0.17
2000 15 96.6 0.31
2000 20 96.6 0.44
2000 30 96.8 0.35

" Propagation of error from measurement error and relative variability.

monotonic increase. This suggests that the FAST soak temperatures (>
1800 °C) have sufficient thermally-activated densifying diffusion
mechanisms to complete intermediate-stage sintering and transition into
final-stage sintering. However, the kinetics of the final-stage sintering
process is substantially slower than the intermediate-stage and therefore
require significantly longer soak times for incremental densification
improvements. These incremental gains in densification during final
stage sintering are typically mediated by grain growth, leading to an
underlying tradeoff in hardness between density and coarsening effects.
Hence, it is first necessary to examine the effects of these fundamental
soak parameters (i.e. temperature, time) for establishing viable gener-
alizations before tuning other processing parameters such as applied
pressure or additives.

3.2. Structural characterization

To characterize the crystalline phases present, XRD analysis in Fig. 2
of these sintered TiC/TiN ceramics was performed across all FAST sin-
tering conditions. The peak positions confirm that all the ceramics are
primarily composed of the expected single-phase carbonitrides, since all
the measured average lattice parameters fell within + 0.01 A of the
expected TiCp 5No 5 value. However, we observe that moving from 1600
to 2200 °C for a constant soak time of 10 min results in a significant
reduction in peak width (~150-330% FWHM decrease). This may be
attributed to homogenization, as the underlying peaks of the TiC/TiN
parent phases convolute to a greater extent when the microstructure is
less homogenized, appearing effectively as a broader peak. A similar
trend is observed for the 5-30 min soak time series held at 2000 °C, but
the peaks were comparatively less pronounced (~10-70% FWHM
decrease). To conclusively attribute the extent of the phase homogeni-
zation, microstructures to these soak temperature and time series using
SEM analysis were resolved and compared in Fig. 3. This figure supports
the homogenization description observed in XRD, as the 2200 °C-sin-
tered microstructure appears vastly more uniform than the heteroge-
neous 1600 °C-sintered microstructure. The Z-contrast in the
backscattering electron images indicates spatial variation in composi-
tion, which appears as shades of gray where lighter regions generally
indicate nitrogen-rich and darker carbon-rich.

The compositional variations were resolved using EDS in Fig. 4 and
used to classify key microstructural features. The bright white speckles
in Fig. 4a and f appeared tungsten-rich and are attributed as trace WC
content from the milling media. The dark elongated regions surrounded
with carbon in Fig. 4b and d appear as phases of segregated carbon.
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Fig. 2. XRD overlay comparison of (a) FAST sintering soak temperature effects at 10 min soaks, (b) FAST soak time effects at 2000 °C soaks for 50/50 TiC-

TiN ceramics.
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Fig. 3. SEM micrographs of polished cross-section FAST 50/50 TiC-TiN ceramics for soak conditions of (a) 1600 °C/10 min, (b) 1800 °C/10 min, (c) 2000 °C/10 min,
(d) 2200 °C/10 min, (e) 2000 °C/5 min, (f) 2000 °C/15 min, (g) 2000 °C/20 min, and (h) 2000 °C/30 min, respectively.

Likewise, dark spherical regions appear to be intrinsic pores while
more sharp/angular dark features are attributed to “pull-out” grinding
defects. These pull-out defects are a result of the large hardness contrast
between the soft carbon-rich secondary phases and the hard titanium
carbonitride primary matrix phase, where the carbon tends to be pref-
erentially removed from the microstructure during processing and
artificially contributes to the observed porosity. The intrinsic pores
however tend to lie along grain boundaries and are generally difficult to
differentiate from pull-out/carbon-rich phases. Nonetheless, applying
higher current/voltage electron beam settings selectively charges pores
to reveal them in contrast to the conductive carbon/TiCy sNg 5 micro-
structure and other techniques such as dark field optical microscopy also
provides further differentiation of these pores. To obtain greater insights

into these complex microstructures, more advanced quantitative mi-
crographic analysis methods (e.g. electron backscatter diffraction
mapping) that can correlate the compositional attributes of SEM-EDS
with resolved microscopic structures are needed to fully quantify the
phase fraction and respective size distribution of the microstructural
features. Qualitatively however it is still clear that the heterogeneity
observably decreases with higher soak temperatures due to greater ho-
mogenization of the mixed TiC/TiN green body into the single-phase
TiCo 5Ng.5 alloy with more thermally-activated diffusion.

