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Abstract

Gradient material has great advantages compared with homogeneous composite,
which meet the stringent requirements in the high technique area of aerospace and
national defense, by combining organic and inorganic substances (metals.
ceramics, plastics, etc.), and has the extensive application prospect in many
engineering fields. However, the mechanics properties and thermophysical parameters
unevenness of gradient material not only leads to thermal stress causing by the
constraint generated by unequal expansion of each parts varying with temperature,
and causes a loss of performance of material even failure, but also brings great
difficulties to material design. So, anoptimization design of gradient material to
mitigate thermal stresses appears very necessary.

Firstly, the thermal stress of gradient material with different aspect ratio of
composition phases in the graded layers was simulated by finite element method in
this paper. The effect of phase morphology on the von Mises thermal stress of
gradient material was found obvious. The maximum von Mises thermal stress
increases with decreasing aspect ratio, and increases gently with the aspect ratio
below a certain value. And in the view of thermophysical parameters, the influence of
phase morphology, the number of graded layers and the compositional distribution
factor were studied. Results show that essential reason of optimal influence of the
three factors on the maximum thermal stress is homogenizing the elastic modulus
difference of adjacent layers. Secondly, it was proved that Qaded layer thickness has
the most remarkable affect on thermal stress, and the influence of constituent phase
volume fraction is obvious, but the affect of aspect ratio is not significant. In the end,
based on the former analysis, design principles of gradient material are proposed as
follows:

1) In the process conditions permit, choose more graded layers or make the

component and structure change continuous.



2) According to the mechanics properties and dimension needs, thicker graded

layer should be chosen.

3) Under the certain graded layers thickness and number, design an appropriate
compositional distribution factor to homogenize the elastic modulus and coefficient of
linear expansion difference of adjacent layers.

4) According to the mechanics properties requirement, choose a smaller aspect

ratio of composition phases in the graded layers.

Key words: gradient material; thermophysical parameters; thermal stress: finite

element method
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BLIIMENITIE R E B TR RAAE . BV RS, S ERRTE
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F, QP Poy gy oo BREIEE.
EEEMERALEEE, ENBER, MBSt HEE
EeBEHsR, FRUR S TR A1k, MM 23850 0 RSB = FEY
WL, RERHBIFE, S8 2 EHERG.
1.4.2.3  BREM BRI R4
Mg R E R TERLETREE, hETEEBERNTY. MENES
MYEHEFEERTTARE. REANERM. HRTMEORR, KN,
GESFTUMERTOMERNEERER. — BRI, MEHZHE, (tERE
ME, ERERE, TEEEK, M ENEEESANERSER. B, FORE
TR L EZR & T, R, RRENFMIERISHSES . B
o B A R A B R KA R MR %, BEERSTEREE, R M
SERTRER — 28, FLREGER A 5 B0 07 BN 7R B K 1 X Ik R 1l 49 25—
B, MAROHE, AT EBAERSSBU 8 /N B X 33 R &4 B —
143 BEMEANERTESEMITR
H AT A 34 AR B 70 2 SR TR FEAR AL T THT, IR A8 3R ) 5 /N e
EREE. HEEZE. RS MRS, 250 RHE R S0 e
ML R ERT AT, 8 ST X B B RO B 240 A5 B2 ST A PR T LT IS, SRR
EREREMENENE MBI AYERE S (RS E L, SWKEK o
SRR £ 0ttt 0 5, RATEIEFTE, BREAHAN SIS
MR R A - Bk, RAERIGTET Ut Eh R RN EE. BERUE
B R - A E
PRAR SO N T B MeO/N BARE MRS JLFATR < AE 6 mm, H
1230 mm, FE&BEE I EEIS R 15 MRS E, WE 7, EFMRR, BULE
R —F1FH 5, i mE L REAEA, BN 1000°CH5RET 257C, i
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M 60 AT AL, AR Ay 9 30 Y, fEREE %ﬁ%ﬂﬁﬁ%h&ﬂﬁ%%%ﬁ
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F&RAER, p BoOMIEE, MMNEENMEHER M EE R GRS 515
AEMEBERE, MTEREPTEEMEHEREEE N TME B NE. SE
BT p=0.6~28 ZIRRIMEL 5047, R p=1.8 B, AR ABBRNME, BAR
ADMEREMRNE Nifll. S55EMREEMARNS, B3NSR 5
fIEE08 p=1.1.

