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Abstract
The reactivity behaviour between a MAX phase and ZrB, or WC was explored with the aim of developing
novel composites by merging the benefits of the individual constituents. Hot pressing of TisSiC, with 30
vol% ZrB, at 1450°C led to notable microstructure re-assessment with formation of inter-locked sub-
micrometric boride grains. This composite displayed enhanced hardness and showed a strength over 430
MPa up to 1200°C, which is a great achievement considering the ductile behaviour of typical MAX
compounds. However, addition of WC led to a highly porous composite with poor performance. These
findings set a first basis for the progress of original light ceramics with combined hardness and failure

tolerance over a broad temperature range.
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1. Introduction

MAX phases are promising candidates to operate under aggressive working conditions due to their unique
combination of metallic and ceramic properties.[1,2] Among over 150 different compositions, TisSiC; is the
most studied compound due to the high elastic modulus (~ 340 GPa), compressive strength (~ 1050 MPa)
and flexural strength (350-700 MPa) [2][3][4][5] coupled to remarkable fracture toughness achieving 16
MPa m*2.[6] This respectable value is combined with a nonlinear, hysterical, and elastic behaviour, which is
highly unusual for stiff materials. [7] To note however that TisSiC, undergoes a brittle-to-plastic-transition
(BPT) around 1000°C, is relatively soft with hardness around 4 GPa, and other properties such as strength
and creep should be improved to operate at high temperatures. In that sense TisSiC; has been reinforced
with different secondary phases. 40 vol% TiC particles increased the hardness of TisSiC, to approx. 11 GPa,
and the flexural strength from ~ 350 MPa to ~ 575 MPa.[8] SiC whiskers or particles have been also used to
improve creep, contact damage resistance and hardness.[9]/[10][11] However, elastic modulus and fracture
toughness were just slightly enhanced and flexural strength notably decreased.

Better performance and operation ability extended to higher temperature ranges might be expected upon
processing TisSiC; with refractory ceramics such as Ultra High Temperature Ceramics (UHTCs). In this study,
ZrB; or WC were selected as reinforcing phases in view of the melting point exceeding 3000°C of the first,
and high hardness of the second. To the best of the authors’ knowledge, processing of MAX phases with
ZrB, and/or WC have not been reported yet and requires critical attention owing to the low stability of the
MAX phases, with great tendency to dissociate into stable ceramic like SiC and TiC upon sintering at around
1400°C,[12] whereas UHTCs require sintering temperature in excess of 1800°C.[13]

The fundamental knowledge about the thermal stability of technologically important materials, like MAX
phases is still very limited and the actual process of phase dissociation is poorly understood. This limited
understanding has generated much debate. However, TisSiC, is a relatively intensively studied phase,
whose high-temperature thermo-chemical stability has been investigated in several works, all agreeing on
the fact that it is susceptible to thermal dissociation at ~1400°C in inert environments (e.g., vacuum or
argon) to form a surface TiC phase.[14—18] Presence of impuritites and oxides is expected to promote its
dissociation by competing reactions.

This work explores the processing, interaction and resulting mechanical properties of novel MAX-UHTC
composites with the aim of highlighting the critical aspects of combining two groups of compounds with
such different reactivity and envisage the feasibility of novel compounds with possible evolving

performance depending on the operating temperature.

2. Materials and methods
TisSiC; powder (T-0) was synthesized by molten salt shielded synthesis route [11] and mixed with

commercial ZrB; (H.C. Starck, Germany, #B) or WC (Treibacher Industries AG, Germany, #SD0.5) powders



through ball milling using SiC media for 24 h. Aware of the challenge of obtaining dense ceramics using the
mild sintering conditions for preserving the MAX phase, we selected a percolating content equal to 30 vol%
for ZrB, or WC, T-Z and T-W, respectively, Table I, to intentionally have clear evidence of the reaction
products and possible evolution to completely new composites. The goal of this study was thus to highlight
the processing limits of MAX-UHTC composites.

