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Advances of the Functional Materials Prepared by SPS
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Abstract: The main technical characteristics and its development of spark plasma sintering (SPS ) have been
reviewed. The advances is focused on the preparation, microstructure and properties of SPS-prepared
nano-size rare earth metal particles and nanocrystalline bulk , nanocrystalline rare earth- cobalt compounds,
nanocrystalline rare-earth permanent materials, nanocrystalline rare earth hexaboride and thermoelectric
materials in our group. Finally the suggestions of SPS R&D in China have been proposed.
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Fig.1 The sketch of research and development platform combined with nanoparticles preparation, heat /magnetic
treatment and SPS sintering, the upper fig is the picture of the platform, the left fig the picture of
nanoparticels preparation equipment, the right fig the picture of treatment and sintering equipment
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Fig.2 The TEM showing microstructures of rare earth metals nanoparticles, (a) Er, (b) Dy, (c) Tb, (d) Nd
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Fig.3 The microstructures and properties
of Sm nanocrystalline bulks, (a) TEM of
nanocrystalline Sm, (b) specific heat

capacity, (c) micro-hardness
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Fig.4 TEM of Gd bulks, (a) sintered Gd, (b) annealed Gd, (c) polycrystalline Gd
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Fig.5 The results of DSC and magnetic measurement of Gd bulks, (a) sintered Gd, (b) annealed Gd, (c) polycrystalline Gd
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Fig.6 TEM of Dy bulks, (a) sintered Gd, (b) annealed Gd
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Fig.8 The crystal structures and properties of nanocrystalline Sm-Co alloys, (a) SmCoj; structure, (b) Sm,Co; structure, (¢)

magnetic properties of SmCos, (d) magnetic properties of Sm,Co,;
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Fig.9 TEM of Nd,Fe 4B/a-Fe composite nanocrystalline bulks prepared by SPS hot-press (a) and hot deformation (b)
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Fig.11 The dependence of magnetization on temperature of nanocrystalline Sm(Cog ¢Nby 4) alloys
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Fig.10 The XRD and TEM of nanocrystalline Sm(Co4¢Nby 4) alloys

Sinm

K 10. Sm(CoseNbo.o) Z9K KM LT XRD 5 TEM R A

SmCa, Nby,
sintered magnet
Ms = 69.6 emu/g
Mr =51.4 emu/g

He=28T

Magnetization (emu/g)

0.5

-80 |-

)

300 400 500 60O 700 600 |

Temperature, T (K) ]
PR T N

Applied Field (T)

1401

978-1-935068-41-9 © 2010 SciRes.



7/
'0

X4

7

Scientific
Research

»
%

R

& MR ZORERIR. et faseE . e Tk
R i, SRR, AU R U
TR PERE R SIRRALRL, i AR 2 il 3 A S B R 1
HARAOEL. AR MR RS K PR s
WA RN EL AT A LT AR R GBI AR R, 7R KT
R B BTN AU RS . )
AP AR A A8 55 L 975 R v B AR Qs AT EE R )32 [ B
.

H A 1950 4F &I LaBg Mo HL 1 AT R RE LA K
A I R & LaBg ) IRIFFTELZ o (H ST
WokE, EEALAEW PRI 8 Sty B W
Wi T, CREU I S AR T _Tes
SR P N R R R/ E ALY B S el 5] T e A g
PIRER TAE, 9K F HAA O I LR A kL 5
LF Tk BE

Hr, 6. HA b EAEE K gk 0 04k
WA, ORI G AR . 9KEe . ah
KA U B ARG AR, TEAE AT N FH ST
TATVRIH 5B SPS V-6 41, R GIHT il 25 B
B2k, HAT AR AR R A S5 S R J 45 B e »
SR T A A P K A M o 5 R it b R 8 i YD i)
M, RGEIT T LaBg. CeBe 55 i Lill{b 4 (LaxRE
1-x)Be XM L4 ; (RExBa 1-x)Be &5 L AN ik
OB Ak o200, i L ¥ U s % R TE D 80—
100 nm, 55 Bk 3] 99.2% 1) 48K A LAk b

