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To clarify the effect of pores on high temperature compressive behavior due to kink deformation, textured Ti3SiC, pressureless sintered
bodies were fabricated and examined by high temperature compression tests with different porosities.

The textured Ti3SiC, pressureless sintered bodies were prepared by slip casting in a strong magnetic field and spark plasma sintering at
14007 for 1 h. Samples were cut into rectangular shape with 45° between the casting direction and the compression axis, and compression tests
were conducted at 1200C at a strain rate of 3 x 105!, Porosity was evaluated by Archimedes method and binarization. Crystal orientation
analysis using EBSD method was performed to observe the microstructure evolution before and after the compression test.

The sintered bodies had a strongly textured microstructure with homogeneous dispersed pores. The results of high temperature
compression tests showed that the 0.2% proof stress depended on the porosity before compression tests. On the other hand, the work hardening
coefficient was larger for pressureless sintered sample with high porosity, which attributed to the densification associated with the compression.
Microstructural observations indicated that fine kink bands formed in the middle stage of the compression and then disappeared, suggesting that

this is important for clarifying kink-band strengthening in the MAX phase.
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MAX #id My AX, (M : BEBERITCE, AAZV—77C
F X RFELLOBEEE n=1,23)0—-HRXE2Ho3 T
RALEY ORI T, SRR (BN - BRfmEM, ®
iR L) &g 3y 7 ANMEE (IR%E, Sk, et
)RR WETHL[1-3]. EOHRTY,
XD 7 SN B TisSiC, 1d, AN RO &2 4 L
THY, BT EHIZa=030670m, ¢=1.767nm T 5[1].
BV ¢/a WA T e #IC Ti-C Jg & Si @25 L 72 Jg ik
WiErAT5Z s, WMORGIFEE4-6]2R L, KT
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ik Ccd [7]% Zn 812 L O&EOM, 777 74 M9l EiE
(101, W F1R LM b2 M THEINRTED,
MAX fH[12-16]ICB VT H A4 L 4. Barsoum & El-Raghy I3,
TisSiC, Z A5 S RICHT L TREEB X O 13007C T ik bk 2 17
W, SR E AT 2 A RIS B W, R Y 2 B A
UaZE&MHFLZI13]). F72, Shirakami & % Ti;SiC, BLIA
L A5 RARICR U CRiREM R 2 AT, LM S c o %3
FUFEDS 0°, 45° TH DA ITHART, 90° TH A ICHFE
WCF Y I7ERPELLZEEHLNICLZ[6]. 5612,
Matsui 5 (L RIEA 27 ) — 7 RER % O TisSiC, % d ko #l
el L7z e A, JEMTh & K 5o KT O S 2= A — 2 N
2B LRI BNTF VI ERFAE U HENESL 252
LxIE L Twb[14, 15]. —7, Higashi HIE=ER~ A 7 0
Vo —Fhire £ 52 LT, TisSIiC, HAEMIZBWT
b M5 ¢ i Tl ((1210]%°[1100]) HEIC DA F >~
TERHREL B L 2HE LL16].
FUUERTIERT 2ERIE, Fromeehzdanid
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Ch B 2 L, AR, #Hi i b s LTk v o ik
PERIBEN, BACENZ SN TS, F v rafmitia,
$ )5 W% R (long period stacking ordered, LPSO) % 15 A % $§ 2
Mg A& THD TRWZE Nz, Mg-Zn-Y REEITB VT,
Kawamura S IZZABIB LI TICX ) F o 2 BB ZEAL
TR B o FRRE 2 1TV, ¥ v 7 AR X0 B B
02%T P E)H LT 252 Ex3MELTWA[17, 18] F
72, FFOAEERIZBWT, Somekawa 5 i 20° DL o )i
ZFROF VI BRPIFICHRAEB OB EY IR B LA
TWw5L19]. Zofl, Al-CuRIELHESICBVTHF U I
2z & PRI TOF v 7 i b Atk S T 5 [20].

