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' Thermal barrier coating
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' Dispersed phase

2 Transition function
® Gradation exponent
* FGM films

® Interface-FGMs

® Bulk-FGMs
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! Building the spatially inhomogeneous structure
2 Gradation

® Transformation of this structure into abulk material
* Consolidation

5 Constitutive,

® Homogenizing

" Segregating

® Precursor

® Automation technology

"% Dry powder processing

" Slip casting

"2 pressure filtration

"® Tape casting
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" Infiltration
z Self-propagating high-temperature synthesis technology

Electrophoretlc deposition
Moblllty
7 Slurry deposition
8 - Spin coating
Spray coating
D|p coating
! Plasma spraying

W il g Gliaasli 19 g A aylodis ol pil Sl o aalilend



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html

W joal g Gliaasli 19 g D alodis ol sl Saosl pau aalilend

Y. -, _ .

3005 55 0 5 St -1

ST 5 [FY] > ey OS] JFY] 03l 53 ey IR ) 51 o0liol L g 52,5 0 sy 31 o0liol b (g om
35 sl b3S il domsts 13 45,8 Jlae! Gilise by Sl )5 (sop e 5 &l ol

T(SFF) LB o i lw g, -11-0

bglre (il Sl Y b g [FF] plidl paes la )il )3 (Sholpw yoge din bolseo 51 ouS 5 S b g,y cpl o
S Lo ol &9 ol sl S LB penels b Legl oSy oS b cuwd < FGM 4 O‘QSGG [Y’b]d)’lé sl ydg 5l
2 Dged degesre oul (gl FGM Glalad cdlo p 0gMe willgi o 5 o0 Gygo (§y5amalS Jol8 S§ b Sy g8
Vb oy 3, 0,81 390 cul & g SFF gy sblze JU¥FIigd 48,5 )15 &7 Jlygilals’ g, 4 Slsa g3,

S (ly SFF (6,518 & [FY Jodzey (sla S 155 blgs osle (sy90 080 oyt e Uass (55 oo Mg
JFAJelooly FOM olabad s & Wl oo S 5 58 b olyos (5362

(CVD) L 58 51 Lot beomwes BIgm,— VY=

3l olos s L5 ,Lid o adgwy (slod wSle CVD Laylyds J ST (2o iy o> (69959 3 cuS )5 polie yuii b
[0+ ¥a]s,5 W) FGM

(PVD) ° jl5s 518 51 (o508 (OIgus, —VF-0
U89y 4 o TBC sl iy (eiones gy FOM a4 (lg5 oo Ll yd plo g jB oS 5 puii b oo (g o2l 5
[Y¥ ¥ Slosdosls Lidgs FGM ,lslo b (EB-PVD) ,lu jlb (So5d (23iguwy (9Kl 4S5

NSt S gy -)-F
sled Gl 8Ly 5 S0d 0 Jlasl (455 (sl s lodis (59 & S (Sl poo (glo sy (TBC) ()l o (slo by
&2 A y e 38 A g (Sl (s G (S blusil cops STV ] wiad o 3l ) )5ige 033k S,
sy Lo 3l oslisal BMEST () (19,87 o5 gl o, 390 Y 5l gy o b ooy g ol o e 0 LS
P aS jablen ol onbodh s oSy (ZupT pw b aY &y )l s Gidey S QWY USS 5 (] FGM

[AY 0] ol atily JWs a1y bay¥ ho )l blusl o s OMS] (5alS yider 13,8 FGM 3445 0 0100 =Y S

[oY] La¥ 5> blus! ey o (o aY zu FGM jbsle G jbslop, (@l -V S

! Centrifugalcasting

% Solid Freeform Fabrication Method
% Combinatorial

* Chemical Vapor Deposition

® Physical Vapor Deposition

® Thermal Barrier Coating



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html

[ Downloaded from jicers.ir on 2025-12-14 ]

[ DOR: 20.1001.1.17353351.1393.10.2.4.8 ]

A o Gials ]y gyl colie odss il a8 il el SBed Y 1> dgmge s j0 Ll S slul (Kod b,
9y oy Sl Y o ol Sialen a5l dos 5095 0 Loled plo 8l cael 39 yuin (o> 5l o] Hlade ST L
SIleasy o (Sales pa il (ili8l SBed Y maw Cuow 4 Y 5 5l 5B ST b ] cusls Jole 245 &5

