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A Study on the Self-propagating High—temperature
Synthesis of Porous TiNi Shape Memory Alloy

Seung-Hae Lee, Ji-Soon Kim and Young-Soon Kwon
School of Materials and Metallurgical Engineering

<ABSTRACT>

Porous TiNi intermetallic compound was produced by SHS(Self-propagating
High-temperature Synthesis). Effects of starting powder characteristics, green density
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and ignition temperature on synthesis reaction were investigated through
microstructural observation, phase analysis, porosity and pore structure of reacted
specimens.

Minimum ignition temperature for a.propagation of thermal wave front ranged from
280 to 500C which varied according to starting powder characteristics. Mixtures of Ti
produced by Hunter process and carbonyl Ni powders showed a stable reaction
behavior and a good pore structure. From the results of XRD phase analysis TiNi
was confirmed as a major phase. Additionally, TizNi and TiNizs phases were also
detected as second phases, The amount of the second phases decreased with
increasing ignition temperature which resulted also in a decrease of pore size and
uniform distribution of pores.

1. A&.

YitH o2 g A Azele BUola-& o|&dte Aol BEoln Fifde Y¥Aef Y
SRTL EE] HYT F Ex Ao s JAA Wl 71T DE FAY, 48
Edol §He B didyg FEH0l L 2ARLLE EFSG T F 3L Fe
2A4RA Fol AAsE W Fo] AHgHm ok 2y, oEF2A ABE ARy 9%
71Ee WHEL T4 Edsn LA Aslel Bage FYUL AT e ol
2 3P 8o AFRE wa Yot ool e 19700 = Aol A As 7] AR}
s H A Bgolg FANed vz dawm e a2AR LU (SHS
Self-propagating High-temperature Synthesis)< A &2 4 Al AAEEEE o] {30
FAAAANAN FE7 Bl F S AFE AYR 9o FHUAGE T T4
ALE T e wyent?

TiNi S&£0882L2 2% 844 1 2%l v ZAsta, &4 Hd 4 A3
B 2ol RAd tid APAE 2A FAS W ohlgl V1AM SAHAM W S A%
B o}F fALE A AEE Bolal glo] BAFEE LAEAY 8ol dHT Ut
3], &4 22 g3g J4F Ex 87 59 g, B9E 9439 32 dyz o)y
5o} A 8" F9, 2 FEVNe 923 H4FEY And ZA N4 § QT Aoz )
g3 g,

kA, B =RdqMe JT AAAREEA 8o ZA =i = TiNiAld i@
AR YL Lo TiNi dFAE Azstn 4 717 4L 48 2458 47
A3ta], e Axar] 2 JE Y, 34 494 UE, H3eE F9 2A& W
FAA nAAEAY g Fo AEH, nAxz BF FE 2 JIFTE, §E A
o},
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21 94529 YA, A% Y, £ 2 4.

B oAgo) A48 BEE Yol izt k2 F FFe Ti Bud A FHY N Eg=R
A 2 BEEY GARRE ATE 2HEA AR XK 1o e & =EdAME Ti
BY F Kroll 2.8 AxE FTL Ti-k, Hunter 2.2 Az8 B4 Ti-h& #7]3
geow Ni £322 A$ 4% Hydrometallurgical process) 2.2 wWEo]& Ni 2@-& zt
Z} Ni-hl ¥ h22, Ft2Rd(CarbonyD 2.8 WEZ Ni #%& Ni-c2 X784,

VS EZEY YA4L FARAEn A g AFsG o, J4% 42 Laser Diffraction
Particle Size AnalyzerZ o] &3l &3 a9t}

ARELQ Tiek Nive AR v] 50 : 50 w2 JFg F 328 w2 QoA Ar #
A718 FAEEA Packingdti, 248 o843 HHAFE 90 rpm2E2 12412 9 Yy
Edatdnh. EHE BEE £ AAZ d8 107 torro] 4] 1FE7} #AE vacuum
furnacedl Al 70 ~ 80T X2 12412 F<¢ dxsHon, dgdd A9 ¥ Tappingdt
of gyt