The 7th National Conference on Functional Materials and Applications

FoRE, BRI 0 PR T R S B A
BHB U 84 5] 221 —249.6 MPa, 7+ 1933K I,
RETHI S 56.81A/Im?, Yk 2.47 ev, W1l 12
Fi7Re

6. MR

AR, A T AL BERE PP, 4 ERA%
AR ] 5 [ T S AR R EE A, 1T AR T
DS REEIE3 -SERIIRIE TP S i W B T
AT RAAE . SRk L. ohlfE
TR N VT 0 e T A R 1 K B R
TR AR Z —. WEEREWEH (DOE) #iH
) “FreedomCar” 1%, B 7Ei il # FL 5 0 28 4 V3 4%
MR B 10%, J145 T 2011~2014 4ESEH =k A4 22,
H ASHT e B AR T R MR (NEDO)1E 2007 442 H
TEET G e B PR AR R TR R, TivE 3 2012
TEAR R HHCRIR B 15%; P il ORIk AN EIR
15 2 T TG R 22 2K A 200 e R R B e b RE M A
() FE R 5T 3R AT [ 2K QSR Al A Sk R (973
1HXl, 2006~2011 4F) WISZHF, HH bR& IR
e AR ARV R RN T RT I AI A RMA R . H T
il 25 HA A AL R e R L R AU TPk RE
PR E Tk RE I PR AR R R R FACE A R S
0 At 230, 2 20 i e R I 9 AT A (1 A
AR R

60
—a— 1500K 7
50 —e—1673K /,/v/'/
w’g 1773K -
© 40 —v— 1873K -
. x
X v
s -
£ 30 /
= hd
g vy
= 20 P
x
% v/ g ———*
G 104 x e
A
0] '1: e m—mE-—3-—E—2 E—2—NE_E - —§—§—§_—§—NE—§—®
0 100 200 300 400 500 600 700 800 900 1000

Voltage/V

Fig.12 The dependence of current density on voltage of nanocrystalline LaB¢ cathode at different temperatures

Bl 12. RREEEE T 4K 5 LaBg BRI IR 5 B 5 R IIR R

978-1-935068-41-9 © 2010 SciRes.

1402



The 7th National Conference on Functional Materials and Applications

6.1 Bi,Te; 2 H E A1 )

Bi,Tes JEHHUM MY I H 1T #4 FiL VA S AR A
KA ) Pk e S A AR A R R s
B N FH ¥ Bl Teg A FA ALK HISI4 A2 SR FH A% 8 1) DX ik
P, AR AU TYERE R 2, 4RI 253K
THEFG I, AR RS B T2k
SCE AR HUCRT A F PR R IS T RIFHIRCR,
WK 27 SR F 7K -0 7 V2 4% (1 AT 2R ok &5
F(5~50nm) [ 4K K A5 Btk BipTes/ShyTes #4K, o
TR EIE S 1.46(440K); R4 FE TR i K2
KR BE- 3T 1) 7 V4% T 9K B Teg S HufA, IL
7 75~100°C I FA B AL(EL B 1.305 HCHE TR 2R
FIH n B BipTes JEA0RE, 18 ik BREE-PLif- O 25 58 1
BeLh 745 T n BEA BiyTes JEARL, g m il
PEfEIAF] 0.96 (320K) , HrHsim %) 200MPas.
BATRH p HX il BiyTeg EHVHLAPRL, I Py — Bk
JiE —pe gt — AR T ik & T Yk p B BioTes 2 b4
Bl e gis ) 1.36 (423K), PiILHREX
F| 203MPa. & 13 4% 500°C # A JE J5 FE & W B
B, AW, FERBEAREEEE. HREAE
TERIRFEAR LG, ZFE B S e m T,
([T 51BN S R S S T o i v Y
RE MR 42 = .