Based on these respective homogenization insights, further TEM
analysis was performed on the most homogenous 2200 °C/10 min
TiCosNo.5 ceramic to characterize the atomic-level nanostructure. As
seen in Fig. 5a, the principal phases observed are the TiCysNps and
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Fig. 4. SEM-EDS elemental mapping of FAST 50/50 TiC-TiN (2000 °C/15 min) with (a) BSE micrograph, (b) EDS map, (c) Ti content (pink), (d) C content (green), (e)
N content (blue), and (f) W content (yellow).
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Fig. 5. TEM micrographs of TiCosNp s interfaces (2200 °C/10 min soak), (a) Triple grain junction, (b) Segregated carbon-rich interphases, (c) Carbon-free grain
boundary, (d) EDS of triple grain junction, (e) EDS individual element maps, and (f) SAED electron diffraction pattern of TiCy sNg s phase.

carbon. The carbon phases appear most prominently in the EDS maps of has no clear long-range order (i.e. amorphous). We find that clear grain
Fig. 5d and e, while the Selected Area Electron Diffraction (SAED) boundaries, such as in Fig. 5¢, appear more carbon-free between these
pattern in Fig. 5f confirmed the same predominant TiCysNgs cubic carbonitride grains as well.

phase resolved in XRD. In Fig. 5b, several nanometer-wide interphases The appearance of the isolated carbon phases in SEM and TEM
of carbon along a grain boundary are evident, suggesting the structure suggests the existence of a significant driving force for segregating
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carbon/nitrogen atoms at these elevated soak temperatures. Even
though these TiCp 5No.5 FAST-processed ceramics should behave as ideal
single-phase solid solutions, in reality, there are pre-existing chemo-
mechanical gradients and interfacial segregation developed under even
the most homogenizing of processing conditions. Despite other
contributing factors such as precursor stoichiometry and free carbon
impurities which can influence this, the favorability of these segregated
carbon phases at these elevated temperatures for 50/50 C:N molar ratios
is supported by relevant thermodynamic assessments, but models have
not yet been validated for predicting Ti-C-N phase stability under the
non-equilibrium, field-assisted conditions of FAST [30]. Moreover,
determining the effect of these soft carbon phases in a TiCo sNg 5 ceramic
matrix on the overall apparent hardness is crucial for optimizing the
processing of the binderless carbonitride FAST ceramics.

3.3. Mechanical characterization

In Fig. 6, SEM micrographs comparing the significant size differences
of microindents and nanoindents on the TiC/TiN FAST ceramic micro-
structures is shown. Fig. 6a and b illustrate clearly how micro-
indentation nominally probes microscale intergranular-microstructural
effects, while nanoindentation in Fig. 6¢ shows more localized sensi-
tivity to nanoscale intragranular-compositional effects with respect to
hardness. With microindentation, contributions from primary/second-
ary phases across many deformed grains and local porosity leads to the
apparent hardness response to be more representative of the overall
microstructure. In the case on nanoindentation however, since the
imprint size (~200-500 nm) is generally smaller than the grain size of
the constituent phases, the deformation response is more localized and
the probed hardness is representative of the phase itself, without Hall-
Petch or porosity effects being superimposed. We measured the load-
dependence of the sampled hardness distributions from the function of
soak temperature and time series with these pooled data sets. The dis-
tribution comparisons presented in Fig. 7a and b demonstrate a notable
transition from normal, symmetric hardness distributions at high
microindentation loads (~15-18 GPa microhardness) to more skewed,
non-normal apparent hardness distributions at low nanoindentation
loads (~10-33 GPa nanohardness). These values are comparable to the
average hardness range in Table A.1 (~21-33 GPa) for these titanium
carbonitrides and their constituent endmembers (TiC: 28-35 GPa, TiN:
18-21 GPa), but the underlying hardness distributions of these materials
have not been previously compared [31].

