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Research progress in functionally gradient composite materials

LI Wenzhi*, HE Zhiping, CAO Yaoqin

(China Helicopter Research and Development Institute, Jingdezhen 333001, Jiangxi, China)

Abstract: With advancements in material technology, a surge in research and development has been witnessed for various high-
performance materials, including metamaterials, each possessing unique functionalities. However, meeting the demands of high
performance has rendered the application of a single material insufficient for achieving the required interface mechanical and
functional integration properties. Functionally gradient composite materials have emerged as a pivotal breakthrough to address this
issue. This paper introduces the application background, as well as the research and application status of functionally gradient
composite materials in foreign countries. Furthermore, based on the prevalent issues in the domestic engineering field concerning
functionally gradient composite materials, the challenges faced in their utilization are highlighted. When compared to international
advanced levels, the development of functionally gradient composite materials in China encounters three major hurdles. Firstly, the
preparation process remains relatively underdeveloped, impeding large-scale engineering applications. Secondly, due to the scarcity
of performance evaluation methods, there is an urgent necessity to establish a coupled functional evaluation system. Thirdly, there is
a scarcity of proprietary intellectual property rights pertaining to material design and simulation methods, coupled with the absence
of a comprehensive database. Consequently, material design still largely relies on the experience of designers. Lastly, suggestions for
the future application and development of functionally gradient composite materials are proposed.
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Fig. 1 Structure diagram of typical functionally gradient composite materials

7 (a)structure of discontinuous gradient

functional composite materials; (b)structure of continuous gradient functional composite materials;
(¢ )composition/constituent; (d)arrangement; (e )distribution; (f)dimension; (g)orientation; (h)interface
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Table 1 Main preparation methods of functionally gradient composite materials” "’
Species Vapor phase method Liquid phase method Solid phase method Other methods
Preparation Chemical vapor deposition, Centrifugal casting, Powder metallurgy, Self-propagating high-
method physical vapor deposition,  gel injection molding, spark plasma sintering ~ temperature synthesis,
thermal spraying, precipitation, plasma spraying,
surface reaction cast molding, electrodeposition
slip casting,
electrophoretic deposition,
directional solidification
Material type Film/Coating Block Block Film/Coating
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Table 2 Application classification of functionally gradient composite materials

[6, 15-19]

Application

No. Material type Requirements

1 SiC-SiC Corrosion resistance and
hardness

2 Al-SiC Hardness and toughness

3 SiC,/Al-alloy Thermal resistance and
chemical resistance

4 E-glass/epoxy Hardness and damping
properties

5 Al-C

6 Al-SiC

7 SiC,/Al-alloy High melting point, low
plasticity and high hardness

8 Carbon and glass fibers

9 Glass/Epoxy

10 TiAl-SiC fibers
11 Be-Al

12 AlO5/Al-alloy Good thermal and corrosive

13 Carbon/Bismaleimide

14 Carbon/Epoxy Lightweight and good
damping properties

15 SiC,,/6061 Hard and toughness

16 Al-alloy/CNT Light weight and high
stiffness

Combustion chambers

Combustion chambers

CNG storage cylinders, diesel engine pistons

Brake rotors, leaf springs

Drive shafts, hubble space telescope metering truss assembly,

turbine rotor, turbine wheels

Flywheels, racing car brakes

Motorcycle drive sprocket, pulleys, torque converter reactor,
shock absorber

Propulsion shaft

Cylindrical pressure hull, sonar domes
Composite piping system, scuba diving cylinders

Floats, boat hulls, wind tunnel blades, spacecraft truss
structure, reflectors, solar panels, camera housing

Rocket nozzle, wings, rotary launchers, engine casing

Drive shaft, propeller blades, landing gear doors, thrust
reverse ( heat exchanger panels, engine parts )