6.2 Skutterudite ZEFH R

Skutterudite & # AL TR T2 KT
v DX R A RE B M R B T B -
e RN O PANEER P S S BUR | = TN w0 - 124
MELSENES. Lo ENB . UL

o
Kb 25 7 iR, nT DU % B R TR S ARy
PR v LV R T O B BT AR B R R,
& n Y Skutterudite JEHE AR, 1T REAG TR
KR JE 14A iR AR TR G n B
FHO SRR, RTLLE H, 0 3 B 1
INFotEZ 0T, BalYb XUIHFE A Ba/Yb/Eu
=B ARS W H AT AL R AR AR A R AR s ) A e
Pefl, Horf Bag.osYbo.14EU1C04Shy, 71 800K I ]
e RAHEARE RS 1.34, b4k, DEaiRaiMIm
i SR NN R T N AN 0 O i e
T 412K C60 £ 2¢X) Ba HH 78 Ba,CoShy, it % HL A L
WA PERR W, R ILY C60 KA kL &k 3
3%IN, G REIK 2 DL v R BRI 0, AT AT
HAH AL AE 850K 1A %] 1.5, HHT, n M IEH"
PP RHIE 9T H o 58 35, & ORI AR 1.2 Bk
1 n ZOREREAH 7 5, i Al ) & B AR A
PEREN) p BUAFRE R R 2 1 18 D) 5 22 fif e 1) Ta) 8

Yt g K241 Rogl #zPamrsaldl# 7 £ 0
#BI p #(Ca,Sr,Ba,Yb,DD)Fe;CoShy, B4 44
Bl HARME ST 1.2 TR ERE B 5
B IR A O vk, e I B AR R S
ZERI) p M LagsFeCosShy, BiAFH Kl (K 14B),

AR 700K I (¥ # r AR A I B 0.72; 3K HIAL 48 1) J4%
B -IR KBS rRag kgl & m p B
CeogNdgsFezCoShy, Bk #f kBl B A K 4F i 7 i 1
FER R F R (E 14C), HLAE 773K B LE
LF) 1.16, 2 HWRAARERBYEGR p v
(5= W= =1 1 | B 1 S s 2 1 B A

Fig.13 SEM of Bi,Te; material prepared by SPS sintered (a) and SPS deformed at 500°C
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Fig.15 The dependence of properties on texture, microstructure and doping of Ca;Co40,, A: variation of texture F and

resistivity with SPS-sintered holding time; B: SEM of Ca;Co0409 by SPS-sintered at 850°C for 2hrs.; C: variation of ZT

with the Ba contents and sintering time
Bl 15. Ca;Co,00 AR . S EBIRNIERERIZM, A: SPS LI X CazCo,00 BN F K AR ZM;
B: 850°CF SPS 24 2 /MR E] CazCo, 00 AW O S ; C: Ba S EFMEELE RN Ca;.Ba,Cos00 (x=0-0.4)t. 54 ZT (€
Hr

6.3 RRHEA MBI

RGP, AR
REARRHA, (L TR A E . Bt il
e LA LL KT DA A PE AU K AR SRR
R ATYERAN R Ky — B (A 52 PN I s L A4 A
B FA R s S 4 1 Bl S A S AR
AL o HATERA TR BT 55 12 1%
ARG G, Hl T — RN CasCo0, (M=
it B4R, SR REE kIt A #e bt o
A RNE57R, TR & TR ai AR T2
e, BT RENE AT AT S L BE SRR R
MR A AR L S R vk B . HL P SPShedt2
/NI [)Baw 2Caz. sCo. 0 ARE 67 SKHN A3 11 0. 43K #viE
MRAE, 2 M ETHRIE 0 2 A A FA F A R B
fHe HEG, BATEELE PR RS, Inkd
CaMnO:JE 45 A AT A ) FA AR 1 T K

7. ZEWRE

SPS A g —FIFRIE U R4 RL 26 I TR HoR,
EH AT T BEDH AR R TR . [ SPS H0K
PO R EDIRERL,  AEHA T SUT A 1 N TEAE
BAT, MAVFZ RS EOR IS E g, JCHE
TAUKRINBER R A, 3o > HE SR 1) 7 2
PENLIE . I RGERAMBITOT R AR, a LE—
FEEA TR B B F IR BRI A B2 5K
AR T4 T v LA A SR, IUE D7 S PERIAL
i, BURAERE SPS B ALK LI Tk
ARERE . R B 5T A T T 48— L AALEUT
R [ AR OGRS AR 454, 52— AEL SPS
AR BRI E R D BEA BRI SRR G KB R AT S TF
o B XTGRA LR GORFR T REERRL, S
RELVRIL AT RL . SR BR BBl Sk HI 4K WC/Co #4EL

978-1-935068-41-9 © 2010 SciRes.