The changes in apparent hardness distribution are critical consider-
ations when comparing differences in hardness between material sys-
tems at various loads. In reality, it is infeasible to determine the full
functional form of the true hardness distribution for each sample, as
hundreds to thousands of indents per sample would be required per load.
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With these considerations, a systematic methodology is needed to
reasonably account for this distributed hardness effect when directly
drawing relative comparisons. To quantify these hardness distributions,
nonparametric and parametric quantities have been employed respec-
tively. Nonparametrically, a median bounded by the 90th and 10th
percentile bounds best represents the majority of the measured hard-
ness, as this middle 80% is robust to the upper/lower 10% of potential
extreme or outlier values. Parametrically, an average bounded with a
confidence interval (i.e. 95%-) best represents the center of mass or
central moment to the data, enabling facile signal detection.

As seen in Fig. 8, this type of analysis has been applied to compare
hardness differences across the set of 50/50 TiC-TiN ceramics fabricated
with various soak conditions. In the case of microhardness in Fig. 8c, as
the applied load decreases, the apparent hardness at higher soak tem-
peratures (2000-2200 °C) slightly increases. This may be attributed to
both the slight reduction in porosity and the higher degree of homoge-
nization present which results in solid solution strengthening, where
lower loads would have greater sampling sensitivity from microstruc-
tural defects (i.e. pores, heterogeneities) as the probed length scale de-
creases. In Fig. 8d, the effect of soak time with decreasing applied load,
however, appears to be invariant to load and only uniformly shifts
microhardness to higher values. This suggests the differences in the
phase fractions of these associated defects across soak time is minimal,
which was previously corroborated with SEM in Fig. 4b. This is further
reinforced by the strikingly similar nanohardness values (medians
~25-28 GPa) between different soak times seen in Fig. 8b, as the
apparent hardness being sampled on the local nanoscale did not notably
vary across soak time due to less significant solid solution strengthening
or phase evolution occurring over these time scales. Meanwhile, the
changes in nanohardness as a function of soak temperatures in Fig. 8a
are comparatively more pronounced, where the lower 2 mN applied load
is more distinct than the higher 3 mN load nanohardness. This further
substantiates the correlated microstructural differences with these
defect densities seen in microhardness for varying soak temperatures. In
particular, it appears that the pronounced peak in sampled hardness
with the 2 mN load suggests significant physiochemical changes
occurring at these smaller length scales. Most likely this can be attrib-
uted to the three competing phenomena that are operant. At the low
temperature regime of 1600 °C, consolidation is dominant from the
active sintering kinetics, but yields a more nanocomposite-like structure
that tiles the milled TiC/TiN powder grains together. This type of
structure has the greatest heterogeneity and the least solid solution
strengthening, leading to a softer and wider hardness distribution. From
1800 to 2000 °C, sufficient thermally-activated diffusion occurs to ho-
mogenize these local compositional gradients and introduce solid solu-
tion strengthening of the titanium carbonitride matrix grains, creating a
more diffuse/homogenous composite structure with harder and

I Em

Berkowvitch
0. -~

Fig. 6. SEM micrograph examples of (a) Vickers microindent at 2 kgf, (b) Close-up of microindentation, and (c) Berkovitch nanoindent at 2 mN, for relative size

comparison on TiC/TiN FAST-processed ceramic microstructure.
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narrower hardness distributions. At the highest soak temperature of
2200 °C, the intergranular segregation and growth of the softer carbon-
rich secondary phases begins to dominate and the localized carbon
depletion of the primary titanium carbonitride phase leads to reduced
hardness because less carbon content generally leads to lower hardness
in carbonitride systems. The greater variability in the hardness distri-
bution for 2200 °C soak temperature results from probing this more
microcomposite-like structure of C-deficient titanium carbonitride pri-
mary phases mixed with larger C-rich phases. Therefore, the measured
nanohardness reflects this microstructural evolution across soak tem-
peratures as a result of the competing effects of consolidation, solid
solution strengthening, and carbon segregation. Although the apparent
hardness sensitivity is enhanced when probing at lower loads, the clear
tradeoff to balance is the increased variability and skewness associated
with these microstructural defects. Hence, using multiple loads is

necessary to resolve apparent hardness differences in these ceramics.