Helicopter components viz.rotor drive shaft, mast mount,
main rotor blades

Racing bicycle frame, racing vehicle frame

Artificial ligaments, MRI scanner cryogenic tubes,
wheelchairs, hip joint implants, eyeglass frames, camera
tripods, musical instruments

141 AUk

QTR B DI RE S A bR — BRI M
BETT LU — 28 1T 50 55— A~ 2 1 A WF 25 A 11 B 4
BEEE. SRR AR SR WA T 4800 7 B AR
FIRUR T, TR Rl A bR RE S
AR TT AT Vb Rk JEE B 30 5F- i B85, DR B o e
£ FEARERT LR B 5 T B R R i bR M R
AR CHILIY & Sh LR e S AR — DL S #E 2000 C
DA E, T — 0 B B A A bR AL BRI IR
ZAL TR PSR A BRI S . BT REE A
Tk Hhr S 3 T 14 Wl 2 0 P 2 1T 14 4 B 201, T T
P 2B I (0 278, SR T I A b, Rk
BEREIRE S A bHRIRENS R 2 AR RS (O BABE I, 3 T
FILRCHLILIA K i R AL g fds

142 HYTHR
FhEE T BE 5 A ARHFE A= 0 15 2 S0 3 1 1o, HH
bl sz B AL, RN TERIAR S | DG R e A
KT, A A& LA, HoAhae
R, NEREZ AL, &R R R T Re R &
B TLAFRI AR T S B B 5341, 1)
FE FAE MU LA S ER U0 9 A= WA 25
143 g

FREEDN BRI A ARk R 5 B | Tt A AT okt
PER T — AU Tl iy & e g4t 7 Al FE iy Rk . #%
AR HL | IZRE A e g RIS Y, —H &
AR, R . L, AT R A
PEo BREEDIRERE B A BHE — P s BE | T4 | B
WERL, TEAZHLI B A FIAZ R () R BE A RL | 7



453 4] HE i

B AMEBE S R 109

R A A, BB TR Tl 22 42T
[ A 2 R0 2 B 107 o, i ) B (A
TIAATCR., (R TR N T2 4
1.4.4 EHHE

B 1 T e A MR T B R b — R AR
I E R 3 ET LR 3 [ A R e
fy 2 FF R 55 37500 T SR B A R
145 HEIR

BE DI RE & A P RRA A T | T i e
T PR ol 5 Rk P B o R 1 4 A 3 2
B 52 4 MBI T 2 A6 82 T R 52 4 Bl 16 B U843
WURHE T EEARH L BN, A8 % o R ST, B
P B S AR R SR TE 1860 °C Y75 I TAF
I TR, KRR T R et 1Y
TR 2, VR IR S S ShBLIR AE I (1
g2

B 13 T Bl 2 A R L EG T 1 1 AR LT S £
P RE LB AR BRSO 3647, 2 = B . BB U
L2 R R W) S 4T AT 25 )2 W P o B %5
FE T RE A bR A AR BRI R T, AR ) 4
TS AE R B R G S, TT AR A 4 4R L W A
G A MEHEARTR U R F 7 TR A, 75 F —
R 725 5 A 13 T B A A DR 9 FF 2 00 O G b 4%
PR A3 53 A 5 A A R IIF RV ST, RS
o7 FH UG AR TR . BB T RE MR B
5% BAT RIS, W1 LU — bR Y
5% T ARG I PR LB 45 RS B, 1%t
FIREMZ AR | PR A E R 2 R A
EHEE L,

2 ESMRBRIVRRBEE

g T EAMIUZS UK | AL TP & R, X
A | T B ekt | T ot S5 B R H ) s i
K, BB NRESE A5 Az 1 Y, SEEL TR 5
OB AR A i T+
21 REEINEEE S

S R REE A MR AR ES B AR
50 SRR S, BRI MG RN . HETkREHR)
REARE P T AT 5 A 0 R A S AL oA S A
B, FECRUE =i B ARE T A RS N, nl S B ml SRR
i AL