30 mm-diameter pellets were sintered in a low vacuum (~10 Pa) hot press with uniaxial pressure of 30 MPa,
and a maximum temperature of 1300-1490°C, depending on the refractoriness of the mixture. During the
isothermal dwell, 10-50 min, the pressure was increased to 40 MPa and then the furnace was turned off to
cool naturally.

Since MAX phases are expected to dissociate at high temperature,[12,19] the actual density and
porosity were calculated by mercury intrusion porosimetry (MIP) and ascertained by SEM inspection. Type
and amount of crystalline phases were identified by x-ray diffraction (Bruker D8 Advance, Karlsruhe,
Germany) on the as-synthesized TisSiC, powder and on the polished cross-section of the sintered ceramics.
The microstructure was analyzed on fractured and polished surfaces by scanning electron microscopy (FE-
SEM, Carl Zeiss Sigma NTS Gmbh, Oberkochen, DE) and energy dispersive x-ray spectroscopy (EDS, INCA
Energy 300, Oxford instruments, UK).

1lkg Vickers microhardness (HV) was measured on polished surfaces using a standard indenter
(Falcon 500 InnovaTest, The Netherlands). Bars for mechanical testing were cut from the sintered pellets by
waterjet. The surface to be placed in tension was polished using a 30 um diamond paste. Flexural strength
(o) at room temperature was measured according to the existing standard for advanced ceramics (ENV 843-
1) on chamfered bars with 25 x 2.5 x 2.0 mm? length by width by thickness, respectively. Fracture
toughness (Kc) was evaluated by chevron notched beam (CNB) method in flexure. The test bars with 25 mm
x 2 mm x 2.5 mm length by width by thickness, respectively, were notched with a 0.1 mm-thick diamond
saw; the chevron-notch tip depth and average side length were 0.12 and 0.80 of the bar thickness,
respectively. The “slice model” equation of Munz et al.[20] was used to calculate K. Strength and
toughness specimens were fractured using a fully-articulated four-point fixture with a lower span of 40 mm
and an upper span of 20 mm using a screw-driven load frame (Instron, 6025).

For characterization up to 1200°C, specimens were fractured in flowing Ar in an Al,O3 4-point fixture after
18 soaking time to reach thermal equilibrium. For each material, property and temperature, three samples
were tested. Young’s modulus was estimated from the load-displacement curves once subtracted the

compliance in the same load range.

3. Results and discussion
Fig. 1 shows the x-ray diffraction patterns of the starting T-0 powder and after hot pressing at 1300°C,

where TisSiC; as well as 10 vol% Al,03 and TiC were detected. TiC amount passed from about 7 vol% in the



powder to more than 35 vol% after sintering, leaving only about 50 vol% of the original TisSiC; phase in the
dense pellet. SiC phase, deriving from TisSiC, decomposition, was not detected given its low diffraction
intensity, therefore, the phase composition reported in Table | is only indicative of the actual composition.

Al,05 is a typical by-product since the powders were synthesized in air with Al as catalyst.[21]
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Fig. 1: XRD spectra of the TisSiC; (T-0) starting powder and after hot pressing at 1300°C.

Table I: Composition, sintering parameters, experimental density, residual porosity and crystalline composition of the Ti3SiC,-based

compounds as estimated by x-ray diffraction compared to an additive free Ti3SiC, material sintered by SPS. [22]

Label Additiv | Sintering, Exp.p, | Poresby Phase composition by XRD, vol%

e,vol% | °C/min/MPa g/cm? MIP, vol%
T - - - Ti3SiCz: 79.7, Al203: 13.5, TiC: 6.8
T-0 - 1300/50/40 4.22 33 TisSiCa: 49.5, TiC: 36.4, Al,Os: 8.6, TiSi2:5.5
T-Z 30ZrB; | 1450/10/40 4.05 13.2 TiC: 29.2, ZrSi: 25.8, TiB2: 17.8, ZrSiz: 14.6, (Zr,Ti)C: 6.5, Al,03: 6.0
T-W 30 WC | 1490/19/40 5.62 24.4 TiC: 55.1, AL,Os: 13.1, WC: 12.6, TisSiCa: 11.0, WsSis: 6.1, WSiz: 2.2
T-0[22] - 1390/5/50 4.49 <1 TiC powder (KANTHAL, purity 99%)