LR X 912 LPSO B Mg 4% Al-Cu Rt & 4T+
YA b R W ZE NS —T5, MAX MIZBIT 5 F ¥ 77
BALDOMRIERZZ L. ZOERE LT, MAXHOF »
ZEBIEHEHBE DR Z D 720, BEREREORARILE
FIERIS, EOHPREIC LTl B E T 2 LA
53 %. Hashimoto & ¥ TisSiC, FEMBE R L B A —F 2
RIZH Ui e B 2 17, F v 2 B T ok
DR G OB LA L 2[21, 22]. ZO#HE, BET S
¥V BEROVHMEIIRINAR— T 2EKO S AREL, AY
25 DOWEIIAETIT & F ¥ 7 BT X DT Bl A S
NHZZEZWSNPICLZ. 2D X )T THSIC, BT LF
7 AL OBEIIE, HRIEEIE D F U 2 BRI E R
Lo Z AT HLENH 5. 2 2 T Hashimoto S 23EH
L7-IE AR —F ZRIZZ D ILEE & TET 10 vol % FEEE O &
LEOERND Y, LiOBFEED 72 DI IZRILIE — 125451
L72idB LB TH 5.

F72, B LU72X9102% v 7 BRIIER N 07 & Ak o
T ERAEETH L. 2 THF Y 7 ERERHOBLEEDHM
L% X570, Jirifsele, 21, 221126t v, Kk oma %
fizs, 2FVEMILEEREEHC £IIv 7R
DOEMEMIETF — T F v A7 7231 F v b7 L A[24]%
—MWTHLH. LaL, TNSOHEMIBIBAKDITZIRICHIBR
MY, BEFROGHARETH L. ZOMOB RS &
LCIEmW@ETTAY v 7% x 2 b 247 ) BB HANT (slip
casting in a strong magnetic field, SCMF) 3%} 511 525, 26].
AR EO—FTHH A v THR Y A M, ERHEE
WS 7225 ) —ROBB R AR L 2%, £iL8
EFE— NN LAL I E CHBEOAZIY &, BIBKL
LZMARTO A TH A, TisSiC, TIE, 12T O [Hlifiz iR gy
TORA) v THF v A ML LRAKOERBEN SN TEY
[4-6, 21, 22,27-29], AWETIEZ I OFEEZH .

DEoz tuEEz, AHETEIHEHPRY) vy 7F ¥ 2 b
LEIMERE A M A G DY, () —HRICRILPTHT S
TisSiC, Bt M BERE A O 0 ff 37 & F OMARFEG, B X O
RAL D B 7 2 BU 1A BEARS AR 10 U C s i i 3B & AT v,
(2) F ¥ 7 BTSN 3 2 B A 28 B & &AL R LRk o 41 B
IR, @2 M HIIZERL 7.
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B #H &
21 25U -—DHE

K @ TisSiC, # K (MAXTHAL(312), KANTHAL, #71-£%
1-10pm) Z FEARS R & LT, Bty ) — VI L THE
DIEFEH 30vol% LR DL IICATY — %KLL A5
V=i, WEROBREZPCT-000HHKIE LTR) ZFL
> 4 3 ¥ (poly-ethylene imine, PEI, & 17 4 )V A fGAESEER)
BECERICH LT 1.5mass% & 25 X IRl 55
NEAS)—2FHEIIBWTAY —F —CTHEIEL S BE
WAREYF A ¥ —(GSD-600AT, WY =v 7527/ 0ay—)%
AW TEERKOT S EZTH 2 L TR 285k s
W72, 10min OILZER BB %2 17 - 72.

2.2 ERBREFDER

MR IETVIFE—LVFIZAYTLY 74V
F— (KAl 02um) X, 20 FICE S 30mm, WE
25mm OPE L7727 7 ) VEMFHHMAREL, TOHIZAT
V=M LAARR) y TERy 2 M EEMBLZ. T, H
HIMONEEZIE, R)VZFLYFL 78— DT 4V L
ZRHEEM L LT Lz, EREOE—V FRBEES 74 v
F UMTD-12T1-NC5, Y ¥ /8y A—I)S—ay¥r % ¥ /1
V=) FIZAN, 20rpm THIE SR A5, FHFAL L
Bzl soh U -CHE s 20 7 SRR BE 12 T o5 % Em L
72, ZOHDSOFIMBESC L ) BILESMA i TH %
Ti3SiCy 1, $HABTTINTH LT e MidSFATIC R 5 & 9 ITHERY
T 5. BEIZ 350MPa, 10 min O @ 45 )5 L0 AL % Jii 9
Z & TR B % 1572