1.0

p\mm N tayer
0.8
; & vwl% of MgO=[h-x P
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' pExponent 404
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I ML 102,

g el 400

E ¢ vei'% MgO layer "“\l‘/ 402

= N, Hoa

£ N dos
oo O T

Dianeter of FGM,d=30mm

7 BRI TR B R s oA !
ERYECTES TR PSZMo BEEARIETY, BEEERDRLILA R n

6 FTRe. Hmn AT RARREBOV: f2) = @df 3\ fz) Al a4
P EG 2 fod 3l & i ERG B AR EMEERE, p BRSO HE
To KAFEFZAMT TR TR 12 ST AR T Mg I 4. il 5 R T 22 &
TR 55, Eéiii%‘%ﬁﬁiﬁ%’rﬂ@ﬁﬁ%kdn il iE I R e AR R R R A5
ik RAPGREEE, G EHEA SRR BB AT, HE M E MR
il 2 @ AL (1 700°C) 3 B A H 72 b e A R 4 RILST o RIS BIFRRL Fy 1
5 BREMEMERZR 1200 C, £EMEEN 450 C, L TREDNTE,
IR AL T, PSZMo ZE S BBV RES Frub 1. IR 5ok
FEMEEREG MAFOTSE): AT RS EEE 6 MR IEE);
ATIMZAR G E K 230G MR TFIE). EERTHEN, HEmS 0
PR R AT ERE . SESHERERN: ZEN 1 mm, B2HCH6
&, ARDAGE T4 1.6 i) PSZ/Mo FM6 BEM L 7 A e A A5 (6 57 700 5 K g ) i
Jig/, BIER PSZMo Zb6 M BB RS 90 7R
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BEEPIZTT SIC/Al ZRHEMETHREL, WE 8 Fix, MEREEN
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MPa. H#HHERMERETRMER LRI KA Z QTR 1) 23 $38
SAMTHEELLE RS .

' _ SMX=0.006 286
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fl‘*’fzz 1
H= pifH" u:fz

g+ E .
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{E: ] 2

g+ E, ) (5)
‘f2 (!+ E2+J‘i

a= ofi+ Uf;
k= kifi+ kofa

Williamson %U%E L T ALOs/Ni BB MAEHERY, RHL AR A HNHH &4
EHOIVEZ 4. IR 255 2 800 A0 ROBS EEADEL S ERE BERT RO b AL, T
T T AP 9 PR ZFREAL JUTRER I B8 55 b HA R 77 0 520, AR LT BRI 2 5 48
FEM BRI E BE RS,

FATERLT ToALV-TIN RAEVIBEERR PSR, B R4 47 R
HREEGEN, MBS ECR AN, SR T 7 SR,
RET TisALV-TIN RESEMEMBRAR ABMSEHN: RO A =18,
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HEEEZIN=10; BEEEF =0.015mm.

}
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_ = Ni gL
pm l
Substrate
*T_v777777//f//4//// 25mm [~~~
. 400 um - 1
AlO; [NGraded
! NG
1mm «—Graded O
—e 125 mm e

f AlLO4
p— G mm ———>I

@9Auywﬁ§ﬁﬂ:ﬁ$ﬁmnﬁﬁﬂ
ERNEYN By EED q WIS T Wiy T FE A Rl T A A

B, X W/ICu BSER BT TR . I BB BRI Bk 41 4 A7 7 & a1 Al
PRI, SHENYESHAS 8 KE A THRRSEM A Kerner
TRETENITH SR . 7205 J2 19 B flh 4 BELRD 18 555 T FP0 0t 376, 06 S M 0 B A 2

AT ZHl T

GI—-:-——I—- é‘{.i-&----fn(s—ﬂ-}
R z N A K. (6)

