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Progress and potential

Cermets (ceramic-metal

composites) leverage the high

hardness (and strength) of a

ceramic and the good ductility of

a metal to achieve a balance of

properties that cannot be

achieved by either constituent

alone. Therefore, they potentially

meet the ever-increasing

demands of new materials for

harsh environments in energy

generation and conversion.

However, cermet sintering faces

many challenges, such as metal

volatilization, grain coarsening,

and poor wettability of metal with

the ceramic phase, which affect

the microstructure and thus the

mechanical properties. In this

study, we apply an ultrafast high-

temperature sintering (UHS)

method to sinter cermets at a high

temperature in only seconds.

Good mechanical properties and

oxidation resistance are achieved.

Our method can be extended to a

range of cermet compositions,

shapes, and sizes with high

quality, potentially expanding the

future development of cermets for

various applications.
SUMMARY

Cermets embrace the high hardness of a ceramic and the good
ductility of a metal. Therefore, they potentially meet the ever-
increasing demands of new materials for harsh environments in en-
ergy generation and conversion. However, cermet sintering faces
many challenges, such as metal volatilization, grain coarsening,
and poor wettability of the metal with the ceramic, which affect
the microstructure and thus mechanical properties. Herein, we
apply an ultrafast high-temperature sintering (UHS) method to
sinter cermets at a high temperature in only seconds. The high tem-
perature leads to good wettability of the metal with the ceramic,
while the short sintering time limits the loss of metal components
and accurately controls the grain growth. We demonstrate the
UHS method using a model cermet composed of a Ni-based super-
alloy and aluminum oxide, where we obtain dense microstructure,
minimal nickel loss, and uniform grain size. Owing to these merits,
good mechanical properties and oxidation resistance are achieved.

INTRODUCTION

High-temperature materials are indispensable to many areas, such as gas turbines

and jet engines.1–5 Among a variety of candidate materials, cermets stand out as

they embrace the merits of both metals and ceramics.6–10 For example, the good

ductility of the metallic phase often contributes to superior thermal shock resistance

and good fracture toughness, which are required under harsh operating conditions

for gas turbines but are challenging for conventional ceramics.11–13 On the other

hand, the high melting point of the ceramic component (typically >2,000�C) usually
offers superior heat tolerance, high oxidation, and hot corrosion resistance, which

often cannot be achieved using metals alone. Despite these features, sintering of

cermets faces a number of challenges. The volatilization of the metal constituent

and poor wettability of the metal with the ceramic make it difficult to achieve a highly

dense microstructure. In addition, the conventional long sintering time often leads

to uncontrolled grain coarsening, which degrades the mechanical performance of

the sintered cermets.

To meet these challenges, we leverage a newly invented ultrafast high-tempera-

ture sintering (UHS) process14,15 to sinter a range of cermets at high temperature

(e.g., 1,800�C) in only seconds. Figures 1A and 1B demonstrate our UHS process

from a green pellet (Figure 1A) made of ceramic and metal precursors to densified

cermets (Figure 1B). The process is based on Joule heating of carbon materials
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Figure 1. Our UHS approach for cermet sintering

(A and B) Schematic of our sintering process from a green pellet containing ceramic and metal

precursor mixture to the sintered cermets.

(C) The temperature profile during the UHS process.

(D) The sintered cermet with a glossy surface after polishing with sand paper. Sample size: 34 3 9 3

1 mm.
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that enables short heating durations (i.e., seconds versus hours by traditional sin-

tering) because of the fast heating (103�C/min – 104�C/min) and cooling rates (up

to 104�C/min) (Figure 1C). The high temperature contributes good metal wetta-

bility to the ceramic phase and fast densification of the cermet. Meanwhile, the

short sintering duration (i.e., �15 s of heating, �45 s including ramping and cool-

ing steps owing to the fast ramping and cooling rates) limits the metal volatilization

and controls the grain growth, thereby achieving a highly dense microstructure

with good mechanical properties. In comparison, it is challenging to reduce metal

volatilization by conventional furnace sintering due to the low heating (e.g.,

<100�C/min) and cooling rates (e.g., <10�C/min),16–18 which together result in

long heating durations (Figure S1). In this case, using a lower temperature

(e.g., 1,400�C) can reduce metal loss but is incapable of densifying the ceramic

matrix (Figure S2), while using a higher temperature (e.g., 1,700�C) can improve

wetting and densification but causes severe loss of volatile metallic substances

(Figure S3).