22 A2AAFAHRL.

THAGE Yol wkg7le AHE FYdte] Fg22d ASAEAN 22AAGA g
< B3t TiNi9] 89L& E= 2000K ©l32 ¥e Hoelpg whg Z7]o <tAP
Ha%E #4387 o3 AR f@dHe], o]gHor Pyut$ 257} 3190KE & A
o% ¢#A Y= TiBE TINi B2 gde] =¥ s,

AZAHRGHNES AT Hsl A $& 58 20T/mine g dtgon, B4R 7E
FA8 7] Yate) w7 & Foa] whgr] YRE Ar 7f2E B9 54 5Kgf/em®)
A FRE gt g 2o AW 25 K-type €AUNE o] &3 X-Y Recorder® 71&
grglon, HdAs 2ko E=UdAg u W-2dAE ol &3l Azjslgrl. Halel FAo
AlE el YZHENE wol7] 93t B 25/ Ar 7t2E EEFch dhgo] 9REHY %
Hae g7 &% 8¢ 34 A2 ABE &9 dgen, £ e ¢ Ar 7b~
e A& EHFUT

23. A EY EAQRY,

A2AA g ukgo ofs] AzE AR AF 22mm, ol 70~80mm 2719 AEYH =
Fo.2, a9 17 zro] Hsle] o3 wkgo] Alz"E RE(*S” position), AlHe FGRE
("M" position), W-go] B REE(“F’ position)dl] hate WE(7FE) &4, XA A
4, Az 32e Py

BAES #AH v w8 SAARE #d7) Hste Cu Ke A& o] &8t XA
dEA-E shgich oW 26 g2 200 ~ 80° 7}x WA ZH oW Scan speed 3 °/min
2 3tk AN EY FU2 Bragg's lawd o] &3 Wit AglE T3tz JCPDS Cards}t
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MMz FFE ANAE, ASE VATV vae B AEL 2A9NS T 005
m FFUG BUE Astel AFATE sha, R NHPHNOSHO=1110)2.2 A
F FARAAEH AR BARAY.

3. 4943 49 3F,
3L 9% ¥4 9 #£2 #3F 43,

A5 8L dig A= 24 ARe o9 29 gon HF YEE Ti-k £ AL
27 84um, Ti-hy 37.80mm, Ni-hl 40.79um, Ni-h2 37.35:m, Ni-c¢ 14.66/m 525 &R =L},

A1 Ti-k #£2-2 Mgg 483 318y 8949 Kroll§ o2 sz a4, 2
H 3 RE AT go], 1 F¥el Adxm, 4R FAE Rolw, Ti-h £TE Na &449
9l Hunterf &2 AX@ BEIHN, 0 o] o] B& njEd We a glon, A&
A& 42 JeEhin 9o

Ni-hl 222 $Ageg Azxd B934 O ¥de 5232 799 £ A2 &3
F 3L BolW, Ni-h2 £%2 94 $AYos Azd 29424, 2 ER4HE= Ni-hl&
23l FALEEE, Ni-¢ 228 Carbonyl Process® A ZE BUEHN, Hdo] o] mESw=
& B AAHoR T B olFu fith ol oA AME ds ¥ U Ae ¢
T EY A T8 A2AAEAANES 4FE VAT FAE EFR 1 Aol wa g
SAFA Aolzt e Ao g &A4EUA.

32. A8A dxs v2ANEY] AL,

¥ 2 dgd =89 (Ti + Ni) EFELE Tappingdtd 4o 484 d=8 &4
T Ave nARYAY Fo drE AT AAE el AR EFE LR o
2kzke] AolE RY-E ¢ 4 At Ti-h Ald Byl Hsf FoiHes BF Jwrt 2L
Ti-k AE 2o Z$ Ni 229 FFo) Aagle] dd 22 YA d=(Green density,
Dg)3 Yemigioy, 1 ol wi-g ZAgton) Ti-h EUx Fae] A FHE B
Ni-c £2-& £33l Tapping® A5 71 @& A3 A& e,

3, v BB WE(Product density, Dp)= A8 A9 dxrr} 4zt ¢& Aoz
AP, AAgez 60% WY 7FEE HAE & 5 vk =F 43A} g
RAPE9 UxH], F Dp/Dg &2 AFA L= ol wrjelsle 28-S 24t