The polished surface of T-0 sample is shown in Fig. 2a-c where a defect-free multiphasic microstructure can
be appreciated. Al,O; appears dark grey in BSE (Fig. 2a), or white in Inlens mode (Fig. 2b), image analysis
revealed a content around 13 vol%, in agreement with XRD. In addition, SiC, TiC, TiSi;, and residual TisSiC;
were confirmed by EDS analysis, however their relative amount was difficult to define given similar grey
contrasts, Fig. 2bc. A porosity below 2% was also measured, in agreement with MIP.

Reactions involving MAX phase decomposition are:

TisSiC, = 3TiCos7 + Si(g) (1)
TisSiC, + 2Cg) > SIiC + 3TiC (2)
3TisSiC, + 3Cy > SIC + 8TiC + TiSi (3)



MAX decomposition is accompanied by pores formation owing to the volatilization of A species (Al or Si in
this case), which have low vapor pressure and readily sublime above 1500°C.[12] Vaporization of Si might

have caused the trapping of residual 2-3% porosity.
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Fig. 2: SEM images of the polished surfaces of (a-c) T-0, (d-f) T-ZB and (g-i) T-WC ceramics showing

microstructure overviews and magnifications of the phases formed upon sintering.

The crystallographic structure of the composite containing 30 vol% ZrB, (T-Z) became even more
complex. TisSiC; was not detected by XRD (inset in Fig. 3), but other reaction compounds such as TiC, ZrC,
TiB,, and Zr-silicides formed. ZrC peaks were found steadily shifted to higher 2-Theta angles, indicating a
contraction of the unit cell, as illustrated in the inset of Fig. 3. This phenomenon has been already observed

for analogous materials and is correlated with the formation of a (Zr,Ti)C solid solution where Ti with



smaller covalent radius substituted Zr larger atoms. 10 vol% of Al,Os was present in this material too,

suggesting that it did not take part in the reactive densification process.
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Fig. 3: XRD spectra of the TisSiC, —ZrB; (T-Z) sintered pellet after hot pressing at 1450°C. The inset evidences

disappearance of the TisSiC; phase and ZrC peaks shift to higher 2-Theta angles.

SEM showed a porosity around 10 vol% and a multi-component spotted material. Besides Al,03, two major
phases could be identified in Fig. 2d-f: a grey one composed of acicular grains and based on (Zr,Ti)C and a
bright one with ductile aspect and based on ZrSi,. This phase systematically trapped dark nanosized rods
identified by EDS to be TiB..

Plausible reactions for this microstructure evolution are:

2Ti3SiC, + 6ZrB; + C(g) > 6TiB, + ZrSiy + 5ZrC (4)
2Ti3SiC, + ZrB; + B,03 +3Cg) —» 4TiC + 2TiB, +ZrSi, + 3CO(g) (5)
TiC + ZrB; > TiB, + ZrC (6)

Given the discrete amount of residual porosity in T-Z, 13.2 vol%, it is expected that reaction (5) is the most
favourable, which vyields volatile CO and TiB, and ZrSi, phases trapped into each other, Fig. 2f. Mutual
solubility of Zr into TiC lattice is then favourable over a broad temperature range.[23]