We use UHS to sinter a model cermet system (i.e., a Ni-based superalloy [20 vol %]

and Al2O3 [80 vol %]) as a proof-of-concept. Figure 1D displays a typical sintered

cermet (dimensions: 34 3 9 3 1 mm) with a glossy surface after polishing. For con-

ventional methods, the high temperature and long-term sintering caused severe

loss of nickel component (5.75 wt %) due to the large melting temperature differ-

ence between the Ni-based superalloy (�1,500�C) and Al2O3 (�2,000�C), leading
to pores and defects (relative density is only 76.4%). In comparison, our UHS can

achieve highly dense microstructure (relative density is 94.3%), negligible loss of

nickel component (1.80 wt %), and uniform grain sizes (�2–6 mm). Owing to the su-

perior materials quality, the cermet produced by UHS exhibits excellent mechani-

cal properties and high-temperature stability (vide infra). Our method is not only

scalable for large sample sizes (e.g., 34 3 9 3 1 mm) but also flexible in shapes

(e.g., star, heart, and bone shapes) by adjusting the carbon heater. In addition,

the UHS method is generally applicable to a range of cermet compositions, where

we demonstrate high-quality Ni-based superalloy with ZrO2 and the Ni-based
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superalloy with yttria-stabilized zirconia (YSZ). This study opens up a new door to-

ward ultrafast, scalable, and high-quality cermet sintering.

RESULTS AND DISCUSSION

We demonstrate this approach using a model cermet system composed of a Ni-

based superalloy as the metal phase and aluminum oxide (Al2O3) as the ceramic

phase. In this composition, the Ni-based superalloy provides toughening and rein-

forcing effects on the ceramic matrix,19 while a-Al2O3 offers good corrosion and

oxidation resistance as well as high hardness to the whole material.20 In a typical sin-

tering process, we sandwich a pressed green pellet between two Joule-heated car-

bon felt strips (Figures 2A, S4A, and S4B), whose temperature can be controlled by

tuning the electrical input. The temperature of the carbon heater wasmeasured using

a high-speed camera (Figures 2A and S4C), the result of which showed a positive cor-

relation with the input power (Figure S4D). During sintering, the temperature was

quickly ramped to 1,800�C in 20 s, then held constant for �15 s, followed by fast

quenching to room temperature in 10 s by turning off the electrical power. After sin-

tering, the pellet exhibits 27% shrinkage (from 10 to 7.3 mm in diameter) and a

metallic luster upon polishing (Figure 2B).

We used scanning electronmicroscopy (SEM) to characterize the cross-section of the

sintered pellet and observed a highly dense and uniform microstructure (Figures 2C

and 2D). SEM images at higher magnifications confirm the well-sintered Al2O3 phase

and a tight interface between theNi-based superalloy and Al2O3 (Figures 2E and 2F).

We used energy-dispersive X-ray spectroscopy (EDS) to map the distribution of Ni,

Al, and O, where minimal cross-diffusion between the metal and Al2O3 phase can

be detected (Figure 2G). The sintered cermet was further characterized by X-ray

diffraction (XRD), the diffraction pattern of which agrees with a combination of Ni-

based superalloy and a-Al2O3, with only a minor impurity peak corresponding to Ni-

Cr2O4 (Figure 2H), which was formed as the result of NiO interacting with Cr2O3 from

the Ni-based superalloy. Note that upon the ultrafast sintering, the Al2O3 precursor

(Figure S5) transformed to a stable, high-strength, corrosion-resistant, andoxidation-

resistant a-Al2O3 phase, which is beneficial to the overall properties of the cermet.