33 98 23 42 SHS AF.
Burol 2%e 2 3o A2y TPRLSH U dujagg @ A9 ¥ 26 e

A el Zo] THELS) FHo ulgl LEAATA EE deode HAAHFHLE g
27 vehdg #3939t 2 Kol e g Az Ti 2(Ti-k )3 Ni 24 &g
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& 7ol v, Hunterd 0.2 Axg Ti #HTi~h £ Ni 92 EFFE F 5o =2
o @e 2EoA] HIAE wgo] AP Pon Ti-k #2324 Ni-h2 228 £ 3
S, HA2FFgLE7 S00CTE 7 & FELEE Yehlo n2AdgEo] dfye
ol g BURYYLE & 4 Ut} ojo} wiE (Ti-h + Ni-¢) EFHELY 2§, 280TY @
€ REYME FT2AAEA g A4l AYPH, AT ALNSE 4 F UL
Aoz #as .

TH, 28 4= HALFFLEAAM n2AATAY &g do AHe ¥dd AlRe|d),
O B = dxe] Ti-k 4939 Ni £23& E8% 459 vis, Ti-h £23 Ni 8%
& EFT A, R2AMARGE o)y HARHLEY wor, AUl es #Yd V)
FTEE 7HAE & F Uck 18, dellA dggXel AN ES] VFEE AAFe
2 vled gg vEhiA, Hexrt M =99 Ti-keb Ni-h29) EHELE 122
AZPutgg 9oz A, A8 Fdo] & F5ol A4 AE B 5 1oy, (Ti-h +
Ni-hl) £3#23% (Ti-h + Ni~¢) EGE L 4 $o FulH oz oA 71Fe] AlE A
Aol 1F PEXFL B & Jot

a9 5% 49 ZF 2EEfd dE HAadger 2o 10T £ HIemdA 22al
AREE Al AlEE 9hgo] s s whs ol Fad o AlRlelnh wkge] Aagurdk
o8 BY Ti-k #27 Ni £9& 3 n2AATYNEE 4ozl A AAdFes
A3 EFYS 7%, BT AlE Tl F5o] 48 AL & 4 gk old v Ti-h
+EA Ni £22 £ A5de AdHoz 3} 279 7Fel vind FdaA ¥4
Hol e Ag &4 4 gtk 53], Ti-h 2% Nic ¥¢& &I 4%, TYsla oA
& 71Fe] Al HAe nF EEXHo gle AL &+ U

a9 62 ¢9 a9 5oA vy FIdE 71FFRE JeEhAAYE (Ti-h + Ni-hl) &%
23 (Ti-h + Ni-¢) TEEY HSAAHE AJH d49 APt g e 9
SEMe. g gt Autelrt, AlzleA B 4= gl%o|, (Ti~h + Ni-hl) &L Z9=
digt 78 g Ao o Yo FHS Vehde] diurt AF5HEEY AL A
H(non-steady state)2 EASA AFHUSE & 4 A} oo H# (Ti-h + Ni-¢)
EgE D A9e, 200Ce 400C T A= A4@go] ALl FAS nAzEAE B
A danbgo] o)FOHETE ¢ o Utk (Ti-h + Ni-hl) EFE L] A 459
EXAS APL dutH oz 1 A9 HIAPAD(ZLAATA wgol dojue HAH3)
2E) A4 dojun] gdd divkgo] dojtE FAFANLE 4319 9]le] Hrixn
EnED o), AHSEZ FoFojol @ oz Arnd®.

34. T}EY 9iF DTA 5.

EFE L g DTA ZAZ 19 7o Jdeluideh. EFE 2] 2H gt N2
E dddgart vetd ¢ B g en, o £ Azubyd ael Buglae =27,
e, 29Fo] 23, A2ANRGAYNEA] Ao r tE ke wgulege ooy
HFLR AAsdY, Ti-k £23% Ni 228 38 4%, (Ti-k + Ni-h2) 22 2gA
g FY T Art Addes & ddFE YIS B 4 e, o (Ti-k
+ Ni-h2) EFELeM A8 FdF & F50] HAHUY Axtel dBAA ¥ o
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S2E7t BdtA Fukste]l AR BEo] doltE F5AHE RAFm itk elgd,
Ti-h £%3 Ni 222 £%3 A 9dE, Ni-h?2 829 9o Agaen =& vogage
e, ¢ho] 19 5elA o #Z2)7F Axn BEYE 7Fe Ze 7ETEs 84599
A AHAE F US5E ¢ F AU

35 4¥4 4.