7

% Scientific
% Research

»
%

9

o

A WC/Co—HMEREMBL, it RER S IRATHERS . H5 AT
BREERPRL, AR B RLEE I S T A, AT
RSV EAT A BRI BT R, iy BLE R i
IR RGNS TEATRE S PAORAN s 1)
FIOFTAPEI A R R R P E A R YE AT, HERE TR R R
PNV HRFSE AR, R IR 28 G Ak 2 i i A e A
A7 T B Al T 3o

References ( %3k )

[1] Proceedings of 1% International Symposium on Spark Plasma
Sintering, Sept. 6-8, 2001, Singapore.

[2] J. X. Zhang, Powder Technology, 20(3), 2002.6, 130-134.
FRANE, BHARIBER A, 20(3), 2002.6, 130-134.

[3] Zhijian Shen, Nature Vol.417 , May 2002, 266-269.

[4] X. Y. Song, X. M. Liu, J. X. Zhang, Neck formation and
self-adjusting mechanism of neck growth of conducting
powders in spark plasma sintering, J. Am. Cerm. Soc., 89(2):
494-500(2006).

[5] Song, X. Y., Zhang, J. X,, Li, E. D., Lu, N. D., Yin, F. X:
“Preparation and characterization of rare-earth bulks with
controllable nanostructures”, Nanotechnology, 2006, 17,
5584-55809.

[6] Song, X.Y., Zhang, J. X., Yue, M., Li, E. D., Zeng, H., Lu, N.
D., Zhou, M. L., Zuo, T. Y.: “Technique for preparing
ultra-fine nanocrystalline bulk of pure rare-earth metals”,
Adv. Mater., 2006, 18, 1210-1215.

[7] S.Legvold, in Ferromagnetic Materials, edited by E. P.
Wohlfarth _North Holland, Amsterdam, 1980, p. 185.

[8] M. Yue, J. X. Zhang, H. Zeng, et al., Appl. Phys. Lett., 2006,
89, 232504.

[9] M. Yue, K.J. Wang, W. Q. Liu, et al., Appl. Phys. Lett., 2008,

93, 202501.

Lu, N. D., Song, X. Y., Seyring, M., Rettenmayr, M., Zhang,

J. X.: “Preparation and properties characterization of the

[10]

single-phased Sm,Cos; nanocrystalline bulk”, J. Nanosci.
Nanotech., 2009, 9, 5141-5144.

Song, X. Y., Lu, N. D., Seyring, M., Rettenmayr, M., Xu, W.
W., Zhang, Z. X., Zhang, J. X.: “Abnormal crystal structure

[11]
stability of nanocrystalline Sm,Co;; permanent magnet”, Appl.

Phys. Lett., 2009, 94(2), 023102-023105.
[12] Lu, N. D, Song, X. Y., Liu, X. M., Zhang, J. X.: “Crystal

978-1-935068-41-9 © 2010 SciRes.

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

(28]

[29]

The 7th National Conference on Functional Materials and Applications

structure and magnetic properties of ultrafine nanocrystalline
SmCos 2010, 21,
115708-115715.

G. C. Hadjipanayis, J. Magn. Magn. Mater., 1999, 200, 373.
M. Yue, P. L. Niu, Y. L. Li, et al., J. Appl. Phys., 2006, 99,
08B502.

M. Yue, P. L. Niu, Y. L. Li, et al., J. Appl. Phys., 2008, 103,
07E101.

M. Yue, J. X. Zhang, D. T. Zhang, et al., Appl. Phys. Lett.,
2007, 90, 242506.

Kalai  Selvan, Genish,
Perelshtein, ,et al. J. Phys. Chem. C, 2008, 112 (6),
1795-1802.