Although the composite sintered with 30 vol% WC, T-W, was hot pressed at the highest
temperature, 1490°C, 24.4 vol% porosity was left, Table I. This puts forward the hypothesis of gas
development upon MAX decomposition in presence of reducing agents, in this case both the carbon-rich
sintering environment and WC itself. According to XRD peaks intensity normalized over their RIR, the major
phase was TiC, followed by WC and W-Silicides. Only about 10 vol% MAX phase was preserved after
sintering and also in this case, about 13 vol% alumina was found, Fig. 4. SEM analysis (Fig. 2g-i) confirmed a
complex microstructure asset, where the dark phases are Al,Os and pores, the bright grey granulose phase

is a mixed (Ti,W)-carbide, and the dark grey phase is residual TisSiC,. W-silicides had a bright grey aspect,



distinguishable from the carbides by a smoother texture, Fig. 2g. (Ti,W)C had sub-micrometric grains
displaying the typical core-shell morphology with W enrichment in the outer region. In addition, MAX grains
exhibited jagged edges suggesting progressive consumption (inset in Fig. 2i). Possible reactions between

TisSiC, and WC or its oxide are:

3TisSiC, + 5WC > WsSis + 9TiC + 2C (7)
3.75TisSiC, + 5.25WC + WOs = 1.25WsSis + 11.25TiC + 2.5C0, (8)
2Ti3SiC; + WC + C = WSi; + 6TiC (7)
6TisSiC; + WC + 2WOs + 11C - 3WSi, + 18TiC + 6CO 9)
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Fig. 4: XRD spectra of the TisSiC; “WC (T-W) sintered pellet after hot pressing at 1490°C.

These microstructural investigations put forward the difficulty of MAX and UHTC coexistence, evidencing
how ZrB, promoted the decomposition of TisSiC; phase at 1450°C and formation of a completely different
composite containing TiB, nanorods and Zr-carbides/silicides. On the other hand, upon addition of WC and
sintering at 1490°C, residual TisSiC, phase was left, but resulted in notable trapped porosity.
Improving approaches to eliminate the porosity and preserve the MAX phase include a decrease in the
second phase amount, and consolidation by spark plasma sintering to decrease the maximum temperature
and dwell time.[22]
Table Il reports the mechanical properties of the TisSiC,—UHTC composites measured from room
temperature to 1200°C in protective environment.

Vickers Hardness was strongly influenced by the residual porosity, however, the addition of ZrB;
promoted a hardness increase from about 5.6 to 7.2 GPa, although having 10% porosity more than T-0. This
suggests that formation of harder compounds, like TiB, and ZrC, in place of the soft TisSiC; partially

compensated the higher porosity. Stiffness suffered the residual porosity as well and ranged between 250-



280 GPa for the most dense composites, T-Z and T-0, and decreased to around 115 for T-W which

contained more than 20% pores.

Material HV, GPa | E, GPa oRT, MPa | 01000, MPa | 51200, MPa | KiRT, MPam®® | Kic1000, MPa-m®5 | Ref.
T-0 5.610.3 282124 47040 512458 bent 4.20+0.10 5.10+1.25 This work Table
T-Z 7.220.2 248+15 34849 525154 43310 2.84+0.07 5.37+0.12 This work 1:
T-W 26:0.1 | 11728 | 172¢4 185436 94* 1.65:0.12 3.70£0.31 Thiswork | icroh
TisSiC2 - - 681+8 - - - - [22] ardnes
TiC - 467+31 471+57 ~370 ~320 4.06+0.53 - [24]

s (HV),
ZrC-ZrB-MoSi> | 12.5+0.9 390+4 363431 - 256+119 4.0+0.9 - [25] Y k

oung

ZrC-MoSiz 19.2+0.4 - 474141 - 330162 3.42+0.45 - [26]

s
*Just one bar tested given the poor performance

modul

us (E), 4-point bending strength (o), fracture toughness (Kic) at room and high temperature in Argon flux, measured for the Ti3SiCs-

based compounds and compared to literature values.