39 8.(a), ME (Ti-k + Ni~hl) EFHEL-E 4007C, 420CNA #H3lsle dojx wrg
Aol i XRD ZHatelt), 400ColM 9 XRD Ao, Aste 2d] wkgo] AAHE
oM F WA TiNizl A 2422 TiNi, TiNig7b #3298 ¢ = glon, ukge
Agrrarg whel TiNi® W AE Fd43tn Al 249 Azrt Frtste 2& #Eg + A
T’ Ei}%%}% 20T HEAR-E el XRD AR Me A 24 AAs @A
A 20 ¢ F dow, oy A2AATAHYE) Hapexe] ggor H3}2xr]
EoldS2 zil 220l Bgol ZadtE /&9 nus X ARl 29 ()
7 ¢sd Whg A%S BYW (Ti-h + Ni-c) TFE¢e HLAHL=Q 280T
A ol wkg2o] XRD AME, (Ti-k + Ni-hl) E#EZLY HoLHs229 400TAA
o] A} vng u, A 249 B&o) AdH o w$ HA JElgE 4 = g

a% 9% Z EER Y 2N wSA4Ee] HLAHRLES oRT} 20T, 30T ¥
2Zo A Y A|HEL XRD AA2HE TiNigt TiNiel 93 intensity ¥l S Al4Hg
An 2, dade] AP (S-M-F)ol uat °F7éfe}°1 TiNi9] o] Z4sti, +94% zﬂ
2749 TiNi®l #Feo] Aoz F73le AE& ¢ 4 U =g ARV F71ES
TiNig] HAZE=7 golf g & 4+ U} 53], (Ti-k + Ni-hl) Eg8de 3% ﬂ"”é
FeEdt 20T & EA TiNi 4ol @A S7tstd o, Al 24 TiNie 724 3]
Fastgo, vE 23¢9 EFEYAME H2xFeErY FALETL Foidd o
TiNi¢] Hzay Fr7slzm, TiNi9 Hae Zasigoh Ti B2Zel ZFd #7A¢lel
Carbonyl Ni £%& AHE¥ Afoe A2AR2ES] o|HT} 20T F718 F2 T A9
TiNi, TizNi 332 #3171 A9 glo] A B3 AFTE Rely A& & & vk

36. 8250 ©E v4gz4 w3,

19 102 (Ti-k + Ni-hl) E¥E23 (Ti-k + Ni-¢) EIFEL 4¥8A ] 2%

kg HE3-X 8 urake] whE SEM Compo imageZ Wehd A3 2A, kg9 2 subako)
“JrE]' oA 71 Zel 277t FAste Ae & F don, 53 A Hfd FARG 7F
9] A7[7F Ry 8 AL FAF F U} ol visf g 11elA B%e] (Ti-h + Ni-¢)
T3 g AS o ARG 7Fe] ol $- nlAEe, FdA EXH gloy 7F A
e dollAst vhEzlA R wvhgo] A #urake] wel EFUheg 4 4 glew, 3000u) g
AdME JAAFAE 95 #EHR Ut
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07C).

Fig. 10. SEM compo-images of polished cross—section of specimens obtained from
(Ti-k + Ni~hl) and (Ti-k +Ni-c) powder mixtures by ignition at 400C
and 3207C. (X1000).

Fig. 11. SEM compo-images of polished cross-section of specimens obtained from
(Ti-h + Ni-c) powder mixtures by ignition at 280T.
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Table 1. Characteristics of Ti and Ni starting powders used in this study.

P
OWder | Nk | Ti-h | Nichl | Ni-h2 | Ni-c
Property
Size -325mesh | -100mesh | -325mesh | -300mesh | -100mesh
Purity 099.5% 99.7% 99.9% 99.9% 99.99%

Production Kroll Hunter [Hydromet.|Hydromet.| Carbonyl
method Process | Process | Process | Process | Process

Table 2. Minimum ignition temperature, green density(D;), product density(D,) after SHS
reaction, and their ratio(Dy/Dp) for various powder mixtures of Ti and Ni.