KNP &, NE 0 ERBEMRER, K, 98 n EMEHOHRSE (B Kemer 1847
WP Koy AEEBEMBNSEHASE, BRULEEMEZARE, T
BEIm AL, TTHMAER, EH ANSYS A B GO MR W/CU B M55 1T
R Rt SEBNS R R RS sk, BEEERE. of
R AL LURERTZ R B % WIC A BRI 22 T 1405 3 A 5 R A 57 77 f
NI EEEW, X p=1.0-1.2, n>4, W EEEHR 1 mm [ W/Cu B EE M
A B AR ERR . P B RREM S RSO R 947, 7 Reuss
EMI R %, RMEANFELIS TR, THET WICu BB HyR
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7. BIRSHEEN | AR, BEEEMAT 6 AN, BEE
FEEBREMAN TEEF. W BREERXS AL TESEHRNESE, F
F Paul M AU e 4 8 . 2 Kemer TUMR P EBHIZIK B3, 245 T
=EHEE WICu #ELEE 5 5 B B 5 &2 T BT 4 RO ERRE A O B2
NTUE. AESHEN W-CuttEME, 5T & 2EEEMERS S mE#H
NAKFKFR. EREH: —EHEEH W-CoMMBHEEEE RETIET, &h
HEBRRRERSAE: HEN=BEMNHEMRERIT, MEREEME
RItBIN, RAZFIRRIEE, BEENBAHHETRTE.
HU EENST ST A, B AR M AN TR R LT 2R A
(1) Wt Samf BEM A S BEM RN ENEHEER, tHEEER.
WEERS. BEERS S Hite S RN E ER .
(2) WFFAFSRANUTEA X2 AR AR IR .
(3) BREFTEAIA BRI PR 5 T2 SR 2950 R A% &1 4.
@) WEERDUESEE KA &EE &M RREN T TR sl
6 LA LR RE B 7 WL S0 B 25 T 90 5 SR T S5 I T
(1) JUIBE X M R 5 7
(2) A FEHRH BRI R 73 AT TR B R B AR A AR, B 4 e
/EI KT 1 BAT 2.
) MEEEHEZ AR, HEHON T — S AN AR MRS
(4) HEREEEBAAR /.
1.4.4 WARFPAFLER
fﬁﬁﬁ%ﬂﬂ%}%&ﬁjﬁﬁEB*F%M%@%%&E’JK%&, T it JEE A AT A R 2 i b
AR TS BB B, Hr= A FR AR R 78 T AR 3 B i AS UL D . 7 F AT o 4
Wi, ZE T BARFE A S BB A A, (U 2 B AR iR
Eh R, R AR 28000 A P 3 & Fhazma R 3 A B2 0A BT BB 2040
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X, MO EMEEEZERHEIEHS],

ERRICEE S, XS T LS E B4 =N RIS 1 25,
HERRALMER GRS I EMENEN, (17 B 5 HU0 8 M TG %
BHORERREM. KRG EBAME, ENIER. R NEF 5
BRI EEDT 1X10°K" i, HRAGEAZ MK, T7H LIRS A
HEVEER I IR R AT RHROUL 45 M X O ek O B« G B 13 9 22 SR PR B 5T UG 4
WM& EE, RRARADT—, 5 FRARHERE, X5 R HENELR
IR S 22 T 3, 468 A CAHE B A SR B H B2 7 B0 3 A 1 o 005282 <7 8 vk A A T
TUREL, PRI ARG EIR MRS M & B ARSI B . T, 3R
B HEER, X TUARREAT Z RISy, 7950 B s /70 1 45 5L
LS HRENERAR
1.5.1 HEE/M

PEEEMELR — T 2 MIATRL DR & AR il i et o b R 2 4 5
oo, LRV 2 A B S IR AL, T R 45 K ST 1 R R B
S AR FHPERE B AR ISR, AR AL H B I FR MBS A0 E Y. SR ARG
EAYTE A 2R, AR RAFE, HBRA S AR i
2B EANN A, BB AR T, TR BB A e
BRSO R 2 1 B 5 e S A 3 ) 18 FIAR o fe
BRI . AR R E 2 IR B S HMEHAR, 758 % TGS IE i
ITAZEL B -Gl

TR R S S It i SRR P I T KB B A Pl v 2
WIFCRAL . B MEHERET I S, B 0Tk T IRA OB, LA £t
PISMESI AR RN EEE. Bt HETRNCRFE, A2 0O1AEE
HF AR, SRR ERN O35,

AR SCROBI T AR B0 RER R ) 6 50 (R 25 B e, 25 20 s
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ERARMAESBEMEARANERMEFETRYBESIGETON, X
W S RERPEE R E MR THERNAEM T, BB HUEMRE /1A E f57H
B Rt RN,
152 #MRAZRE

