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ABSTRACT: Since monolithic ceramic materials have limitations in structural applications at elevated temperatures
due to their inherent brittle characteristics, the demand for damage-tolerant high-temperature structural materials has
increased. Unlike other engineering materials, nacre has attracted significant interest due to its unique microstructure
in that it consists of approximately 95 vol.% of aragonite (CaCO;) and 5 vol.% of biopolymers, which results in
considerable improvement in both strength and toughness simultaneously. Since nacre and nacre-like composites with
polymeric mortars have limitations in high-temperature applications, the concepts of employing metallic mortars have
been proposed to develop metal-ceramic composites with brick-and-mortar architecture as a novel structural material.
In this review, we introduce various processing routes and characteristics to replicate nacre-like metal matrix
composites.
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Fig. 1. (a) Young's modulus and fracture toughness of natural and artificial materials. (b) SEM micrographs of natural nacre structure of
aragonite bricks and biopolymer mortars. (b) Reproduced with permission from [6]. Copyright 2016, Wiley-VCH
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Fig. 2. (a) Schematic of coextrusion process to fabricate nacre-like Ni/Al,O; composite. (b) Optical micrograph of coextruded Ni/Al,O,
composite. (c) R-curve behavior of coextruded Ni/Al,0, composite compared with monolithic Al,O, and other freeze-cast com-
posites. Reproduced with permission from [13]. Copyright 2016, Wiley-VCH
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Fig. 3. (a) Schematic of slip-casting process to fabricate nacre-like Ni/Al,O, composites. (b) SEM image of the cross-section of Ni+NiO

coated Al,O, samples sintered at 1100°C. (c) R-curve behaviors of nacre-like Ni/Al,O, composites. Reproduced with permission
from [21]. Copyright 2019, Wiley-VCH

S-S 2 Hlo] UAl AFE Pxol DA BIARE SR, o] o|§ TxE BIAR AT T 7}
B2 % 919ich(Fig. 3b). Ni SHUFSRC N NiO F 9ap uka Qie(13]
£ 2Uttol U ALO A BUL N Aol o] FAFIWS BEY ARE P2 HTAR A% 2
83 749, ALOR HF Ni B4 59 AW %ol Py BA A4 Bejuleha R4 v P (PMMAKS THEA]
of Nig) ARgol ojs) 22 Hak ARdE T FY Aol 2 DEAA L PMMAIALO, AN A FH] A
A Bh1Q14o] loFH 0 2 FAEI A3t (16 MPem™) 1F AHSHEH1L2). o PMMA, ALO.SE 222 5 Afet )
el 9k (Fig. 30). BPS W) AFF PR BIHR A FEH 02 o4
W73 T2 FENA BYAR AZ YUOE FYH = 23 T o] s Q1430 MPam'?)& Hol AL, 7}
AW e A8 A9 Aot Amete] Ao We Cu, Ao AFFS FASA musEA MEY P T2
Nigh 2 AR FES VAR AW 5 Uk FH A ool FrjstEgly] thRolet.
of itk SHAEL WFF Fxol] ke DS BYF A HTE B SEIF R TEA 24S AIst,
ey YAES Qo AN 93] BHF Bl A 1 B Ag AR 34 A N 2 AFS
14 e ol o) mgol Ko 2T E) B T2 F4/1A SA RS G AT TR el
gol Z7HaItHE @AV} Alek. B3, Wetejo] FUHE T Girk $AFAWOR AAE ehuet 22 ALO, thEA) )
ol WAt 271o] vhel WA Aol o] WE e W FwAe] S ALS BAEA WS A Aol
o] WA ghot Wejulg AADNA FASHA WEF T2 H 71F HEAA ALSIALO, Eeb 7t A8t gict
2 M AYAS At Aol ofFrks wio] glr22]. J. A ALOC HE AlSi G519 whe Mo ol
—H Al B R P B&-L 40 volt SFo] Bt
2.3 S¥Fx(Freeze casting) e w54 T B ROIA Z5hel 2ol stk
BAFZUL Aoty Yot AFAES §ulol FUA R et 7o) 7h2o) ol 7|5 Bgo] ek 5
AN A QGO STAY)E FHOR, Gu)  ojuldith. Z 4ol %S TS ehuet 119 o] FL
Agol FHEE BHolA AxEol Gl 24 ol BF HBA YRE AR oS, o AlSi §HOE
Gozn Aoty 247t QPFOoR UAE AT @ MEY T2 BPAYRE ARsHd A 9SS A4
2 4 gl Bolch Wulel O3] BekshA FAE Wee] gtk B A9 ALS g 2] MR G A
ol 713& BHA7IY] SIste], BAAE BAS AH S 2 uf 80 vl HTES 2 WFEF T2 hFA o
£ 537 F 22 GAS AH AT AU A AFES ATAYIE Zo] F5TS Bylov), 1 dn S
o071k o] 271H 02 Wastrhhg 23] ol HF T F&A Y AVAFS 2= BAYRI} ARHES
A 4 AEulEe] 448 2k WA NEeR Az Al RusllchFg 4b). Ael Ze] M B ALOC o