These results confirm the successful formation of cermet composed of a Ni-based

superalloy and Al2O3 with high materials quality using our UHS approach.

To understand the detailed sintering process and the evolution ofmicrostructure, we

conducted ultrafast sintering by varying the sintering temperature and duration with

the same cermet composition (i.e., Ni-based superalloy [20 vol %] and Al2O3 [80

vol %]). Microscopically, we find that low sintering temperatures (e.g., 1,600�C, 15
s) and shorter sintering durations (e.g., 5 s, 1,800�C) generally lead to poor densifica-

tion (Figures 3A and 3B). Macroscopically, the under-sintered pellets show relatively

lighter color and less shrinkage (from 10 to 7.8 mm in diameter) compared with the

optimal conditions (vide infra). On the other hand, high sintering temperatures

(e.g., 2,300�C, 15 s) and long sintering durations (e.g., 25 s, 1,800�C) result in over-

sintering of the cermet, creating a porous microstructure due to the volatilization

of the metal components (Figures 3C and 3D). The over-sintered pellets also display

some extent of deformation and inhomogeneous colors. In comparison, optimal sin-

tering was achieved at 1,800�C for �15 s. Under such conditions, the sintered pellet

exhibits uniform metallic luster and highly dense microstructure (Figures 3E and S6).

The effect of sintering temperature and sintering duration was further studied. Fig-

ure S6 compares the cermet pellets sintered at different temperatures (i.e., 1,600�C,
1,800�C, and 2,300�C) for the same sintering time (�15 s). The cermet pellets
596 Matter 5, 594–604, February 2, 2022



Figure 2. Applying the UHS method on a model cermet system composed of a Ni-based superalloy and Al2O3

(A) Pellet sandwiched between two Joule-heated carbon felt strips during sintering and the corresponding temperature mapping.

(B) Photo of the green and sintered cermet pellets.

(C) Low-magnification cross-section SEM image of the sintered cermet.

(D) High-magnification cross-section SEM image of the sintered cermet.

(E) SEM image of the metal/ceramic interface, showing the tight interfaces.

(F) SEM image of the Al2O3 phase, showing the highly dense microstructure.

(G) EDS mapping of Ni, Al, and O.

(H) XRD pattern of sintered cermet as compared with that of the original Ni-based superalloy powder and the standard diffraction pattern of a-Al2O3.
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sintered at a low temperature (1,600�C) do not have sufficient densification of the

ceramic matrix, leaving a large amount of pores in the pellet. With the increase of

temperature to 1,800�C, the metal phase aggregates into large and regular grains,

while the ceramic phase starts to densify and form an intimate interface with the

metal phase. When the temperature further increases to 2,300�C, volatilization of

the metal phase occurs, the rate of which is much faster than the densification of

the ceramic phase. Therefore, a large amount of pores form during sintering, with

sizes larger than those from the sintered pellets at low temperatures. The effect of

the sintering duration is demonstrated in Figure S7, where the cermet exhibits grad-

ually densifiedmicrostructure from 5 to 15 s at 1,800�C. The cermet exhibited similar
Matter 5, 594–604, February 2, 2022 597



Figure 3. Time-temperature-transformation relationship of cermet sintered using UHS

(A and B) Photos and SEM images of the under-sintered cermet at 1,600�C for 15 s and 1,800�C for 5 s, respectively.

(C and D) Photos and SEM images of the over-sintered cermet at 2,300�C for 15 s and 1,800�C for 25 s, respectively.

(E) Photo and SEM image of the cermet sintered at the optimal condition of 1,800�C for 15 s.