1. B ERA AN BRI WTI B EH I EER, ki
FENRMESLTE &, RITBEMEERTHEER, HEREMEM
S00CHANEZIR 25 CHIFARN ST,

2. XARRL ) A EAT 00, BEBRS ISR, R RFx
TIRIEEMR, FFHR I 1R K E

3. S ATHARK AR LU R B AR AR DRI i, SRR S A E
e R IR

4. BIABYIMSEEET RN W/ICu MEEMEIEHEL, ZERHEK LA
FOT IRz, BALEADR VTR, XHBERER. BERERS . BEEH
R AR FE =AM R R AT IE A8 AT

5. M= E RN S E TR A EMN T, AR E A o
.
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TR E R N FEm S L

SIE  ERARSHREMR RN NN

H AT LRI 18 B 8895 M R Bt E B R T M I, ks
At R R R BERE RS, T T 00 77 T a0k 2 B 4 AR A A
NAEF RS b, SR E XS MR R A R4 R 2B T B
M8 S IR ) AT EE N BE SRR AR T GO IR 3R R B B B 3 R H A
MEREZ L, HEmEHLRTEZM.

AR IEEAT BRI T VAR T0 06 R 2 4 AR TR A R B EE AR R AT R B
SERESTHREEM B AR RS | R T I R MR EEAT IR SRR MRV I
RESEM AR R RIHTIHL . DWARMEENEaE.

2.1 YRR EN RIh REH
2.1.1 EERE

ANEL B TE R FE MR AL R0 SRR 1 S g % el R s B B MR B BB 7R
RSN, EREPAT WHIEEE, 00 a i EE, YerAutER
SPARXS B/ o SR AR R AT AT B R SRR (1 AR S [a] B
212 JUTEREEEE

F9T 43 T AL AR A X A S G 07 7 0 S L AT A B RN RR,
RAKEW vd RIFHBAMMEE, EEKEL d 5500 1. 3. 5. 7. 9. 11.
13+ 15, 17, 20, 30 89 11 MAEMIERS, @27 1A EAMME R 45 M 5
A RM BEE SRR, SRR 2 M4 K E LR, AT
7T X He SEEEMEHERFUTR SR : K OCHD 100 mm, % (Y 4D
20mm, B (ZH) 15mm, #EE ZHA LSS 6E, B Z TN A5
AEEEME M Z, ERAME R 550504 20%. 40%. 60%. 80%1
PRELJEANAA AR EL R 2, BT G 1 #6500 1% o6 FEE J2 P 26 i) 4L R A ) T
AE 10 FE 11 s, [FIRESL T i AU R R FIai 3 A48 M Fafbi
FEZERRAEB AR R E 0 thikse, JERERBT R M HEBEER A
7.5 mm. )5 RAERICEAM ANSYS XA R RAM B Rb ) B 20
FERERE A BRI B R A AT BB R
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Graded | [ ——_
layer it
X
A—/
B 10 BEEE S ATl TLATAERY
W4
R L&
|
Vi=80% | == =
_—— | Graded
R layer
Ve=40%
VR:Q.O% \‘K ‘_]_
M M X
e

B 11 B A

2.1.3 FRTEEZEET

IR RCT ERERMEYT - BE =0 BRI cE AR TS
3 HORESCER TN LR a7 MR 3R A n . X T
BRI Z4EFRS 8 ) R, iR H SOLIDS #-ZMf 4 B ot it k. &
1B S Mg R oy v BRI, 2 SR R AR Ab I s, TRk o R R B 2 ST
TR AL R 50 70, T EAEPIAL SR TR A% i R &0 2, B 12 i #i (YOZ)
ZMMERIS e R E A,

BREME TR A S04, HERUGERE BN E S . MG
L&, BB R LAE A B R, (B H AR I S S A
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EREMTRRAFEML 618

—RARTCEESREFMN: —HEETA THEEE LREZEN SR, 5
=ERAEL ASZHIZENEETR. RASHANEESR, WEXAET
MR R i, BRI R R, T & Bl AT TR [ Y 2 T A
T3 AR ER A ERTTIE, LB 6 BAEVE, FHT B9 30 F 2 e,
M= B9 8 TS PE R 57 T A B 28 R — B4 '