A Brief Review on Bioinspired Nacre-like Metal Matrix Composites

11

(a)

ceramic
slurry

LQuip

rowing lamellar "
o B ceramicsiuny

crystals

freezing

Pressure

particles entrapped
between
crystals GAS

sublimation

sintering

Temperature

TR )

Stessa nbenty. K, (WP )

Fractura toughness (.. MPa m'?)

BMGIAI0 BMGAROY o
s TNy i

Fig. 4. (a) Schematic of freeze-casting process. (a) Reproduced with permission from [23]. Copyright 2008, Wiley-VCH. (b) OM image of
the brick-and-mortar structured Zr-based BMG/AI,O, composite. (c) R-curve behaviors of the BMG/AI,O, composites [24]. (d)
OM image of lamellar-structured CuAgTi/Al,O, composites. (e) Fracture toughness of lamellar-structured composites

3“ ;Hz:s7¥o] 6°= uH (e] u—o]_ ;HQ/\%o] uH 0] 0
2, 0l AFZ 1z B g o] /e sk
Aol Al F-Alahe] 7 ko] Hegol e —.%—m
& WQlg ou|dttt. Zr) v R §F 714 BaARe
&-Algte] AHS wet Fgo] MupEo] 423k 1ty
(9 MPa-m'?)& = ¢l th(Fig. 4c)[24,25].

2 2 A2 Azt sl 448 Cu, Ni 9] 4
S8 WA= Aem 4Rl T, Zr 52 H7IgE CuA|
& AASH AL, ol & A2 ALO; thE Ao AF
17 71A1H 40 Fg Hols AFF T2 242t
g B3 = AN AE =dskal itk (Fig 4de). A S
T, Cuof] theh Z&AJo] 93t Cr,C, £%8= TiC th5A|
o] £3gto 2 ghdllel £ Cu/(TiC-Cr,C,) B 7S
Az A7AR7E AT 2 vk glek2e]. S 4
3, 42 2 A T W AgTHoR Az F
Z-A|abe) Bt ol A 4ot F4-Al2he An Al ut
B v S0l 2w, 7] A o A9 e F-Alet
9 a7 7k RS Alo] A= FF 1 =-21048 A
T35 7= w5-AlEH 53R A Aol & =3l #
Ao 7)ofH.

d

S~

2.4 XM Z&X| = (Additive manufacturing)
ASA 2 71H-E 3D ZHY V&R RS
<8 2PA & A=xsl= o7, o= ME
XHE_ 7H1:ﬂ-o:]:[l_oﬂ x«u;_t};_ tg' 7& rTng]. 71—0] ixl-g].
Az o] ThEAlE TEY 4 drks Hold Be F8
S vk gt AEA Ho]#] 8-8-1 (Selective laser metling)
072 =24 257 1600°C &0 2 =2 Ti-6Al-4V
L glr\:mg]. JZ 1:]—4—;4]; ;q]xl—a} oY) *rg7].o1—/\7ﬂ _:_24g