(F) Time-temperature-transformation diagram of the cermet composed of the Ni-based superalloy and Al2O3 (volume ratio is 1:4).
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dense microstructure at different positions after sintering 15 s (Figure S8), which

proves the uniform temperature distribution in the cermet pellet. As heat is conduct-

ed through the carbon heater to the middle of the pellet, the area near the surface

can be densified in 5 s while the middle area remains porous (Figure S9). When sin-

tering at 1,800�C for 25 s, the long sintering duration results in the volatilization of

the metal phase and thus a porous microstructure (Figures 3D and S7). Based on a

series of sintering conditions, we construct the time-temperature-transformation di-

agram, which can be used to guide the cermet sintering process toward a desired

microstructure (Figure 3F).

Other than the sintering temperature and duration, the mixing state of the precursor

also plays an important role in the quality of the sintered cermet. We show that the

optimal mixing of the precursor powders (e.g., by ball milling) is critical to achieve a

dense microstructure; in contrast, a poor mixing quality can lead to a porous micro-

structure despite using the optimized sintering conditions (Figure S10). In addition,

by comparing the pure Al2O3 and the Ni-based superalloy and Al2O3 cermet sin-

tered in the same batch, we found that the addition of metal facilitates the
598 Matter 5, 594–604, February 2, 2022



Figure 4. Comparison of the cermet sintered in a traditional furnace and with our UHS approach

(A) SEM image of the green pellet.

(B) SEM image of the pellet sintered using a traditional furnace.

(C) SEM image of the pellet sintered using our UHS method.

(D) Ni contents in the green pellet, the pellet sintered in a traditional furnace, and using our ultrafast method.

(E) EBSD map of the pellet sintered in a traditional furnace.

(F) EBSD map of the pellet sintered using our UHS approach.

(G) Grain size distribution of the cermet pellets sintered in a traditional furnace and by our UHS approach.

(H) XRD patterns of the cermet pellets sintered in a traditional furnace and using our UHS approach.
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densification of the ceramic owing to the liquid-phase sintering mechanism

(Figure S11).

Using this model system featuring a Ni-based superalloy and Al2O3, we compared

the cermet quality by traditional sintering and our ultrafast sintering approach. Fig-

ures 4A–4C show the SEM images of the green pellet, the pellet sintered using a

traditional furnace, and that using UHS, respectively. Compared with the furnace-

sintered pellet where the sintering temperature and time were optimized to
Matter 5, 594–604, February 2, 2022 599
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minimize metal loss, the cermet obtained via UHS shows a denser microstructure. To

quantify the density, we calculated the relative density of both UHS-sintered and

traditionally sintered cermet pellets. Our UHS-sintered pellets have a much higher

relative density of 94.3% than traditionally sintered pellets (76.4%). We measured

the Ni contents in the green pellet, the pellet sintered using a traditional furnace,

and that by our ultrafast method by inductively coupled plasma atomic emission

spectroscopy. The Ni contents in the green pellet, UHS, and traditionally sintered

pellets were 19.75 wt %, 17.95 wt %, and 14.00 wt %, respectively (Figure 4D).

The cermet sintered using UHS exhibits much less loss of Ni (1.80 wt %) as compared

with the furnace-sintered cermet (5.75 wt %). Electron backscatter diffraction (EBSD)

maps for the cermet sintered using a traditional furnace and using UHS are shown in

Figures 4E and 4F, respectively. The cermet sintered using UHS shows desirable uni-

form and equiaxial grains, while the grains of the furnace-sintered cermet have a

large size variation. We calculated the grain size distribution based on EBSD maps

(Figures 4G and S12). The cermet sintered using UHS has a narrow grain size range

of �2–6 mm, while that of the cermet sintered using the traditional method has a

much wider distribution. We further conducted XRD on the cermets sintered using

both UHS and a conventional furnace, where the former exhibits purer phase com-

positions and the latter shows more impurities that likely result from cross-diffusion

and side reactions of different metallic atoms in the Ni-based superalloy due to the

long sintering time (Figure 4H).