Consequently, to further explore these fundamental differences be-
tween each of these processing conditions, the parametric approach was
taken in comparing the most sensitive differences at the lowest loads
with nanoindentation across the other relevant elastoplastic parameters.
As seen in Fig. 9a, correlated changes between the max indentation
depth and the nanohardness are more pronounced at the lower 2 mN
applied load for the function of temperature series, but they also
correlate in Fig. 9b to the function of time series as well. Since shallower
indents tend to yield smaller contact areas, this correlation substantiates
the relative nanohardness differences observed. Furthermore, these
differences in apparent hardness are reinforced by the independent
elastoplastic measurements that were derived from the respective
loading/unloading curves.

These measurements include the reduced modulus, which represents
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the resistance to elastic deformation of the sample relative to the dia-
mond tip. Likewise, the elastic recovery index, which quantifies the
extent of elasticity using the relative recoverable depth during unload-
ing. Lastly, the relative plastic work, which denotes the fraction of
plastic work dissipated during indentation, quantifies the extent of
plasticity on an energy basis. Collectively these elastoplastic parameters
fully characterize the mechanical response of the material during
indentation and are necessary to holistically evaluate relative hardness
changes.

For instance, in Fig. 9c and d, the recovery index positively correlates
with the measured 2 mN nanohardness and is negatively correlated with
the max indentation depth. This corroborates that harder materials at
low loads tend to demonstrate more elastic behavior, as the high resis-
tance to plastic deformation compels more observable elastic deforma-
tion to accommodate the applied mechanical load. Additionally, the
negative correlation between the relative plastic work and recovery
index supports this, as lower plasticity implies higher elasticity in these
elastoplastic materials. Lastly, the reduced modulus appears to be
correlated with the recovery index. Assuming the hardness remained
constant, a greater resistance to elastic deformation would promote
more favorable plastic deformation to occur, which should lead to
higher observed plasticity. Instead, the greater resistance to elastic
deformation is coupled with increased elasticity, which strongly sug-
gests the resistance to plastic deformation increased accordingly. The
overall curved peak shape of the profile and point variability for these
elastoplastic quantities in Fig. 9c correlates and support the nanohard-
ness observations described in Fig. 8a with respect to soak temperature
microstructural effects. Likewise in Fig. 9d, a flatter curve is observed
and correlates with the nanohardness profile of Fig. 8b, but to a lesser
extent due to the minimal effect of soak time on FAST-induced micro-
structural transformations relative to soak temperature.

Nonetheless, to unify the microhardness and nanohardness results

into a multiscale hardness description of these materials, the load
dependence must be correspondingly accounted for. The appropriate
model most commonly used to describe this load-dependence is an
empirical power law fit. In Fig. 10, the fitting parameters derived from
the average respective hardness values at each load is summarized. As
previously determined with the independent microhardness and nano-
hardness analysis, the greatest resolvable differences observed are due
to the effect of soak temperatures on homogenization and phase fraction
of hardness-sensitive heterogeneities.