55] ol

1-;_91_',

o

TR0
(e

%

T

%5]] Ti 2ake 7]—1—01] xlE/\];f]ﬂ\% [27] H ou/\]- _1_;<4 oz Mg
LS ARARN(28] F4-F4 WFE 72 B R 7|

e vk ok HZoles HA JdA7IE 7]&(direct ink
writing)[29]8 2]-8-3}0] Cuo djgt 2-34Jo] ¢4 Cr,C,

Al Bhdet 2R ARt 5, Cug HAPHFAIRD Cu/
CryC, A &7 =] S1ek(30]. A3 9] Cug 7] A A 2
ol gsto @) NPT, A (FE 7 E: 362.7 MPa, 17| <l
A: 113.6 MPam'?)2] $-=31 7|44 EAS 48 5 AU

o= ©w T
A4k, olefat A 5E Cu F4714 9] AR R
B A0 R CrC, AFF 729 o] e AL Holeha v
7] ofgith. 3D ZeEl o] £ 1= HH o= 28| Cr,C, 2

g} 2o0] =77} 500 um O]APOE FAHLDL Ay 2 g
o] ¥oromz, AA| %l 29k AR = Ui n]
Y At HER ? #?540}71 QA= AFA
% ) 0] Rells g 9 S0 Alof7h B agh Aol

ol Al 2
W glek. SHAIR A
2 S e g
24 7139 U
ol 7] o)y

o ME

=
_Elo

£4>

oY o

SRR
e ARt o3 mQE 14
HBEDAFE AZADES
S A5 AL D5 A )
R EC RE T

o FALHF 4 F) Al 5 1@1017}01%1-&(

wol elzis] ATl 57 Ack AYTHE A8 o

2

SR=NICR
=

off
o o

dr © W g 12



12 Taeyoon Kim, Je In Lee

A% Fa-Aehe AW Atele] $4skAu gee]
h Ao el 24l oEsith B4

el o2 sjdal7) gle) AlstE A7
e 47 A77 o ATAS o
R, BeA A olE 95k AlaA Al
B3 155 T2 BEAA ALATo] Fa
Aoz s|ohEc). 3k, Ni, Tioh 20| 17
=
al

I
rlr
>

o

g_lE

|

i
E]LI F-?{-« e o
B e i)
o nok

é?:imlo

ox
ofd
o ¥
B XN g o o e O Hm

e AR Fxo B4y B
© 2xg 22 FAGe] Frshrt

rr
Wi

2

Kl
ot
4
30
o

o] WA At S 7] E AT A AA 2Kl 2lste]

REFERENCES

1. S. Deville, E. Saiz, R.K. Nalla, and A.P. Tomsia, “Freezing as a
path to build complex composites,” Science, Vol. 311, No. 5760,
pp. 515-518, 2006.

2. E. Munch, M.E. Launey, D.H. Alsem, E. Saiz, A.P. Tomsia, and
R.O. Ritchie, “Tough, bio-inspired hybrid materials,” Science,
Vol. 322, No. 5907, pp. 1516-1520, 2008.

3. K.L. Scotti and D.C. Dunand, “Freeze casting-A review of pro-
cessing, microstructure and properties via the open data repos-
itory, FreezeCasting.net,” Progress in Materials Science, Vol. 94,
pp. 243-305, 2018.

4. UGK. Wegst, H. Bai, E. Saiz, A.P. Tomsia, and R.O. Ritchie,
“Bioinspired structural materials,” Nature Materials, Vol. 14,
No. 1, pp. 23-36, 2015.

5. M.E. Launey, E. Munch, D.H. Alsem, H.B. Barth, E. Saiz, A.P.
Tomsia, and R.O. Ritchie, “Designing highly toughened hybrid
composites through nature-inspired hierarchical complexity;”
Acta Materialia, Vol. 57, No. 10, pp. 2919-2932, 2009.

