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Functionally graded materials based on
metallic substrate with media layer of fine NisAl prepared by FAPAS
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Abstract: Functionally graded materials (FGMs) of (TiB,),Ni/Ni;Al/metals were prepared by field-activated and
pressure-assisted synthesis process (FAPAS). The in-situ synthesis of NizAl and its bonding with metallic substrate and
composites of (TiB,),Ni respectively were investigated under the action of electric field, and the effect of the electric field
on the interface between Ni;Al and different metals was further discussed. The microstructure, phase composition of the
interfaces and mechanical properties of FGMs were characterized. The results show that, under the action of the electric
field and pressure, the Ni powder reacts with Al powder, thus fine and compact product of NizAl forms. The heat
produced by the reaction is one of the key factors of bonding that promotes the diffusion of atoms across the interface.
The FGMs have excellent thermal shockresistance and gradient distribution in micro-hardness across the section due to
the metallurgical bonding between the layers during FAPAS process.
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Fig.1 Schematic diagram of gradient reactant layers of FGMs
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Fig.2 Schematic diagram of FAPAS apparatus
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Fig.3 Gradient structures of samples with different substrates: (a) Ni-FGMs; (b) Cu-FGMs; (¢) Cr-Ni steel FGMs
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Fig.4 SEM image of NizAl layer B
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Fig.5 SEM image of interface of layers B and C
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Fig.6 SEM image of interface of layers C and D
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Fig.7 Microstructures of interfaces of layers A and B: (a)
Interface of Ni substrate and NizAl; (b) Interface of Cu
substrate and Ni;Al; (c) Interface of Cr-Ni-Fe and NizAl

A g YRR D2 ARG o Z29 1)
FUHIRIEL: xS 8BRS FSIAR SR WAL 2R AL
HUf s E IR, REEE/RURFEG TR,

MR, BRI T 4, E A1 2% 520
R3S B L S8 MR R 2 A
HA, BT IR A AN SR A RHA R 1 i
TERL, WS £ ORI I T RS, A2
U RS DA T S0 A B R RE R AL ACRE 2
A AAHELAE T, IS Js 7 s sh g & . 340,
F USRS, B SR T, R A RRAR
TG A2 (T B HR I 2, A N, T
PUHLRE Iy MG, DALk, Dy B I E R N R $ g b
Tt

BB AR S A5 (A6 SONEFA L HLg 2 Joule
PV b LB uNE Gk T el b Ive 5 R P U
A JZHNB JZ 9 J5 5 REAE RIS 5] Gl A2 By B S
I R AR I 58 7, Bt id, AU As
JEERA R RSC Ly i) 6 (1 SR LA 35

WEFCAEL, 3 FAFE BRIttt B JRAE S Ak



1218 PR R AR

20104 6 A

JERLT ANA) 58 BEAESR I s i =, JTHZ B S
Ni;Al Z [ BLSE 2200 100 pum (kG S ZH 21 . SR,
G AT WIR Y BRI e . Bk s iR
B, A JE I AUk R, AR RV 1 )5 B RE RO, R
PichE s, Ak, BOEER TR, YU
(M ECIEIKS) ) 2 B 3T A0 R, B
77 ) R AR T4 H) o iR 2 v D) 2 AR R, 1
ATURRBERRRE . ¥ BUR T 58 A8 B IR 1242,
JERZERIBOR, R EOBOR . 7 3 Fhém A,
A (R A B Ak 1 .356.4 K, T B R R4 s 0 1 750
K Zida, BRI A 930 Ko & 7(b)rbkl il i 2
K7 1 B, 7 A A 28 ik IBOa G ) B 2 AR
X I U TR ZE AR LIRS E L T, AR i)
JEF IR ARARFIAN ARt (1 e B e i s 2 ) B )2
i, JF5 B 2T IR TR R A . B 2 IR
ANKIAS B, s e B R AR, 1A E—
SERESE FIE T 4 BOR R 2 B R

S Cu KNI AT LGE kA b A A8 T BT B [ 5
e, HRAEARRE AN, T VIR, A HE
FESR, BT LA S8 s 74 oA 7 gy, A e i
(1) WA B 23 AN TR, AR SR 45 b R R ZH 2R 5 Ni it
BZ, LHAMNS CuliFEZ,

23 £REELAY Ni:Al BIFZR

M B Z AL 4)nT LUE Bk fE
W I PRIpE 5 i L8 4 B A8 Dy R8T 45 Al it
SPIST N 6 pme XRD 45K, %5550k
1) Ni;Al &8 WAL 54 .