BEAERILIE 7 5 A ~ BEkS (spark plasma sintering, SPS) 2%
i (FUJT-SPS625, & L LHM) 2 v T, ME4Lr T
TR L 72[21, 22]. — %12, SPS & —#li o BEAR AN &
BT A ANOBEGE IV ABROEMTEL S Y 2 — VEIZ
I VBERARERLFETHD. LELENS, R TIRA
ILERESED720, Fig 1IRT ) IZHBEHBH S A ZA0N
FIOVRKRELEDONSNVFRHWL I LT, MELHERL N
55 A AN O RBEMAGIMILE D B & 912 L CENLE B %
o7z, ¥, EEFEMHLATIZT600C T 10min B L, 4
BAlO PEI # MR & MR LAz, BERENNEME L 2%, FHKRE
TUTZEH L, FAR#EE 50C /min, BER T 1400C,
PREFIER] 1 h OMEMERERG 2 FEhE L7z, F 72, RIsEAk%
— Wl INE 40 MPa, BERSIREE 1300C, FR4FFRERT 10 min (2 THE
ML, M & LT 28808 e TR IR e 1A % 15 72

2.3 ECRENNERERE SO RREEHM

BERSROTILERE, ra vy 2BEE LTV AT AR
ERVCHM L2 F72, BERERE AR TN FAT 206 &
T 2 00 CUIWT L, HIARIK & RS S oRL oo L 17 BE o0 BRI & S L
7. DB, $5AATJFINCH LIl 4216 % Top 1, AT 71 %
Side T & M-#R 9 %. # M CYIW L, Top M, Side Mi% T £
Y — T, Cu(Ko)#R 2 VT X B IHT (X-ray diffrac-
tion, XRD) (ZE1& : Smart Lab, B0V 777 ) & Fhia L 72.
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Fig. 1 Schematic image of the pressureless sintering.

61T, Sidelfiz T XY =ik, F¥AYELYFTA VA F
AXEY FAR=Z P AWTHEEAA LG L% BRI
A& AR EE - BT (field emission scanning electron microscope,
FE-SEM, JSM-7001FA, JSM-7200F, H & F#) & v T
%} %1 (back scattered electron, BSE) {5 % H(f# L 7.

T 72, Side iz LRLOWEICMA Taa g 5v ) i (K
?ﬁommMT%mﬁ%L,wsmﬂmm&mﬁﬂ$%%

) % FH v T T 5 WCEL [\ 9T (electron back scattered
diffraction, EBSD) {12 & % # & 77 BL IR AT % 47 o 72 (R AT %€
i : OIM Data Collections, () TSL YV VJ 22— 3 » X).

24 =REHEHER &AM

FC [E 0 B A & AL o0 58 70 % 2 A oD T [ 406 o 0
2 S IEREIN R U TSI 9 X D 2555 7 710 G @ ¢ Bl
EEMEEIAY 45° 2 3 H M) ICR 5 X 912 1.5mm x 1.5mm X
225mm OB 2 0 WLz DI, BN, K
KALEM, BLUOBESAILEM LIRS 2. OB LK
LEFmaE =AY —#CHIBL, WmEsmE cmELe. 7
720, WMok 1T RO EMT OMBBgE 2T 2
W, a4 FNY)HICXBHED L 7.

T T i L L B A 2R A (8562, Instron 1) 2 L7z,
B & A ORISR & LTEbs Y He B L
4x107*Pa D HEZETFIZBWVTH 15T/ min O #HE T 1200C F
THIL L%, OFAEE 3 x 1074 12Tl MRz
1oz, oL &, RILERLHMMIEK T 5 LA E) 0
EEETLOEBRBE 20T ORB L. T FRER

OO T T RAEOT AR 10%FEEO “EH1LD” L
0% BED“RERICELFTLE L.