:
. ELEMENTS

:
i
:

ESch.ematic model with grid plotting
B 12 5B PR R T PR 114
AT BB LA R, ASCRA AR RS, H e T E
ATATEB M PR, B 12 FrR: IR SIS LR B R T
S TCEAT AR, FERR R FE— 2R Lo, Wl 13 s, &
JEATICR A I R4 XA U7 203 LA R A (e SRR (0 14 R 14T
8 T AR Y, AT T B, BT EAGR RS
BREFIGLRS LN, BT RN B SR T,
D) EFHE # 754 SOLIDS;
2) SANE BRI S
3) M EEMER 6 AU, BT 6 MEAFATT XOY FE, KA mesh200
WIS o TR AT 219 (1 12);
4) {EH SOIDS 70 & EM L8 TS HOH 6 ANH4F BT TR (B 13);

5) iRBREmE A%, IFN EEICERHITES. 53F.
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A 13 A IRuEs s TR L

214 AONSBEMROREHEE

MEFRSRSNTT BRI GRS A S, %R BUE RS S
MRS B, KRR o. SRRM L FEp. 0L L 2535, Y
MBSO T 308, THE SR, BEENSARK k. Z¥ p. 1
bl —BCR R EMER & UM T 57, 2RIAK R 5L o A ERMIEGHE 008 6 ¢
FHE AN E, k(7)) Fom. X THEEE B, BT AR KRLE
AN, AR TR, HOO 5 244 A 35 T A RS RE 20, R TS PR 1 R A



MR NEMLETE T

FENCHH ERES MBS EE E S LSRR E. T Halpin- Tsai
Equations® | B (E T HMAMK MM IE R ENE W, HERE AEH, #EA
Halpin-Tsai Equations T8 E RN A MEE £, I3 EEE £, R
(8. (9) Frs:

_ @pExVp + ayEy YV,

EpVo + EyVy (7)
1+(2{/d»nV, E,'E —1
El i ( / )]?I R » | 1 .‘f\’ m (8)
I_UII/R ER/;Em +2] d
2 E,/E —1
E2 o 1+ GZVR & _ B/ =m (9)

m? 772 -
1‘“}72[/—}? ER:’/EIH-E-Z

2.1.5 HEEAMRNEERIREHRE

Ti 2 REEAMBREERANEGE S —, BB/ PHBEEERNR K
HIZEIZRK R, SR W ORRRRIE 3R R, BA SR B A
NHIRIIK R AL B, ARSCE AR R R FI3R M R I S EORE i
ISR BN R HE FIRAH) WAL-1 5 W 1 TA7 5h& & it
ZHE, XHFELAE M R B KA L X IS R R NN A R e, Y EE
TERBSEE . E 1 OVBEME RM FA RN S RE. BT TA7 &
500 CHIAGEA, T WAL-1 fIEFHRERET 500 C, FHib&EHE L&k
BYESHEERE 500 C, BETFFSHFANMEFTER 25 C, TUNREHCH 110

wW-m'-Ct,
R ENBEME R, M AR — L H e
E/GPa a/rct RAW-m™-CY)  pikg ™) i
R 350 4.50E-06 174 19300 0.28
M 100 8.00E-06 21.9 4510 0.31
22 HHEESRRITE

221 JUTRERRRZE{ER

B 14 2R E IR R =4 S R . I 14 (a).
(bd. (). (o) BIIL, PARATREX. Y BT RS A KNSR Aa L, FE



LA R TS R LR AR B A R

NCDAL S0LUTION

st (a)
SUR =1

TIME=]

SX {AVG)