Analogously, the room temperature strength decreased from about 470 MPa for T-0, to about 350
MPa for T-Z and down to around 170 MPa for the T-W composite. These values, although very reliable with
low standard deviation, are generally lower than values reported in the literature [2][22] owing to the
incomplete densification and partial or complete loss of the MAX phase. Looking at the fracture surfaces in
Fig. 5a, Al;05 had an intergranular fracture which brought out its globular aspect, whereas the silicide broke
transgranularly. Magnified view of T-0 evidenced the fracture mode of the TisSiC; phase featured by
lamellar grains which pulled-out from the surface, Fig. 5b. Regarding the T-Z material, (Zr,Ti)C showed
possible reminiscence of the TisSiC, phase, with acicular sub-micrometric grains, whereas TiB, encapsulated
into ZrSi, triggered a transgranular fracture across the silicide, Fig. 5d,e.
The fracture surface of T-W outlined the interconnected porosity and the weak grain boundaries between
the newly formed carbides. Although they have a very fine granulometry, hundreds of nm, it is reasonable
that TiC and WC did not densify well and remained with undeveloped necks among the particles at the low
sintering temperature of 1490°C.
Testing the mechanical strength at 1000°C led to a general strength increase, suggesting healing of surface
flaws, as visible in Fig. 5¢,f,i, and the release of residual stresses deriving from coupling of different phases

with different thermo-elastic properties. Little oxide formation was found on all composites given the weak



Ar flux in the hot chamber, Fig. 5¢,f,i. ZrB, addition revealed its beneficial effect upon testing at 1000 and
1200°C, where the strength achieved about 525 and 430 MPa, respectively, providing an increase of above
50 and 24% as compared to its room temperature strength. Since the T-Z material mostly contained TiC, ZrC
and ZrSi phases (Table 1) a comparison with such ceramics would be more appropriate. The present T-Z
MAX-UHTC composite overpassed the high temperature strength of a fully dense pure TiC material,[24]
increasing by about 155 and 115 MPa upon testing at 1000 and 1200°C, respectively, owing to inhibition of
TiC brittle-ductile transition temperature occurring at around 800°C.[27] Another positive hint towards the
development of MAX-UHTC composites comes from the comparison of T-Z with ZrC-based materials,[25]
where the present one displayed better strength than a pressureless sintered ZrC-ZrB,-MoSi, material after
bending strength at room and high temperature, overpassing the traditional UHTC composite by about 177
MPa at 1200°C in the same set-up and even behaved better than a hot pressed ZrC-MoSi, material that
achieved only 330 MPa at 1200°C,[26] Table II. The better high-temperature strength behaviour of the T-Z
material is probably related to the multi-scale length microstructure arrangement and the TiB, nanorods as

strengthening phase.

TisSiC,

(Ti,Zr)C

(Ti,Zr)0,

Fig. 5: SEM images of the fractured surfaces of (a-c) T-0, (d-f) T-ZB and (g-i) T-WC ceramics after bending
test showing the fracture mode of the different phases at room temperature (left and central columns) and

the oxide formed upon testing at 1000°C in partially protective environment (right column).



Moreover, if the pure TisSiC; material bent once tested at 1200°C, the one containing ZrB, preserved the
bar shape and a high strength. However, the addition of WC did not highlighted any benefits given the high
residual porosity. Strength at 1000°C was in the same range as the room temperature one, whilst strength
at 1200°C collapsed to 94.

Room temperature fracture toughness was influenced by the porosity and typical of brittle
ceramics, without showing any MAX toughening contribution, ranging from 1.7 MPa-m®> for T-W to 4.2
MPa-m?> for T-0, with T-Z in-between. However, measures at 1000°C led to a general increase passing to
3.7 MPa-m®? for T-W, to 5.4 MPa-m®° for T-Z, which had comparable values as T-0, 5.1 MPa-m®®°, Although
all bars maintained their shape, with no plastic behaviour macroscopically observed, this improvement is
possibly due to the effect of some brittle-to-ductile transition of several of the phases constituting these

composites, including silicides and residual MAX phase .