Ve TR A R 2 O MLRREEA & LT, AT AR A R,
Hi B (LB 2 S JEREEN AT R A S D I L, SERATE %
it U 72T 2%t L C EBSD {12 & % # b F AL fEAT 3 X OF BSE
[E XA

TizSiCy BLIAMMENNFEBERS AR OFFRL & S IRIE AT 2B 12 R 3§ S TLER O 5E 299

A% L7z BSE RIS {SALEE Y 7 b (Image J, NIH) 12 & D =
AL L, SALICHRT 232 b5 A S 5AILEEHIN
L7z, 22T, GALEMWELCTNVF AT ALEEH o7z
AL, REF 2V WD ERENEICEESKE L, il
DEMIERLA5257:0ThHb. B, KBV TT
WEFAFAETHEH SN R/ILEL, b TcRBENS X
LEOK 171 TH 5.
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3.1 ECEENNELAS O

TV E AT AN XY R 2R ILEADY 6.5% o L [ 44 i E
BEREIRICD W, 2 OMBRGE 2 17 - 72

Fig. 2 1% Ti;SiC, R K & B #E 4K © Side 16, Top i D
XRD /8% — > TH 5. KPR TREFMEDOFEEIZ TizSiC,
D00NHHKDP Y =27 THH I LZERT L. 72, Ail
WHELTTICZEATHEY, AKREHATRLTVS
Side 1fi (Fig. 2 (b)) & Top Ifi (Fig. 2(c)) ®» /%% — » % §EAlLC
A B L, Side i TIE 33.9° % 60.2° 443712 (hkil) i sk D ¥ —
7 258 L B, Top T Tld 30.2° % 40.7° fiF L (2 (0007) T HH
KDY =M Ao, T EhSMERL 2B
ANy T F v A NOFHARTTNIAG GO ¢ A% < B LT
WabZERb9rb

S5\, ERMICEMELFMT 27200y M=) v 7
Tr =% RDI. uy NF=) T 7775 —f1dRK
(1)ThHz26N,

_P-P
h=1"p, (1)

ZorkEPIEAN(2)ICX Y HER SN2 D000)B &
O (hkil) AAED TR T OBFOMED L TH 5.

ZI (0001
2
Zl (hkil) (2

ST TP AR EICIBII2 POETH Y, AWFFETIE
Fig. 2(a) 127" T TisSiC, KR K & JEHERURL & L7z, RIS
Top HID/8% — Y EHWTHM T2 L =095 Tho7:. fi

2 0-1 DEZIND, ZOMEPKEVITERMENRNC & %
£, T RERDHER STV S EINEBER Kol )
090 FRETH 5 Z &h D, BEIENILBER RO ¢ A3 A A
FIPNZE LB L TW5D Z EDRERICL RO LN,

W2, Side I IZXF 9 % EBSD i & i\ 72 4G i 77 (0 O JR AT A
H & BSE % Fig. 31C/RF. Fig. 3(a) 13, TisSiC, DEEHAE A
F L =M GERREIK) FEo s S —F— (Fig. 3(b)) 130 &
oA U 7 MG B 5 1) o0 & 5 0 55 A B (DL B,
pole figure map, IPF map & /R 3) TH 5. F 72, Fig. 3(c) i
0001 #& 2 ¥ (pole figure, PF) TdH 0, HRJE “ﬁcutfﬁﬁ
7 LCTw5A. Fig. 3(a) ® IPF map 7 5, i 2-7um, &1
1o%wn®ﬁﬁ®%mﬂﬁﬁgﬁéﬁ¥ Fig. 3(c) ® PF %

512000 H D EMNRZ bV, D F DR ¢ MiAsshAAn S
MTH5yWHIERTLEFPRON, MBSV
T ECAALRE 2SR D H 7z,

Z ZC, IPF map HIZF ¥ 7 L2245
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#r (Fig. 3(a) o
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Fig. 2 X-ray diffraction patterns of (a) Ti3;SiC, powder and the sintered body taken from (b) side surface and (c) top surface.
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Fig. 3 (a) Inverse pole figure (IPF) map of the sintered body and (b) its color-coded map. The red and white arrows in (a) show kinked grains and

pores, respectively. (c) 0001 pole figure (PF) of (a). (d) BSE image of the textured microstructure. (a) and (d) are taken from side surface.