BN FIES R 1R BN A TSRS I, (] it o g
AN RIS ) 2 S R FR DG B DR 8 i e, U2
HiA e AN i) B R R AR R R HES ), %
JEZ MRS, XA )TN0 R N R A =)
BN EHRIGERT, B 2 AR & A e
1, IR H B4 EAE 5 8K 78 7 el R A S 3 a2
JEEK NiAlLy. M Ni-Al ZJeA SAHENT LA H, FiE R
NS FRREAT, AL = A ) £ H RN R RS Ay
SN AR OR B A 3 S EOE 2 (AR F AR 4L,
P ARG — R, I NbAL #4278 NiAl Jf
AR NizAl Ao

24 RRBGREE

PR VERE P AR A ETEREA A PR RE M 25
PRDL. R (RURE FEA BRI JZ N T it 0 PR 1
HEWEME, EReh &AM T FBORIANGR
ZE VR ILAR S 1) el BE RE TR 78 0 R I — MR

o ATRIGIE I HGER I PP bl N &2 45 &
SRIE, WA AR =R A E e B 873 K, RS
HIEHEF] 300 K ¥ 7K, Witk S AT 20 . R4
S5 RARE N ) ) A6 A N & 2 ) St
oL, BB RIS R S ARG 4. HEE
JEHA > S S SRAT R TR 2 M R LA 4R
HARDH K.

G4, KRR I Sk A AT ) & SR
8 Fi. MIE 8 nILLIEH, XFFAN[A 4 8 SR
MEL, IR S TR B R ), HhR)E
Tl £G4 2 000~3 300HK .

4000 - 5
=—Nickel-FGMs
*—Copper-FGMs
o—Cr-Ni steel-FGMs ‘o
» 3000 f : .
% i s L.
S 20001 % | .« %°
= : :
= : H H
S 5 o _
S e -
= - " © ] " ;
1000 ¢ .
b 00
n "
0 ) :
A B C D
Layer

B8 LR Il ) PO 5E 23 A
Fig.8  Micro-hardness distributions on cross section of

samples

3 ik

1) A FAPAS T 20l 1 LAAS ) <6 g Ay Al
DABHOS: & B AL &4 NisAL v Ia] J2 (1 Zh e 1 4
BE S E AR R U 45 G

2) N;AL AR haljz, feikke s sad =4 K
SR, REE T G FEAR I e s AN 2 () St i
JRF I O AN IR G T S R
&4, ARk S HOR B A .

3) PG g R, & LR AR
ST TE e B OW I RE AT aE R,
SR B BN R )Z I T MR B AT, R R el
JERTIA 3 300HK, AT ¥t HI.

REFERENCES

[1] CANNILLO V, MANFREDINI T, SILIGARDI C. Preparation



5520 455 6

IKE‘\//I\qZ’ /ir(:

FAPAS i L Nis Al b 6] LX) <R = D REBR BE A A

1219

(2]

(3]

[4]

(3]

(6]

(7]

(8]

[9]

and experimental characterization of glass-alumina functionally
graded materials[J]. Journal of the European Ceramic Society,
2006, 26(6): 993—1001.

KAWAKAMI Y, TAMALI F, ENJOJI T, TAKASHIMA K, OTSU
M. Preparation of tungsten carbide/stainless steel functionally
graded materials by pulsed current sintering[J]. Diffusion and
Defect Data B, 2007, 127: 179-181.