We characterized the mechanical properties of the sintered cermet using a range

of methods. The three-point bending and compressive stress-strain curves of the

cermet and bare Al2O3 sintered using UHS (Figures 5A and 5B) reveal that the

addition of the Ni-based superalloy leads to toughening and reinforcing effects

on the Al2O3 ceramic matrix. Notably, the cermet exhibits a bending strength of

368 G 51 MPa and a compressive strength of 1,460 G 24 MPa, which are much

higher than those of Al2O3 (198 G 5 MPa, 349 G 50 MPa) (Figures 5C and 5D).

In addition, the cermet shows uniform Vickers hardness in different regions (Fig-

ure S13), with an average hardness of 12.84 GPa (Figure 5E) and a fracture tough-

ness of 5.28 MPa m1/2. These mechanical properties of the cermet sintered using

UHS are comparable with the literature reports based on similar compositions.21–27

Owing to the desired quality of the sintered cermet, we achieve excellent oxidation

resistance with a weight increase of 1.34 mg and a specific surface weight increase

of only 1.30 mg cm�2 after 100 h at 1,100�C in air (Figure 5F).

As our method is based on Joule heating of carbon materials, it offers good scalabil-

ity for larger sample dimensions through adjusting the size of the carbon heaters

(Figure S14). In addition, as shown in Figures 5G–5I, our method can be used to

sinter various shapes (e.g., bone, star, and heart) to accommodate different applica-

tion requirements. Moreover, our method is capable of mass production, where we

show batch sintering of multiple cermet pellets at the same time (Figure S15). Note

that the UHS approach is not limited to the specific composition studied above. We

further demonstrate two other cermet systems composed using the Ni-based super-

alloy and ZrO2 (Figure S16) and the Ni-based superalloy and YSZ (Figure S17), both

showing highly dense microstructures.

Conclusions

In conclusion, we demonstrate an ultrafast and general sintering approach for high-

quality cermet manufacturing. The fast ramping to high temperatures induces rapid

densification of both ceramic and metal phases, while the short sintering duration

(�15 s) limits the volatilization of the metal component. Using a model cermet
600 Matter 5, 594–604, February 2, 2022



Figure 5. Superior performance and shape flexibility of cermets prepared by UHS

(A) The three-point bending stress-strain curves of cermet and Al2O3.

(B) Compressive stress-strain curves of cermet and Al2O3.

(C) The flexure stress of cermet and Al2O3. Error bars denote standard deviation.

(D) Compressive stress of cermet and Al2O3. Error bars denote standard deviation.

(E) Vickers hardness of cermet in different regions.

(F) Weight change of the sintered cermet before and after the high-temperature oxidation resistance test at 1,100�C for 100 h in air.

(G) Photo of a bone-shaped cermet.

(H) Photo of a star-shaped cermet.

(I) Photo of a heart-shaped cermet.
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system composed of a Ni-based superalloy and Al2O3, we show that our UHS

approach can achieve highly dense microstructure (relative density is 94.3%), mini-

mal loss of nickel component (1.80 wt %), and uniform grain size distribution

(�2–6 mm). The high materials quality leads to good mechanical properties and
Matter 5, 594–604, February 2, 2022 601
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high temperature oxidation resistance (only 1.30 mg cm�2 weight increase after

100 h at 1,100�C in air). Our approach is scalable for larger samples (34 3 9 3

1 mm) and suitable for different shapes (e.g., star, heart, and bone shapes), as

well as applicable to a range of cermet compositions and mass production. Beyond

cermets, this approach can be extended to sinter a range of composite materials

where the large physiochemical property differences of various components and

phases are challenging to be tailored by conventional sintering methods. This study

offers a new route toward sintering composite materials in a scalable, efficient, and

high-quality manner.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Liangbing Hu (binghu@umd.edu).

Materials availability

All materials generated in this study will be made available on reasonable request.