These resolvable soak temperature differences are reflected in
Fig. 10a, while the soak time series demonstrates comparatively smaller
differences as seen in Fig. 10b. For soak temperature series, the general
profile of these power law fit trends appear to mostly track with that of
the 2 mN nanohardness measurements, suggesting the evolution of
nanoscale heterogeneities is most influential in predicting the full load-
dependence of hardness. Meanwhile, the fit parameters for the soak time
series more closely resemble the profile of the microhardness measure-
ments, suggesting the minimal differences in nanoscale heterogeneities
do not strongly influence the overall hardness response and is instead
more microstructurally-sensitive. These extracted multiscale hardness
results manifest the physiochemical observations characterized by XRD,
SEM, and TEM, directly establishing structure-processing-property-
performance relationships between FAST soak conditions and the me-
chanical properties demonstrated from respective TiCo sNg s-based ce-
ramics. Moreover, this approach facilitates mechanistic insights into
unraveling the many contributions to hardness at various length scales
to enable optimized materials processing and compositional design
improvements. In the case of the titanium carbonitride system, the
optimal soak conditions were 1800-2000 °C held for 10 min due to the
interplay of competing consolidation, solid solution strengthening, and
carbon-segregation effects at various temperature regimes. To augment
the hardness and overall wear-resistant performance of these ceramics,
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maximizing hardness enhancements (i.e. Hall-Petch effect, solid solu-
tion strengthening), and minimizing detrimental softening effects (i.e.
carbon depletion, weaker secondary phases, porosity) are fundamen-
tally necessary to push the boundaries of modern hard ceramics.
Therefore, by combining nanohardness and microhardness insights into
unified multiscale hardness, more judicious treatments of load-
dependence can be further realized to enable improved hardness com-
parisons between these materials for the advancement of next-
generation hard ceramics.

4. Conclusion

1. Binderless titanium carbonitride ceramic alloys were successfully
fabricated with effective independent ball milling and FAST pro-
cessing parameters to realize dense, fine-grained ceramics with
varying levels of microstructural complexity based on different soak
conditions.

2. Structural characterization techniques such as XRD, SEM, and TEM
determined microstructural and nanostructural physiochemical dif-
ferences across various FAST soak conditions. These differences were
attributed to the effect of soak temperature and time on the degree of
phase homogenization and fraction of residual heterogeneities.
Specifically, competitive mechanisms such as consolidation, solid
solution strengthening, and carbon segregation were attributed as
the most influential to the apparent hardness at various soak tem-
perature regimes. At the lower soak temperatures of 1600 °C, the
consolidation of a more nanocomposite-like TiC/TiN structure is
developed, while a more microcomposite-like C-depleted Ti(C,N)/C-
rich structure is developed from carbon segregation at the higher
soak temperature of 2200 °C. At intermediate soak temperatures,
solid solution strengthening effects are maximized with formation of
homogenous Ti(C,N) alloys with minimal carbon segregation.
Meanwhile soak time exhibited minimal differences in measured
hardness because of its lower effect on the extent of diffusion
observed in FAST processing relative to temperature.

3. Independent nanohardness and microhardness results demonstrated
differences in the apparent hardness distributions and the tradeoff
between hardness sensitivity/resolvability with respect to the influ-
ence these heterogeneities have on the overall mechanical response
of TiCsNos ceramics. A higher load and larger indent area (i.e.
microindentation) results in greater microstructural averaging of
constituent phases and defects in the measured hardness. Mean-
while, lower load or smaller indent areas (i.e. nanoindentation)
collectively yield more diverse ranges of resolved hardness that are
unique to the individual probed phases.

4. Nanohardness differences across these FAST soak conditions were
substantiated by the self-consistent correlated changes in the
measured elastoplastic properties and provide a more holistic
description of the underlying mechanical response in these materials.
These elastoplastic properties provided additional further insights
into the changes in the intrinsic mechanical resistances and the ex-
tents of deformation.

5. Multiscale hardness differences as a function of soak temperature
and time illustrate the significant influence compositional/micro-
structural heterogeneities possess across various length scales. For
the case of titanium carbonitrides, soak temperatures of
1800-2000 °C held 10 min provided an optimal hardness regime due
to sufficient diffusion to provide solid solution strengthening with
minimal excess carbon segregation. It is the development of these
structure-processing-property-performance relationships that will
advance the development of harder FAST-processed ceramics for
high-performance, wear-resistant applications under extreme con-
ditions. In particular, this work provides the groundwork for op-
portunities to further enhance hardness of ceramics and to unravel
contributions to multiscale hardness in order to facilitate greater
strength and wear-resistance across various application-relevant
loading conditions.
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