BIN S, HUBLER M, PAULINO G H. Functionally-graded
fiber-reinforced cement composite: Processing, microstructure,
and properties[J]. Cement & Concrete Composites, 2008, 30(8):
663—671.

XUMEM, BTEEHT, BRITAE. W-Cu BREETREADR I A B e
[7]. W EA L 2], 2009, 19(3): 538—542.

LIU Bin-bin, XIE Jian-xin, CHEN Jiang-hua. Thermo-physical
properties of W-Cu functionally gradient materials[J]. The
Chinese Journal of Nonferrous Metals, 2009, 19(3): 538—542.
CELIK E, BIRLIK I, KARAKAS Y. Synthesis of
NiCrAl/MgO-ZrO, cermet powders by chemical method for
functionally graded coatings[J]. Journal of Materials Processing
Technology, 2009, 2: 695-699.

TRAE, KRN, JASEFS. TR AR RS A BOR I R R,
. MABEHAR, 2002, 20(3): 129-134.

ZHANG Jiu-xing, LIU Ke-gao, ZHOU Mei-ling. Development
and application of spark plasma sintering[J]. Powder Metallurgy
Technology, 2002, 20(3): 129-134.

ANSELMI-TAMBURINI U, GARAY J E, MUNIR Z A.
Fundamental  investigation on  the spark  plasma
sintering/synthesis process (III). Current effect on reactivity[J].
Mater Sci Eng A, 2005, 407: 24-30.

ANSELMI-TAMBURINI U, GARAY J E, MUNIR Z A. Fast
low-temperature consolidation of bulk nanometric ceramic
materials[J]. Scripta Materialia, 2006, 54: 823—828.

o A VR, BT AU SRR S A NisAL
FEIAR[IT AR ARG £ BiA, 2006, 24(4): 299-303.

MENG lJie, JIA Cheng-chang, WANG Kai-ming. Review of

(10]

[11]

(12]

[13]

[14]

[15]

[16]

formation of Ni;Al intermetallics compounds by mechanical

alloying[J]. Powder Metallurgy Technology, 2006, 24(4):
299-303.

MENG Qing-sen, CHEN Shao-ping, MUNIR Z A.
Microstructure and mechanical properties of graded materials
prepared by field-activated and pressure-assisted combustion
synthesis[J]. 2008, 368/372:
1876-1878.

CHEN Shao-ping, MENG Qing-sen, ZHAO Jin-feng, MUNIR Z

Key Engineering Materials,

A. Titanium diboride-nickel graded materials prepared by
field-activated pressure-assisted synthesis process[J]. Journal of
Materials Science, 2009, 44(4): 1121-1126.

CHEN Shao-ping, MENG Qing-sen, MUNIR Z A. Synthesis and
characterization of TiB,-Ni-NizAl-CrNi alloy graded material by
field-activated combustion[J]. Journal of Alloys and Compounds,
2009, 476: 889—893.

MUNIR Z A, ANSELMI-TAMBURINI U. The effect of electric
field and pressure on the synthesis and consolidation of materials:
A review of the spark plasma sintering method[J]. J Mater Sci,
2006, 41: 763=771.

DIOME, SREFRE WA TR BN SR M), Kb
B RHOR 27 HE AR A, 1999.

TANG Wen-hui, ZHANG Ruo-qi. Introduction to theory and
computation of equations of state{M]. Changsha: National
University of Defence Technology Press, 1999.

SMITH W F. Foundation of materials science and
engineering[M]. Beijing: China Machine Press, 2006.

&R, JPUSF, BEOE, W, THYRL Zn/Fe [ Zn/Fe-Si
[ 253 s vz JB A A I A D). P A (e Ak,
2008, 18(9): 1639—-1644.

LI Zhi, SU Xu-ping, HE Yue-hui, TAN Zheng, YIN Fu-cheng.
Growth of intermetallic compounds in solid Zn/Fe and Zn/Fe-Si
diffusion couples[J]. The Chinese Journal of Nonferrous Metals,
2008, 18(9): 1639—-1644.

(Wi EIRH)