4. Conclusions

To explore the feasibility of MAX-UHTC composites with enhanced fracture behaviour, strength and
hardness over a broad temperature range, a TisSiC; phase was sintered with 30 vol% ZrB; or WC. Hot
pressing at 1350-1490°C resulted in notable phase re-arrangement. When the boride was added, almost
complete decomposition of the MAX phase occurred accompanied by formation of mixed (Zr,Ti)C phases
and sub-micrometric TiB, rods interlocked into Zr-silicides. Sintering of MAX with WC, although
decomposition was inhibited, led to notable trapped porosity that prevented achieving relevant mechanical
performance. Overall, the MAX-ZrB, composite, despite possessing about 10 vol% porosity, improved the
hardness of the unreinforced MAX baseline and achieved strength values that overpassed those of parent

TiC- and ZrC-composites upon testing at 1000-1200°C, 525 and 430 MPa, respectively.
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Tables

Table I: Composition, sintering parameters, experimental density, residual porosity and crystalline composition of the Ti3SiC,-based

compounds as estimated by x-ray diffraction.

Label Additiv | Sintering, Exp. p, Pores by Phase composition by XRD, vol%

e,vol% | °C/min/MPa g/cm? MIP, vol%
T - - - Ti3SiCz: 79.7, Al,03: 13.5, TiC: 6.8
T-0 - 1300/50/40 4.22 3.3 TisSiCa: 49.5, TiC: 36.4, Al,Os: 8.6, TiSi2:5.5
T-Z 302ZrB; | 1450/10/40 4.05 13.2 TiC: 29.2, ZrSi: 25.8, TiB,: 17.8, ZrSiz: 14.6, (Zr,Ti)C: 6.5, Al,0s: 6.0
T-W 30 WC | 1490/19/40 5.62 24.4 TiC: 55.1, A,Os: 13.1, WC: 12.6, TisSiCz: 11.0, WsSis: 6.1, WSiy: 2.2
T-0[22] 1390/5/50 4.49 <1 TiC powder (KANTHAL, purity 99%)

Table 1l: Microhardness (HV), Young’s modulus (E), 4-point bending strength (o), fracture toughness (Ki) at room

temperature in Argon flux, measured for the TisSiC,-based compounds and compared to literature values.

Material HV, GPa | E,GPa oRT, MPa | 01000, MPa | 51200, MPa | KiRT, MPam®® | K.c1000, MPa-m®5 | Ref.
T-0 5.6+0.3 | 282+24 470+40 512+58 bent 4.20+0.10 5.10+1.25 This work
T-Z 7.2+0.2 | 248%15 348+9 525+54 433+10 2.84+0.07 5.37+0.12 This work
T-W 2.6+0.1 | 117+28 172+4 185436 94* 1.65+0.12 3.70+0.31 This work
TisSiC2 - - 681+8 - - - - [22]
TiC - 467+31 47157 ~370 ~320 4.06+0.53 - [24]
ZrC-ZrB-MoSi | 12.5+0.9 | 390%4 363+31 - 256+119 4.0+0.9 - [25]
ZrC-MoSiz 19.2+0.4 - 474+41 - 33062 3.42+0.45 - [26]

*Just one bar tested given the poor performance
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Figure captions
Fig. 1: XRD spectra of the TisSiC; (T-0) starting powder and after hot pressing at 1300°C.
Fig. 2: SEM images of the polished surfaces of (a-c) T-0, (d-f) T-ZB and (g-i) T-WC ceramics showing
microstructure overviews and magnifications of the phases formed upon sintering.
Fig. 3: XRD spectra of the TisSiC, —ZrB; (T-Z) sintered pellet after hot pressing at 1450°C. The inset evidences
disappearance of the Ti3SiC; phase and ZrC peaks shift to higher 2-Theta angles.
Fig. 4: XRD spectra of the TisSiC; —~WC (T-W) sintered pellet after hot pressing at 1490°C.
Fig. 5: SEM images of the fractured surfaces of (a-c) T-0, (d-f) T-ZB and (g-i) T-WC ceramics after bending
test showing the fracture mode of the different phases at room temperature (left and central columns) and

the oxide formed upon testing at 1000°C in partially protective environment (right column).
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