Powder Mixture | Min. Ignition Temp. | Dg(%) Dy(%) | Dg/Da(%)
(Ti-k + Ni-hl) 400C 44.02 41.73 04.8
(Ti-k + Ni-h2) 500°C 46.51 41,73 89.7
(Ti-k + Ni-c¢) 320C 42.96 4164 96.9
(Ti-h + Ni-hl) 360C 43.98 39.79 90.3
(Ti-h + Ni-h2) 400°C 4457 39.72 9.1
(Ti-h + Ni-¢) 280°C 42.00 39.08 93.0

Self Propagation Reaction

— —F —» —F —F —F —F —F - —F —>

Ignition
Point

— IIS" HM'I IrFII

«— 70 ~ 80mm —

Fig. 1. Schematic diagram of analysis position in specimen produced by SHS reaction.
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Fig. 2. Particle size and their distribution of starting powders used in this study: (a) Ti
powders and (b) Ni powders

Ti-k powder Ti-h powder

Fig. 3. SEM images of Ti and Ni powders used in this study.
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. Ignition; . . " .
Powder mixture e S” position "M"” position F" position
mp.

(Ti-k + Ni~hl) | 400T

(Ti-k + Ni-h2) | 500°C

(Ti-k + Ni-¢) | 320C

(Ti-h + Ni-hl) | 360C

(Ti-h + Ni-h2)} | 400C

(Ti-h + Ni-¢) | 280C

Fig. 4. Optical micrographs of polished cross—section of specimens obtained by ignition at
various temperatures (Specimens were cut perpendicular to the direction of reaction)
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——— Reaction ———

Powder Ignition

. Start Finish
mixture temp. :

(Ti-k + Ni-hl) | 410T

(Ti-k + Ni-h2) | 510T

(Ti~-k + Ni-e) | 330C

(Ti-h + Ni-hl) | 370°C

(Ti-h + Ni-h2) | 410T

(Ti~h + Ni-¢) | 290T

Fig. 5. Optical micrographs of polished cross-section of specimens obtained by ignition at
various temperatures (Specimens were cut parallel to the direction of reaction),
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——— Reaction —=——
Powder Ignition ..
. Start Finish
mixture temp.
(Ti-h + Ni-hl)| 370C
290°C
(Ti-h + Ni-c)
400°C

Fig. 6. SEM images of cross—section of specimens obtained by ignition at various

(THke NHD)

temperatures using (Ti-h + Ni-hl) and (Ti-h + Ni-c) powder mixtures.

& (Teh+ N4Q)

-+ (N - - -(THe N

e m & @ @ w mw D © @ o
Terpercture( ) Tempereture()

Fig. 7. DTA results for various (Ti
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Fig. 8. XRD results for the reaction products obtained from (a) (Ti-k + Ni-hl) powder
mixture ignited at 400, (b) (Ti-k + Ni-hl) powder mixture ignited at 420C and
(¢) (Ti-h + Ni-¢) powder mixture ignited at 280C.
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g 40
a
g = ﬁ e
ol s _ LI Low Temp. Specimen
O TiNi
A TigNi
0 High Temp. Specimen
L I - ® TiNi
. = A TiNi
S M F $§ M F

Position In Specimen

Fig. 9. Phase fraction at various positions in the reaction products (see Fig. 1) obtained
from various powder mixtures :
(a) (Ti-k+Ni-hl) (400, 4207), (b) (Ti-k+Ni-h2), (500, 530C),
(¢) (Ti-k+Ni~¢) (320, 340C), (d) (Ti-h+Ni-hl) (360, 380C),
(e) (Ti-h+Ni-h2) (400, 430C), and (f) (Ti-h+Ni-c) (280, 300C).
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(Ti~k + Ni-hl)
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Fig. 10. SEM compo-images of polished cross-section of specimens obtained from (Ti-k +
Ni-hl) and (Ti-k +Ni-c) powder mixtures by ignition at 400°C and 320TC. (X1000).
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Fig. 11. SEM compo-images of polished cross-section of specimnens obtained from (Ti-h +

Ni-c¢) powder mixtures by ignition at 280°C,
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