R3Y5=0

B =,111E-03
SMN =~ 592E4+07
SMDL =.349E-07

| AN
| NODAL soLUTION
| sTEP=1 (d)
i SUB =1

sy R

Zrhpes
L osx (AvG}
. RSYS=0

CHX = T26E-04
SHN =-_110E+08
SHX =.136E+08

DM =.111E-03
SN =— 507E+07
SHX =.368E+07 §

~.50T7E4+07 - 3I2I+07 = 1132*07 763253
-.410 Es07 - 2155407 -208730

Y-d.xx’ect.xon

-271E+07
1?4£¢B'J' BGBEQBT

|

|

HCODAL SOLUTION

STEP=l

5U8 =1

TIME=L

sz {AVG)
R3Y3=0

LMX =.111E-03
SMx w- S53IS5E+0T
EMX =726175

s g

SELEB RN
2o 5352+ﬂ? . (OUEHF? -.2E3E+07 - I30E+07 50622
L4B3EF07 - .333E+07 =.196E+07 -624931

2-dirxection

(cﬁW

725175

~.532E+07 -.3B3E+07 =.1742407 155212 L245E+07 - o z e
~.4B7E+07 ~.278E+07 -630313 S140E+07. suzm’r; lwi %az a-»'f:s?s:?%?:ssfo?”:sazm? *%zaz*'al? xaszoos

X-direction i x direction

| HODAL SOLUTION ‘:t):) | NODAL SCLUTION

STEP=1 STEP=1 (e)

U8 =1 SUB =1

TIMESL TIME=L

5% {AVG) 5Y {AVG)

RSYS=0 R5¥5=0

DMX =.T726E-04
SMN =-.100E+08B
MY =, 141Z+08

;
60TE+07  .114E+08 |
L 333E+07 -B73E+07. 1418408

e
-.100E+08 - iSSE#G? 706383
- 7348407 - 1388407

Y-direction

NODAL SOLUTION
STEP=1 (f)

SUB =1

TIHE=1

3z (AVG)
REYS=(

DMX =, 726E-C4

SHN =-_186£+08
SHX =,333E+07

f

g -
U186E+03 - 137E+08 - JBT5E+07 -, IB4E+QT .iGT7E07

Z direction

B 14 BRE %Mﬁ%ﬁﬁﬂﬁ@ﬁﬁmmﬁﬂz%
(@) (b)s (OZFARREMEL X, Y. Z 3B RS S147
(D)~ (o) (DA NAEBEMEL X. Y. Z 3RS 2345

FECEHERINRAE. BHE 14 (o).

(f) w40,

PP KR Z B )&

KIS R R A B, EFFTE B R AN S15825 . ERERERORLh 72 46 7 51 4R

%WVJ%U%*?R%ME&

MR R, OUCAVE Z Jh 507 MR 7,

P THER, HRRAR g0 Eim T A kL
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2.2.2  uwE (YOZMED FHHAKAHRNST

AR TR R AR A A o E B s, B — E &M T
il B2 A (52 B 73 0 5 7 LA AU P RE D (6 ] e B VR IT A SE PR 22 XL T
K Mises RO 7] 2 MR 2 55 B IR FE IR RO B, R0 2047 257 7 B 45 A
EREES . RUERW, SHEAGTE Mises 5 1975 = B0 E 16 Fin.
AJHL, SR Mises S8R0 S J1 B 3 A AR ABL, A6 BE AT RE AN AR B8 B B L7 2 5
AL B BRI R e, T8 2 FLE B 4 B85 1 B K. St TS [B) 4L R A
SRR TH R R, ARE G —RUZAL P K Mises 25 30308 1 9ty & b5 1
e K AT BT IS T S R .

I Z SHPTE MR (5 S Mises S5 RGN i o A 28, ani® 17 B, AT WL, AF
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B T BT RS A

MR % . EADRIE 2 HHULN B JEIR " 40, PSR R4 R £,
T 4 B BB B2 PR BER o PR B K HRL N S A FE R 2 S (PR R BB B O
MEEE, TR ARARRLEHN. B 170, BEE AR
CEBEATLHRARE, BIRFENEENBINED v, HEATIHA, xE
8 Ve kMR ARERT Ve Bh—1l.

T ——

gt ¥ oy ey g S e S
185272 .165E+07 .311E+07 .45BE+07 .604E+07 200734 .180E+07 .340E+07 .439E+07 .659E+07
917461 .238E+07  .3B5E+07 .531E+07,.677E+07 999478 .260E+07 .41SE+07 .579E+07.739E+0%

g e SN L Ml aherste. = s
200507 .1B3E+07 .346E+07 .509E+07 .672E+07 200300 .1B4E+07 .34BE+07 .512E+07 .677E+07
_101E+07 .264E+07 .427E+07 . 590E+07.753E+07 L102E+07  .266E+07 .430E+07  .534E+07. 759407
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TR

F - i - S ROV
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