LY 35 o 0000 VF S 0 Jlis b cpl 5l (glaged cunl aBl yialS” Sl Colim o 539, 00 o

Y’QY”

] vy L YU &Y
1 vy — @b
YasY

o wY

oY )

[OYISEM [isluss, i olsz b sl J5dss o Lol 5 LFGM g G 5l ooye o —VF JSo

9 el gLy l5-Y-F

L it o] g a8 ol cdlS = s ao)lS ojluosis odle 3¢ o o3kl oy sla il cdle 3 a8 oolge I S
o=l U8 Lol e iolidl s aily o3l galS b LS LSS polie (3 cyismen )l wSe dlaly LS lude
[OF] sl cuslio Yoo pos b 0 Sl S il o508 ey J3bo ) Crnd a5 g e Jalge

‘;;*:)}i dUb.:).g)lf —‘“—;

Sl L ojlwiis sale SO lgseiiwl bl awdige o5 )l 1 g Cowl (50,05 (gl be lus] s )0 o lgseinl jLid L
Jols 03lo U 59 0 03l FGM sl 51 oy jo lgscinl 350l cal gl [00]59) oo sl 4 (63, Slos— 2dg0
5l 8 il @Y, e pslain ol & (V0 JS3) 13l il slio (655l o g (Sl olg lojen

4 Cams A3l oS0 S ytie Juad )3 byl o Jlasl 4l (el g 305,148 (6318 (dluY 5 (goy 1y 3, el b anlie
[0;’ ,Y\c] .,\.wl.’ Ti-6AI-4V 5l YJLS Cn ) d)Lﬁ JJ‘}?L;o o LS)b d.’\J FRLLY ..\.tb19> =Ry 4.5\/ 25

&)k e

[BA] 55 s 5 (S ol 555 055 FOM il (555 o f5o b -1 JSC&

' Biocompatibility
2 Bioactive

W il g Gliaasli 19 g A aylodis ol pil Sl o aalilend



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html

W sl g Gliasli 19 g P aylods ol sl Scalpon aalilemd

oS o 2o Ve (gsls poslis ;505 (g 52 g LAl peslis gy ) poslis wl ikl 1 6503 9 5
Pl oIS panling byl (yal )3 S oo e gy iy ] S g yem ke las] s 3 g obodlits] ol

g oo odliuwl Laylasy o S8 sl lozainl (gl cideasl g9 cpl 515yl (o g (6) 5k Cuns; TII20HAP 4 5V
Sz sl )8 50 colasl lgisds TINJHAP ¢Ti/SiOz ¢TilCo oS 5 /paulins (sl FGM | yizcen [OVAA]
[£+ 0% |cwl sddbesliiwl

' g gl F-5
B Jsbo o £ o 08 o s (S S (65l 4 Lagitans |y liasdh (6501 &S ditn gl )l3) 350 (gl Jolo
g iU S L 93 il g sl g s 53 31 Sy g I 3 5515 Sy ol piusas 1) -l (SOFC) "l 1
a1 VL Gom 9 (S by )b (egtie Lo Sho 4 5l s dlge [OF Wb oo bix on 5l (a5
@il o b )l blas] coys )5k Vol g cadg S b obosd (655l ¢ oyjan L2l el YU iaaBlS
JSie Lo ol 8L 9,5 (a5 L ool b S5 plid el el 5 YL (glod 1o Iga )3 (o)l (g Jgbos
5 a8l ili8l obard Jlb Synie fad g a0 JBlis 4 ()l blusil cupd OUBI e &) s (S

[V 3 Jls &1y s ahs St

&>l

[1] E. Reimanis, "Functionally Graded Materials," in Handbook of Advanced Materials, ed: John Wiley & Sons,
Inc., 2004, pp. 465-486.

[2] G. H. Paulino, "Fracture of functionally graded materials," Engineering Fracture Mechanics, vol. 69, pp.
1519-1520, 2002.

[3] D. K. Jha, T. Kant, and R. K. Singh, "A critical review of recent research on functionally graded plates,"
Composite Structures, vol. 96, pp. 833-849, 2013.

[4] U. Schulz, M. Peters, F. W. Bach, and G. Tegeder, "Graded coatings for thermal, wear and corrosion
barriers," Materials Science and Engineering: A, vol. 362, pp. 61-80, 2003.

