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Research Progress on Graphene/Ultra-High Temperature Ceramic Composites
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(1. National Innovation Institute of Defense Technology, Academy of Military Sciences of the People’s
Liberation Army of China, Beijing 100071, China; 2. Research Center of Graphene Applications, AECC Beijing Institute of
Aeronautical Materials, Beijing 100095, China)

Abstract: Ultrahigh-temperature ceramics (UHTCs) are a kind of thermal protecting material used in the extreme thermal
environment due to their excellent temperature resistance. However, their intrinsic brittleness and poor thermal shock resistance
restrict the engineering applications. Graphene as a two-dimensional (2D) nano-material where carbon atoms are arranged in a
honeycomb structure has superior mechanical, electrical and thermal properties. It is often used as an additive phase to modify the
ceramic matrix, and is considered as an ideal toughening material in ceramic composites to realize the functionalization and
structuralization of composites. This review represented recent research work on the preparation process, bionic construction method,
microstructure and macro properties of graphene/UHTCs. The toughening effects and mechanism, thermal properties, thermal shock
resistance and oxidation resistance of UHTCs doped with graphene were discussed. In addition, some challenges and future
development of this field were also put forwarded.

Keywords: graphene; ultra-high temperature ceramic composites; mechanical properties; thermal shock resistance; oxidation
resistance
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Table 1 Advantages and disadvantages of different methods for preparation of graphene/UHTCs

Method Advantages

Disadvantages

Pressureless sintering (PS)
Reactived hot pressing (RHP)
Hot pressing (HP)

High-uniformity; Large size

Spark plasma sintering (SPS)

Low cost; Large size; Near-net forming

Low-sintering temperature; Low cost

Fast speed; Low-sintering temperature; High density

High-sintering temperature; Low density
Component content uncontrollable
High-sintering temperature; Slow speed; High cost

High cost; Small size
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Fig. 3 Schematic diagram of ultra-high temperature ceramic matrix toughened by graphene nanoparticles (GNPs)
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Fig. 4 SEM images of typical indentation crack propagation of ZS and ZS—graphene composite
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Fig. 5 Schematic diagram of the preparation process of different biomimetic composite ceramics



« 2740 - CRERR ER 2540 J Chin Ceram Soc, 2022, 50(10): 2734-2745 2022 £

PVA@SIC

ZSG@ZS microsphere ZSG@S‘iand-mortar” ceramic

PVA@ZrB, ZS microsphere

(a) Schematic diagram of the preparation process of ZrB,~SiC—graphene@ZrB,—SiC dual composite ceramics®!

ZrB,-SiC fiber

ZrB,—SiC/ZrB,—SiC—graphene fibg

Remove binder

_Compacted Cut

HP sintering

[l
T

ZrB,—SiC/ZrB,—SiC—graphene

- . Disorderly-arranged short fibers Cut into short fibers
short fibrous monolith ceramic

(b) Schematic diagram of preparation of ZrB,—SiC/ZrB,—SiC—graphene short fibrous monolithic ceramic!®”

Bl6 #RMARBUE & M B i fon K

Fig. 6 Schematic diagram of the preparation process of different biomimetic composite ceramics

*2 #ABARHESEEEEAMHNFEERE

Table 2 Mechanical characteristics of typical graphene/ultra-high temperature ceramic composites

UHTC Composition Production condition Pret/ %o of/MPa Hy/GPa Kld(MPa'm%) Reference
ZrB, ZrB,—6%(in volume)Graphene(G) SPS, 1900 C, 15 min, 70 MPa 96.90 316485  14.0+0.6 2.77+0.06 [36]
ZrB,—-25%(in volume)SiC—5%(in mass)G HP, 1850 °C, 1h, 20 MPa 99.10 15.7+0.5 6.4+0.4 [41]
Z1rB,-25%(in volume)SiC,~7.5%(in mass)G SPS, 1900 'C, 7min, 40MPa  >99.700 222 6 [44]
ZrB,-20% (in volume) SiC—5% (in volume) G HP, 1950 °C, 1h, 30 MPa 99.20 1055+64 22.76+£2.07 7.324+0.37 [45]
Z1rB,-20% (in volume) SiC-5% (in volume) G HP, 1950 'C, 1 h, 30 MPa 98.50  764+38 6.6+0.3 [46]
Bioinspired G/ZrB,-SiC SPS, 1950 °C, 15 min, 30 MPa 522442 9.45+0.74 [56]

25% (in volume) ZtB,-SiC-G(ZSG)@75%

(in volume) ZrB, SIC(ZS) SPS, 1850 ‘C, 10 min, 30 MPa 96.20  220+10 4.96+0.42 [59]
ZS/ZSG-short fibrous monolithic ceramics HP, 1900°C, 1h, 50 MPa 95.60 259428 7.21£1.25 [60]
ZS/ZSG-0° HP, 1900°C, 1h 9520  313+21 10.42+0.98 [61]
TiB, TiB,—4% (in volume) G SPS, 1400°C, 10 min, 50 MPa 94.20 >20.0 5.9+0.5 [42]
TiBrTiN*Mg&,Z% (in mass) SC,~0.4% Two-step sintering (TSS) 100.00  1006.3 21.2 8.8 (48]

(in mass) G
TiB,—20% (in mass) SiC—2% (in mass) GNPs HP, 2100°C, 90 MPa 99.90 680+6 21.7+0.8 6'2i0;::s(;%’ in [53]
TiB,—15% (in volume) SiC-5% (in volume) G SPS, 1800°C, 5 min, 40 MPa 99.90 18.7+0.3 6.4+0.4 [54]
TaB, TaB,—20% (in volume) SiC—3% (in mass) G SPS, 1850 C, 10 min, 50 MPa 96.10 16.66+0.31 6.20+0.31 [43]
HfB, HfB,-SiC,~reduced graphene oxide/W SPS, 1800 °C, 10 min, 35 MPa 97.50  461+£11 14.2+0.6 [62]
ZrC ZrC-17% (in volume) TiC-3% (in volume) G SPS, 1700 C, 40 MPa 99.49 15.16 5.17 [55]
ZrC-19.6% (in volume) SiC~1.9% (in volume) G~ SPS, 1750 C, 10 min, 30 MPa 97.60  220+13 4.26+0.14 [58]
TiC TiC—5% (in mass) G SPS, 1900 ‘C, 10 min, 40 MPa 95.60 532 2703 [52]

(HVIOO)

TaC TaC—5% (in volume) G SPS, 1850 °C, 10 min, 100 MPa  98.80 >20 11 [40]
TaC-SiC-1 %(in mass)G SPS, 1600 C, 3 min, 30 MPa 99.30 570 5.8(1.5%) [47]

Pprel 18 relative density, oy is flexural strength; Hy is Vickers hardness, K¢ is fracture toughness.
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