REED BRSNS, BRI TH % 1400T 1 TisSiC, DN
P HEPE BRI TH 5 1100-1200T[30, 31]1% LA > T .
L7ehoT, F o7 AR LM PROI—RE LT,
BEAS R D BB IR 55 7 4 AD AR & ) ML (F
VOER)VBAELIZENEZOND. £z, IPF map O
T, BB (Fig. 3(a) O I JED) 135 5 AT gk
MAYT 5. WH, 0L HEEABIEE SN L FERI TR
REM, OTAOFENEZLNS. LaL, BOfBOR
ROHETH Y, BIRHERICH IO TEI LD, B
FOBICIEAE LRI TH S LM S h b, AIL2 BSR4
RIZI—12 8 L TV B K113 BSE 1% (Fig. 3(d) TH 0 5
N, YWEHLZRILOEREPZER TETWD LT s 5.

32 =REHMEHER

Fig. 41, B, AILHRM, B X UHEKILRM O FEiR
JEMRER T O N RIS - AHROTAMBTH Y, &K
Froh#iz s TREIIRERHE, Kighiko ko
FARTH B, BERE M LML S 0 5 il o B’
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Fig. 4 Compressive stress-strain curves of samples tested at 1200C.

Barsoum 5 OFER[13]E U T—3H L, KREERE® 0.2%00
TR T 221.8 MPa, RAALEHM T 2024 MPa, AL
T 81.9MPa TdH - 7z. Fig. 5 135N 72 02%1i ) & 1l
LX) EH L7ZEMAT ORILEOMBRE R LTS,
FRE D EFIEORBORKRETH 5. 02% 1T KILEOH
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PR, BIEMICEA L. 253y 7 A=Ay + O
FEM IR O S ALRIKEMICE LT, ShFETiek(3)eR
(4)D X9 RBADPIRE I N T H[32-35].
o= o)D" (3)
o = op exp(—kP) (4)
TITC, cBERILEATIMBOME, o) ERILVGEAEL 2
WA OMEOREE, D(=1-P) IZMHXTEE, PIIAILE,
m&EkE3UEDEBETHE. INHORITK B ERILEDS
EAT2E MR OREIZREEBIIETL, ZoEAN
F AL 20% DB B EHHE TR D, S HORBEOKAL
ROHPH (K 0.4-13.5%) TIEHICHRBEREZ RO E AT
ZENTE D720, Fig. 5 ORFEIIZULTH 5.

KIZ Fig. 6 IZH KO M THALIE S 28T, S0 & &
TR EII A B HIR OB 5 K2 PRI 5700, WL
O <Hh 2Bkt 5K (5) TEBTHER TR (BHKO
T oe, =4-9%) OFEFATEHEM L, 2 Il iR £ 0T
fiE& L7,
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Fig. 5 Relationship between the 0.2% proof stress and porosity
before the compression measured by binarization. The open symbols
are the values of intermediate samples.
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d(noy)
T dne)
ZIT, o WHEIEN, f 3EOTATHL. —HIC, &M
BTIEZOMAPIRECIZEMINE, FFIZHRD B LEERKD
MITICENRSL 2L 2E®RT S, LA T, Lt
8% H5MA%R 0T A(A(ne) ZH 572D ICLELRIES
(d(ne)) &A% L, BRI LD E A2 E I
WS 272008 e Lz, ZORE, BEkB X IRALL
KR OIMTLIEEIEFNZN 034, 032 LABEETH -7
DI LT, BERILEMTIR 055 L R&ERMEZRLT.
ML OEVOER & LT, ZR P oRILELED
WELTWAEEZLNS. Table 1 IZ 2 LICX DB L2
JEMEHT - BORILEEZRT. RIEILAHIB W T EEAEF
1ok, TEFREERBROMETH L. BEMB L UELR
FLEEM TR & 2 FALEZA N S w—TF, ERILEM
TRRELEILFOWP RSNz KILEH 80% UL E o
R—=F AERBIIB VT, TOEMEFEIIWMES, &%k
(75 b =5, BB bEBIcToNs. L, [GILE
DWW > T ORPNIER E 2 ), R TEFISIIIR L
FEAL BB FRFIC MBI L, BARE 2 5 2 IS 8N A
B2 XN 5[36-38]. ARfEEIZOWT KIS, KRGO WE
BN L 2RI L o TERILR DML -LEZ 5N 5.