[5] M. Ferraris, E. Garcia-Lecina, and D. Godlinski, "Optimal ceramic-metal joints with FGM," in Technology
and controlled tailoring of FGM, R. Astrid, Ed., ed, 2005, pp. 121-127.

[6] S.-h. Chi and Y.-L. Chung, "Cracking in coating—substrate composites with multi-layered and FGM
coatings," Engineering Fracture Mechanics, vol. 70, pp. 1227-1243, 2003.

[7] W. Lengauer and K. Dreyer, "Functionally gradedhardmetals," Journal of Alloys and Compounds, vol. 338,
pp. 194-212, 2002.

[8] H. A. Bahr, H. Balke, T. Fett, I. Hofinger, G. Kirchhoff, D. Munz, et al., "Cracks in functionally graded
materials," Materials Science and Engineering: A, vol. 362, pp.2-16. 2003.

[9] A. Neubrand, "Functionally Graded Materials," in Encyclopedia of Materials: Science and Technology
(Second Edition), K. H. J. B. Editors-in-Chief: , W. C. Robert, C. F. Merton, |. Bernard, J. K. Edward, M.
Subhash, et al., Eds., edOxford: Elsevier, 2001, pp. 3407-3413.

[10] K. F. Leong, C. K. Chua, N. Sudarmadji, and W. Y. Yeong, "Engineering functionally graded tissue
engineering scaffolds," Journal of the Mechanical Behavior of Biomedical Materials, vol. 1, pp. 140-152, 4//
2008.

[11]  W. Pompe, H. Worch, M. Epple, W. Friess, M. Gelinsky, P. Greil, et al., "Functionally graded materials for
biomedical applications," Materials Science and Engineering: A, vol. 362, pp. 40-60, 12/5/ 2003.

[12]  G. Parrish, Carburizing: microstructures and properties: ASM International, 1999.

[13] R.E.Smallman and A. Ngan, Physical metallurgy and advanced materials: Butterworth-Heinemann, 2011.

[14] G. E. Totten and M. A. Howes, Steel heat treatment handbook: CRC Press, 1997.

[15] M. B. Bever and P. E. Duwez, "Gradients in composite materials," Materials Science and Engineering, vol.
10, pp. 1-8, 1972.

[16] M. Shen and M. B. Bever, "Gradients in polymeric materials," Journal of Materials Science, vol. 7, pp. 741-
7461972.

[17] B. Kieback, A. Neubrand, and H. Riedel, "Processing techniques for functionally graded materials,"
Materials Science and Engineering: A, vol. 362, pp. 81-106, 2003.

[18] R. Jedamzik, A. Neubrand, and J. Rddel, "Functionally graded materials by electrochemical processing
and infiltration: application to tungsten/copper composites," Journal of Materials Science, vol. 35, pp. 477-
486, 2000.

' Fuel cells
% Solid Oxide Fuel Cell
3 High catalytic activity for oxygen reduction



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html

[ Downloaded from jicers.ir on 2025-12-14 ]

[ DOR: 20.1001.1.17353351.1393.10.2.4.8 ]

[19]
[20]

[21]
(22]
(23]
(24]
(25]
(26]
(27]
(28]
[29]
[30]
[31]

[32]

(33]
(34]

[39]

(36]

[37]

[38]

(39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Y+ \Y/\+/\Y)web of knowledge. Available: http:/thomsonreuters.com/

A. J. Ruys, E. B. Popov, D. Sun, J. J. Russell, and C. C. J. Murray, "Functionally graded electrical/thermal
ceramic systems," Journal of the European Ceramic Society, vol. 21, pp. 2025-2029, 2001.

Y. Watanabe and H. Sato, Review Fabrication of Functionally Graded Materials under a Centrifugal Force,
2011.

M. Mott and J. R. G. Evans, "Zirconia/alumina functionally graded material made by ceramic ink jet
printing," Materials Science and Engineering: A, vol. 271, pp. 344-352, 1999.

"Modeling of Functionally Graded Materials and Structures," in Functionally Graded Materials, ed: CRC
Press, 2009.

L. Chen and T. Goto, "Chapter 16 - 16.1 Functionally Graded Materials," in Handbook of Advanced
Ceramics, ed Oxford: Academic Press, 2003, pp. 445-464.