6. H. Bai, E Walsh, B. Gludovatz, B. Delattre, C. Huang, Y. Chen, A.P.
Tomsia, and R.O. Ritchie, “Bioinspired hydroxyapatite/poly
(methyl methacrylate) composite with a nacre-mimetic architec-
ture by a bidirectional freezing method,” Advanced Materials,
Vol. 28, No. 1, pp. 50-56, 2016.

7. Z. Tang, N.A. Kotov, S. Magonov, and B. Ozturk, “Nanostruc-
tured artificial nacre;” Nature Materials, Vol. 2, No. 6, pp. 413-
418, 2003.

8. P. Das,].M. Malho, K. Rahimi, EH. Schacher, B. Wang, D.E.
Demco, and A Walther, “Nacre-mimetics with synthetic nano-
clays up to ultrahigh aspect ratios,” Nature Communications,
Vol. 6, No. 1, pp. 5967, 2015.

9. M. Wong, R. Ishige, KL. White, P. Li, D. Kim, R. Krishna-
moorti, R. Gunther, T. Higuchi, H. Jinnai, A. Takahara, R.
Nishimura, and H.J. Sue, “Large-scale self-assembled zirco-
nium phosphate smectic layers via a simple spray-coating pro-
cess, Nature Communications, Vol. 5, No. 1, pp. 3589, 2014.

10. M. Bauser, G. Sauer, K. Siegert, and A.E Castle, “Extrusion’,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

ASM international, 2006.

R.P. Wilkerson, B. Gludovatz, J. Ell, ]J. Watts, G.E. Hilmas, and
R.O. Ritchie, “High-temperature damage-tolerance of coex-
truded, bioinspired (“nacre-like”), alumina/nickel compliant-
phase ceramics,” Scripta Materialia, Vol. 158, pp. 110-115, 2019.
R.P. Wilkerson, B. Gludovatz, J. Watts, A.P. Tomsia, G.E. Hil-
mas, and R.O. Ritchie, “A study of size effects in bioinspired,
“nacre-like”, metal-compliant-phase (nickel-alumina) coex-
truded ceramics,” Acta Materialia, Vol. 148, pp. 147-155, 2018.
R.P. Wilkerson, B. Gludovatz, ]. Watts, A.P. Tomsia, G.E. Hilmas,
and R.O. Ritchie, “A novel approach to developing biomimetic
(“nacre-like”) metal-compliant-phase (nickel-alumina) ceramics
through coextrusion,” Advanced Materials, Vol. 28, No. 45, pp.
10061-10067, 2016.

X. Luo, K. Zhao, X. He, Y. Bai, V. De Andrade, M. Zaiser, L. An,
and J. Liu, “Evading strength and ductility trade-off in an
inverse nacre structured magnesium matrix nanocomposite,”
Acta Materialia, Vol. 228, pp. 117730, 2022.

Y. Guo, H.S. Patanwala, B. Bognet, and A.W.K. Ma, “Inkjet and
inkjet-based 3D printing: connecting fluid properties and
printing performance,” Rapid Prototyping Journal, Vol. 23, No.
3, pp. 562-576, 2017.

A. Alper, High Temperature Oxides part 4, Refractory glasses,
glass-ceramics, and ceramics, 1971, p. 145.

H. Le Ferrand, E Bouville, T.P. Niebel, and A.R. Studart, “Mag-
netically assisted slip casting of bioinspired heterogeneous
composites,” Nature Materials, Vol. 14, No. 11, pp. 1172-1179,
2015.

0.0. Ekiz, A.E. Dericioglu, and H. Kakisawa, “An efficient
hybrid conventional method to fabricate nacre-like bulk nano-
laminar composites,” Materials Science and Engineering: C, Vol.
29, No. 6, pp. 2050-2054, 2009.

X.Y. Chan, C. Chua, S. Tan, and H. Le Ferrand, “Energy dis-
sipation in composites with hybrid nacre-like helicoidal micro-
structures,” Composites Part B: Engineering, Vol. 232, pp. 109608,
2022.