BT B AR BE AR B A DIC S M RE AN AR AT 25 TR
UL B, AN E B A K B IR SR R,
UEAESR, HBL T R ST AR BE AT BT ] s R

(ARAE P VE R S B 1 T R A bR —
WEARE R, B AERRSEE A A R
b FHEK S, HASZR AL A2 Takashi 25 % R AT
Y6 Ak 2% UL B4 K (laser chemical vapor deposition,
LCVD), il &t — RN AR DI RER A 44
Bl IR AFEE ALY X LCVD i B 15 iY 4K
P, IR LA 3000 um/h Y 3 R TR A AL A2 R
o1 Fa i€ A AL £t (yttria-stabilized zirconia, YSZ) IR
2, UERH LCVD il 25 7 O o AR Bl M 37 K
223 4 7 2014 4F 38 3 3D T EPH A 46 1 9 ol
ASTR)AE L2 B B R 2 A AR, BT & T
Ti6AI4V+ALO; & & # ¥} | Ti-ALO; & & # K, i1
- B A E A AR TR R AR, DA
LR A A JEE 25 4 A 5], HE Inconel 718 &4 IR
GRCop-84 J&7, REHEFFHL Mt iR PR e, I KRR &
b I N = L /Ty - S ES E A R Sy N o
Mumtaz % ' % JH 0O o X 0 B 3 R & T
Waspaloy 5 4:-YSZ BB A MR, anlEl 2 o, H
BB T IR 99.66%, il £ Hh B RE i 5 B B R
A3, T L A e R P A T R R B, Y
HRIE 52 Z (A i it ARk, W T B 5 AR
RPN I, PSS A RHERIE IR T A, B
VE R B 28 & S L SRR T8 77 -

B T3 B R & TR AN, A KAt 2E A e
BB B AR BT b T TR E R TAE, BRE
22 )2 Tsukamoto > 3l i J £ P SO 125 4 3
Ni-ZrO, A4 B B4 Fek 3 2k 455 1] Pl 5 AH i i AR 58 7, hg
R BI 1E Pa AR A 5 R A 2, B
WAifr. FARIIAS: Huang 262 33 T 2 2 045
SRR E A5, PR 5 R4 BETE ORI 3 (1 [
B, 38 2 () 22 B I ) R SHE L, X6 90% 1) #RAe S
AT AR B, HAE SR T R ae 1 e s
LGRS 2K Z . A1, Esmacilkhanian 27 1
B TSR S4B 2 L KSR T S READ 4R
ALEE B 2 AP BE, AL T R RI SR T B
BRI BB, Ve TR R T A
pibE:
22 MM EIIGEE SR

S whid o RE T ZE AL R A R AP BT
PERE, Qndsssm i HEE e P | W24 | B | T
S, bl BHEHOR AW & &, R ARAs 58
AT A, A R | 4R M R A R DL
PERETR 2K, B BE DI RE & A& AR H 30 A i e aX — (]
L TR, P AR R K= 5 X 6 B Dy fig
BEMBIHIMEMAR | il T EU S REE AT T



110 it = MR FE 545 %

. Optics
(@) Nd: YAG laser

- TN90% Waspaloy=10% Zr.

Fibre optics delivery gy i B
Y . 95% \Waspaloy=5% Zr
Melted powder Laser nozzle D by

CNC controlled

Un-melted powdi/ “

9% Wespeloy=1% Z7

100% Wesieelsy
24mm

>~

Fabricated
component

K2 OB AN % Waspaloy &4:-YSZ BHEE MR (a) OB KK B AR 21
(b)Waspaloy & 4:-YSZ HIREHR:FE AT R A

Fig. 2 Preparation of Waspaloy alloy YSZ gradient composite material using laser selective melting technology
(a)schematic diagram laser selective melting technology; (b)cross section of waspaloy alloy YSZ gradient composite material
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