Data and code availability

All data and code associated with the study have not been deposited in a public re-

pository, but are available from the lead contact upon reasonable request.

Fabrication of the Ni-based superalloy and oxide cermets by ultrafast

sintering

The raw materials of the Ni-based superalloy and oxides (Al2O3, ZrO2, and YSZ)

powders were mixed by ball milling in isopropanol for 12 h or simply by grinding.

The Ni-based superalloy powder (�10 mm) was made at Carpenter Powder Products

(Bridgeville, PA, USA) via the argon atomization process that is widely used to make

metal powders for additivemanufacturing. The nominal composition of thisNi-based

superalloy is: 7.5Cr, 3.0Co, 4.0W, 5.5Ta, 7.5Al, 0.15Hf, and Ni-balance (all in weight

percent). The mixed powders were pressed into pellets with dies and then directly

sintered into cermets using an ultrafast sintering technique between two Joule-heat-

ing carbon felt strips in an Ar-filled glovebox for about 15 s. A STARPOWER power

source was used as the DC power supply with tunable current (0–50 A) and voltage

(0–50 V). The heating rate and temperature of the heater were precisely controlled

by tuning the voltage (�40–50 V) of the DC power. The temperature of the heater

was calculated from the UV-vis spectra measured using a Vision Research Phantom

Miro M110 high-speed camera with an error of G100 K.28

Preparation of Ni-based superalloy and Al2O3 cermet with a traditional

furnace

The traditional sintering process was conducted using a furnace. A covered graphite

crucible was used to place green pellets during sintering to provide a reductive envi-

ronment. The sintered Ni-based superalloy and Al2O3 cermet was prepared at

1,500�C for 1 h.

Structure and composition characterizations

Microstructures and EDS mapping for the Ni-based superalloy and oxides cermets

were characterized using an Hitachi SU-70 SEM. XRD patterns were obtained using

a Bruker D8 Advance diffractometer and scanned between 10� and 80� using Cu Ka

radiation. EBSD analysis was carried out using an FEI Scios Dual-Beam System. Ni

contents were tested using an ICPE-9000 Atomic Emission Spectrometer.
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Relative density tests

The relative density of each cermet is calculated by the ratio of actual density and

theoretical density. The theoretical density of the cermet was calculated by formula

to be:

rtheoretical =
m1 +m2
m1
r1
+m2

r2

; (Equation 1)

where m1, m2 are the weights of the Ni-based superalloy and Al2O3 in the mixed

powder precursor, r1, r2 are the theoretical densities of Ni-based superalloy and

Al2O3. The theoretical density of Ni-based superalloy was calculated by Thermo-

Calc software and TCNI11 database, to be 8.29 g cm�3. The theoretical density of

Al2O3 is 3.95 g cm�3. Then the calculated theoretical density of the cermet is

4.95 g cm�3. The actual density of cermet was determined by the ratio of weight

and volume of the cermet pellets. The actual densities of UHS and traditionally sin-

tered Ni-based superalloy and Al2O3 cermet are 4.67 and 3.78 g cm�3.
Mechanical properties tests

The three-point bending and compressive tests were conducted on an Instron

5565 universal tester. The support span and crosshead speed for three-point

bending test are 26 mm and 1 mm min�1, respectively. At least five samples

were used to determine the bending and compressive strengths. The Vickers mi-

crohardness was determined using a digital Vickers hardness tester (model: Leco

LM-800) under a load of 2 kg for 10 s. The average Vickers hardness value was ob-

tained from five different regions of the cermet with four indentations made on

each region. The fracture toughness was achieved by the Vickers indentation frac-

ture technique using the formula proposed by Niihara et al.29
High-temperature stability test

High-temperature stability test was conducted in a 21100 Tube Furnace (Barnstead/

Thermolyne) at 1,100�C continuously for 100 h in air. The sample used for the high-

temperature stability test was a pellet with a diameter of 7.4 mm and thickness of

0.8 mm.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.

2021.11.008.
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