H. Le Ferrand and E Bouville, “Processing of dense bioinspired
ceramics with deliberate microstructure,” Journal of the American
Ceramic Society, Vol. 102, No. 12, pp. 7253-7263, 2019.

A. Wat, C. Ferraro, X. Deng, A. Sweet, A.P. Tomsia, E. Saiz,
and R.O. Ritchie, “Bioinspired nacre-like alumina with a metal-
lic nickel compliant phase fabricated by spark-plasma sinter-
ing? Small, Vol. 15, No. 31, pp. 1900573, 2019.

H. Le Ferrand, E Bouville, and A.R. Studart, “Design of tex-
tured multi-layered structures via magnetically assisted slip
casting,” Soft Matter, Vol. 15, No. 19, pp. 3886-3896, 2019.

S. Deville, “Freeze-casting of porous ceramics: a review of cur-
rent achievements and issues,” Advanced Engineering Materials,
Vol. 10, No. 3, pp. 155-169, 2008.

A. Wat, J.I. Lee, C.W. Ryu, B. Gludovatz, J. Kim, A.P. Tomsia, T.
Ishikawa, J. Schmitz, A. Meyer, M. Alfreider, D. Kiener, E.S.
Park, and R.O. Ritchie, “Bioinspired nacre-like alumina with a
bulk-metallic glass-forming alloy as a compliant phase,” Nature
Communications, Vol. 10, No. 1, pp. 1-12, 2019.

J.L Lee, A. Wat, . Kim, C.W. Ryu, H.J. Chang, E.S. Park, and R.O.



A Brief Review on Bioinspired Nacre-like Metal Matrix Composites 13

26.

27.

Ritchie, “Synthesis of bioinspired ice-templated bulk metallic
glass-alumina composites with intertwined dendritic struc-
ture,” Scripta Materialia, Vol. 172, pp. 159-164, 2019.

Z.J. Hu, R.E Guo, S.M. Chen, Q. Jin, and P. Shen, “Synthesis of
damage-tolerant Cu-matrix composites with nacre-inspired
laminate-reticular hierarchical architecture via tuning compo-
sitional wettability,” Scripta Materialia, Vol. 186, pp. 312-316,
2020.

X. Liu, Z. Liu, Y. Liu, Z. Zafar, Y. Lu, X. Wu, Y. Jiang, Z. Xu, Z.
Guo, and S. Li, “Achieving high strength and toughness by
engineering 3D artificial nacre-like structures inTi6Al4V-Ti
metallic composite,” Composites Part B: Engineering, Vol. 230,
pp. 109552, 2022.

28.

29.

30.

M. Zhang, N. Zhao, Q. Yu, Z. Liu, R. Qu, J. Zhang, S. Li, D.
Ren, E. Berto, Z. Zhang, and R.O. Ritchie, “On the damage tol-
erance of 3-D printed Mg-Ti interpenetrating-phase composites
with bioinspired architectures,” Nature Communications, Vol.
13, No. 1, pp. 3247, 2022.

A. Velasco-Hogan, J. Xu, and M.A. Meyers, “Additive manufac-
turing as a method to design and optimize bioinspired struc-
tures,” Advanced Materials, Vol. 30, No. 52, pp. 1800940, 2018.
S.S. Li, R.E Guo, D.X. Zhao, L.K. Yang, and P. Shen, “Prepa-
ration of laminated Cr,C,/Cu composites by direct ink writing
and pressureless infiltration,” Additive Manufacturing, Vol. 59,
pp. 103189, 2022.



	진주층 구조를 활용한 금속기지 복합소재 개발 연구동향
	1. 서 론
	2. 본 론
	2.1 압출(Extrusion)
	2.2 주입 성형(Slip casting)
	2.3 동결주조(Freeze casting)
	2.4 적층제조(Additive manufacturing)

	3. 결 론
	후 기
	References