A. Neubrand and J. Rodel, "Gradient materials: an overview of a novel concept," Zeitschrift fiir
Metallkunde, vol. 88, pp. 358-371, 1997.

A. Chrysanthou, O. Delverdier, E. Garcia-Lecina, S. Sereni, J. Roodel, and A. Rota, "Powder technology
methods," in Technology and controlled tailoring of FGM, R. Astrid, Ed., ed, 2005, pp. 103-110.

M. Mohebi, S. Yang, and J. Evans, "Computer generation of metal components by simultaneous
deposition of mould, cores and part," 2006.

M. N. Rahaman, "Powder Consolidation and Forming of Ceramics," in ceramic processing and sintering,
second ed, pp. 328-424.

Z. A. Munir and J. Holt, "Combustion and plasma synthesis of high temperature materials," DTIC
Document1989.

E. Ma, M. A. Nicolet, and M. Nathan, "NiAlsformation in Al/Ni thin;film bilayers with and without
contamination," Journal of Applied Physics, vol. 65, pp. 2703-2710, 1989.

S. E. Niedzialek, G. C. Stangle, and Y. Kaieda, "Combustion-synthesized functionally gradient refractory
materials," Journal of Materials Research, vol. 8, pp. 2026-2034, 1993.

X.-H. Zhang, J.-C. Han, X.-D. He, and V. L. Kvanin, "Combustion Synthesis and Thermal Stress Analysis
of TiC—Ni Functionally Graded Materials," Journal of Materials Synthesis and Processing, vol. 8, pp. 29-34,
2000.

J. J. Moore and H. J. Feng, "Combustion synthesis of advanced materials: Part |. Reaction parameters,"
Progress in Materials Science, vol. 39, pp. 243-273, 1995.

J. J. Moore and H. J. Feng, "Combustion synthesis of advanced materials: Part Il. Classification,
applications and modelling," Progress in Materials Science, vol. 39, pp. 275-316, 1995.

H. J. Feng and J. J. Moore, "The Effect of Pressure on the Combustion Synthesis of a Functionally-Graded
Material: TiB2-Al203-Al Ceramic- Metal Composite System," Journal of Materials Engineering and
Performance, vol. 2, pp. 645-650, 1993.

A. R. Boccaccini, V. Cantavella, O. Delverdier, M. Ferraris, E. Garcia-Lecina, and B. Major, "Deposition
methods," in Technology and controlled tailoring of FGM, R. Astrid, Ed., ed, 2005, pp. 113-120.

Y. W. Gu, K. A. Khor, Y. Q. Fu, and Y. Wang, "Functionally graded ZrO2-NiCrAlY coatings prepared by
plasma spraying using pre-mixed, spheroidized powders," Surface and Coatings Technology, vol. 96, pp.
305-312, 1997.

S. Stewart, R. Ahmed, and T. Itsukaichi, "Contact fatigue failure evaluation of post-treated WC—NiCrBSi
functionally graded thermal spray coatings," Wear, vol. 257, pp. 962-983, 11 2004.

Y. P. Wan, S. Sampath, V. Prasad, R. Williamson, and J. R. Fincke, "An advanced model for plasma
spraying of functionally graded materials," Journal of Materials Processing Technology, vol. 137, pp. 110-
116, 2003.

K. A. Khor, Y. W. Gu, C. H. Quek, and P. Cheang, "Plasma spraying of functionally graded
hydroxyapatite/Ti-6Al—4V coatings," Surface and Coatings Technology, vol. 168, pp. 195-201, 2003.

Y. J. Su, "Processing and performance of yttrium-stabilized zirconia-based multilayer thermal barrier
coatings," Ph.D. 3033564, Northwestern University, United States -- lllinois, 2001.

Y. Fukui and Y. Watanabe, "Analysis of thermal residual stress in a thick-walled ring of duralcan-base Al-
SiC functionally graded material," Metallurgical and Materials Transactions A, vol. 27, pp. 4145-4151,
1996/12/01 1996.

Y. Watanabe, E. Miura-Fujiwara, and H. Sato, "Fabrication of functionally graded materials by centrifugal
slurry-pouring method and centrifugal mixed-powder method," Journal of the Japan Society of Powder and
Powder Metallurgy/Funtai Oyobi Fummatsu Yakin, vol. 57, pp. 321-326, 2010.