Han Zhang, Jie Tang, Qi Zhang, et al. Adv. Mater. 2006, 18,
87-91.

S. L. Zhou, J. X. Zhang, D. M. Liu, Journal of Inorganic
Materials, 2009, (04).

G, SRAE, XPHE, JoHUA AR, 2009, (04).
S. L. Zhou, J. X. Zhang, D. M. Liu, Journal of Inorganic
Materials , 2008, 23(6), 1199-1204.

JAERR, GRARE, XIPHEL TTHUAERAR, 2008, 23(6),
1199—1204,

compound”,  Nanotechnology,

Ramakrishnan Isaschar llana

S.L.Zhou, J.X.Zhang, D.M. Liu etc., Acta Mater., 2010.

C. B. Vinning, Nature, 8 (2009) 83

B.Yang, Thermoelectric Technology Assessment, Report for
Air-conditioning and Refrigeration Technology Institute
INC., May, 2007.

Y. Q. Cao, X. B. Zhao, T. J. Zhu, X. B. Zhang, and J. P. Tu,
APPLIED PHYSICS LETTERS 92 (2008), 143106.

Yi Ma, Qing Hao, Bed Poudel, Yucheng Lan, Bo Yu, Dezhi
Wang,Gang Chen, and Zhifeng Ren, Nano Lett., 8 (8) (2008)
2580.

S. Y. Wang, W. J. Xie, X. F. Tan, Journal of Inorganic
Materials, 2010, 25 (6) 609.

EEE, WA, BB, JoHLA B A% R 2010, 25
(6) 609 .

Q. M. Lu, J. X. Zhang, X. Zhang, J. Appl. Phy., 2005, 98
(10): 106107.

J. L. Mi, X. B. Zhao, T. J. Zhu, J. Ma, J. Alloys Compd. 452
(2008) 225.

J. Yang, G.P. Meisner, C.J. H. Wang, B.C.
Chakoumakos, J. Mtin, G.S. Nolas, J. Appl. Phys. 102 (2007)
083702.

Rawn,


http://dlib2.edu.cnki.net.libproxy.bjut.edu.cn/kns50/Navi/Bridge.aspx?DBCode=CJFD&LinkType=IssueLink&Field=BaseID*year*issue&TableName=CJFDYEARINFO&Value=WGCL*2009*04&NaviLink=%e6%97%a0%e6%9c%ba%e6%9d%90%e6%96%99%e5%ad%a6%e6%8a%a5
http://dlib2.edu.cnki.net.libproxy.bjut.edu.cn/kns50/Navi/Bridge.aspx?DBCode=CJFD&LinkType=BaseLink&Field=BaseID&TableName=CJFDBASEINFO&NaviLink=%e6%97%a0%e6%9c%ba%e6%9d%90%e6%96%99%e5%ad%a6%e6%8a%a5&Value=WGCL
http://dlib2.edu.cnki.net.libproxy.bjut.edu.cn/kns50/Navi/Bridge.aspx?DBCode=CJFD&LinkType=IssueLink&Field=BaseID*year*issue&TableName=CJFDYEARINFO&Value=WGCL*2009*04&NaviLink=%e6%97%a0%e6%9c%ba%e6%9d%90%e6%96%99%e5%ad%a6%e6%8a%a5

. . . o +23¢ Scientific

Y
The 7th National Conference on Functional Materials and Applications %% Research
[30] B. Poudel, Q. Hao, Y. Ma, et al. Science 320 (2008) 634. [32] G. Rogl, A.Grytsiv, P. Rogl, E. Bauer, M. Zehetbauer,
[31] X. Shi, J. R. Salvador, J. Yang, H. Wang, J. Electron. Mater. 29" International conference on thermoelectrics, 30

38 (2009) 930. May ~3 June, 2010, Shanghai, China.

1407 978-1-935068-41-9 © 2010 SciRes.