(5)

3.3 EREMATROMBEETM

o

FREAR IS X 2L Z AT 5720, B, KA4L
W, BLOBHRILEMIIH L CEM - %ol x
11o7z.

Fig. 7 \ZJEAMHI, Fig. 8 [CKZIE#H O IPF map & 0001 45 i
K Z77”$. 22T, Fig. 8 ® IPF map i Fig. 7 £ 0 & mfs®
DLDOTHY, PRI Fig. 7 LHBEEOT—F»hOHIF L2 b
DTH 5. JEAMH D IPF map (Fig. 8(a), Fig. 8(c), Fig. 8(e))
T F v 7 BT L 72 & SOl A E #i §i (Fig. 7(a), Fig. 7(c),
Fig. 7(e)) £ 0 dBEF < B & h, ZNIZ Shirakami S D ¥
2ol b kT 5.

F U ERIHERNOBEIE ). TOloF v 7 BN
AL 5 E 1 DOREMR N TR A EL &, Z ORI E
AR F A 2 RS, & 3RO IE i BT @ PF (Fig. 7(b), Fig. 7
(d), Fig. 7(f)) & JE i #% @ PF (Fig. 8(b), Fig. 8(d), Fig. 8(f))
BT AL, ML DRREBEMUTLTEY, BT
MRS F v 2 EE L2 EAURIBEE NS, Lo L, A
HAScHli & 45° 2 L TCWAIEEEET AL, TXYVER

Table 1 Porosity of samples before and after the compression
measured by binarization.

Porosity before the Porosity after the
compression (%) compression (%)

£=10% 0.57+0.24 0.29£0.16

Dense sample —
£=20% 0.38+0.19 0.30 +0.20
Low-porosity e=10% 3.49+£0.64 5.89+1.75
sample £=20% 3.32+0.38 5.49 + 1.49
High-porosity &5 10% 12.18 + 1.42 6.12+1.28
sample £=20% 13.35+1.03 10.25+0.95
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(a)(c)(e) IPF maps and (b)(d)(f) 0001 PFs. These figures are obtained in (a)(b) dense, (c)(d) low-porosity sample, and (e)(f) high-porosity

sample before the compression. The red arrows in IPF maps indicate kinked grains.

PELRLTL, FUy7EAREFRIDIwWEEZLNS. &
DOHGEDFEANIHABNIZE K ORILBHFEET 5 2 L R LR
REARTHD L, R EEETAHILICLPEETH
EHEMSNG.

il 5 O B IR AR B &2 BB T 5 o DITAT o 7 F v 7 AT
D fEHT O — Bl % Fig. 9 \Z/"F. EBSD &% AV THUE L 72
IPF map (Fig. 9(a)) £ U, F U 7 ZR LSk 28 E L
Z OFE R S KMEE 7 XV B O 5B F 7 % GRS
POOWEECTTay MLAME T T T 7 4V (Fig. 9(b)) & £
oo F07a T 7 AV DR BRI c fiCEE TH D,
Mo, RIELEMELELEELTVWDEIDEF Y 7 HERE L
L, Z0BEMELZIMB L.  OBRE2 EME - %o gR
BHIH LT v 7 BRI 200 REEFEIZ 2 5 F Tl o 72,
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compression up to 20% strain. Note that only IPF maps are magnified images compared to Fig. 7. The red arrows in IPF maps indicate kinked

grains.
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Fig. 9 Method of kink band analysis. (a) IPF map of sample. (b) Extracted IPF map of kinked grain surrounded by the white rectangular in (a) and

rotation angle profile of the kinked grain.

Table 2 Difference in average number and average angle of kink
boundaries (KBs) by the compression.

Difference in average Difference in average

number of KBs angle of KBs
(boundary/grain) )
£=10% +0.10 -2.20
Dense sample—
£=20% +0.30 -3.02
Low-porosity &= 10% +0.25 -1.00
sample  =20% +0.24 -0.69
High-porosity €= 10% +0.11 -3.40
sample  £=20% -0.07 -0.47
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Fig. 10 Histograms of the kink boundary angles obtained from
dense sample before (solid) and after (open) the compression. (a)
intermediate sample, (b) large deformed sample.
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Fig. 11
high-porosity sample tested. The black and white arrows show kink
boundaries and delamination, respectively.
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