M. M. Mohebi and J. R. G. Evans, "A drop-on-demand ink-jet printer for combinatorial libraries and
functionallygraded ceramics," Journal of Combinatorial Chemistry, vol. 4, pp. 267-274, Jul-Aug 2002.

M. M. Mohebi, S. Yang, and J. R. G. Evans, "Compositional control in solid freeforming; Fabrication of 3D
FGM," in Science of Engineering Ceramics lii. vol. 317, 318 T. Ohji, T. Sekino, and K. Niihara, Eds., ed
Zurich-Uetikon: Trans Tech Publications Ltd, 2006, pp. 151-154.

M. M. Mohebi and J. R. G. Evans, "Functional Gradients and Combinatorial Libraries Using an Ink-jet
Printer," presented at the 104th Annual Meeting & Exposition of The American Ceramic Society, St. Louis,
Missouri, USA, 2002.

R. M. Mahamood, E. T. Akinlabi, M. Shukla, and S. Pityana, "Functionally Graded Material: An Overview,"
2012.

S. Yang, M. Mohebi, and J. Evans, "A novel solid freeforming method using simultaneous part and mould

W il g Glianli 19 g FD alods ol il Sal pou aalilemd



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html

W joal g Gliaasli 19 g D alodis ol sl Saosl pau aalilend

[49]
[50]
[51]

[52]

(53]

[54]
[59]
[56]
[57]

[58]

[59]

[60]

construction," Rapid Prototyping Journal, vol. 14, pp. 35-43, 2008.

K. L. Choy, "Chemical vapour deposition of coatings," Progress in Materials Science, vol. 48, pp. 57-170,
2003.

T. Hirai and M. Sasaki, "In-situ processing of inorganic composites by chemical vapor deposition,"
Ceramics international, vol. 17, pp. 275-281, 1991.

C. B. Carter and M. G. Norton, "Coatings and Thick Films " in Ceramic Materials, ed: Springer New York.
pp. 481-493, 2007.

K. A. Khor and Y. W. Gu, "Thermal properties of plasma-sprayed functionally graded thermal barrier
coatings," Thin Solid Films, vol. 372, pp. 104-113, 2000.

A. Portinha, V. Teixeira, J. Carneiro, J. Martins, M. F. Costa ,R. Vassen, et al., "Characterization of thermal

barrier coatings with a gradient in porosity," Surface and Coatings Technology, vol. 195, pp. 245-251,
2005.

Y. Miyamoto, W. A. Kaysser, B. H. Rabin, A. Kawasaki , and R. G. Ford, Functionally Graded Materials:
Design, Processing and Applications. Boston: Kluwer Academic, 1999.

A. J. Salgado, O. P. Coutinho, and R. L. Reis, "Bone Tissue Engineering: State of the Art and Future
Trends," Macromolecular Bioscience, vol. 4, pp. 743-765, 2004.

W-.Q. Yan, T. Nakamura, M. Kobayashi, H.-M. Kim, F. Miyaji, and T. Kokubo, "Bonding of chemically
treated titanium implants to bone," Journal of Biomedical Materials Research, vol. 37, pp. 267-275, 1997.
F. Watari, A. Yokoyama, F. Saso, M. Uo, and T. Kawasaki, "Fabrication and properties of functionally
graded dental implant," Composites Part B: Engineering, vol. 28, pp. 5-11, 1997.

F. Watari, A. Yokoyama, M. Omori, T. Hirai, H. Kondo, M. Uo, et al., "Biocompatibility of materials and
development to functionally graded implant for bio-medical application," Composites Science and
Technology, vol. 64, pp. 893-908, 5 2004.

M. Mehrali, F. S. Shirazi, M. Mehrali, H. S. C. Metselaar, N. A. B. Kadri, and N. A. A. Osman, "Dental
implants from functionally graded materials," Journal of Biomedical Materials Research Part A, vol. 101,
pp. 3046-3057, 2013.

H. Takahashi, "Mechanical properties of functionally gradient materials of titanium-apatite and titanium-
zirconia for dental use," J Jpn SocDent Mater Devic, vol. 12, pp. 595-612, 1993.



https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.4.8
http://jicers.ir/article-1-400-fa.html
http://www.tcpdf.org

