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Influence of a-SiC Seed Addition on Spark Plasma Sintering
of B-SiC with Al-B-C: Microstructural Development
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Abstract The unique features of spark plasma sintering process are the possibilities of a very fast heating
rate and a short holding time to obtain fully dense materials. 3-SiC powder with 0, 2, 6, 10 wt% of a-SiC
particles (seeds) and 4 wt% of AI-B-C (sintering aids) were spark plasma sintered at 1700-1850°C for 10
min. The heating rate, applied pressure and sintering atmosphere were kept at 100°C/min, 40 MPa and a
flowing Ar gas (500 CC/min). Microstructural development of SiC as function of seed content and tem-
perature during spark plasma sintering was investigated quantitatively and statistically using image analysis.
Quantitative image analyses on the sintered SiC ceramics were conducted on the grain size, aspect ratio and
grain size distribution of SiC. The microstructure of SiC sintered up to 1700°C consisted of equiaxed grains.
In contrast, the growth of large elongated SiC grains in small matrix grains was shown in sintered bodies at
1750°C and the plate-like grains interlocking microstructure had been developed by increasing sintering tem-
perature. The introduction of a-SiC seeds into B-SiC accelerated the grain growth of elongated grains during
sintering, resulting in the plate-like grains interlocking microstructure. In the a-SiC seeds added in 3-SiC,
the rate of grain growth decreased with a-SiC seed content, however, bulk density and aspect ratio of grains

in sintered body increased.
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Table 1. Starting powders and batch compositions for SiC ceramics by spark plasma sintering

Nomination B-SiC (wt%) a-SiC (wt%) Al (Wt%) B (wt%) C (Wt%)
0S-ABC-SiC 96.0 0.0 2.0 1.0 1.0
2S-ABC-SiC 94.0 2.0 2.0 1.0 1.0
6S-ABC-SiC 90.0 6.0 2.0 1.0 1.0
10S-ABC-SiC 86.0 10.0 2.0 1.0 1.0
o]% 19807 = Omori So] A& A|Qkst o 2. AlEHHY
a7 AR AAZAR AFLEE 2000°C ©)
B2 39luh[10]. ehshthel] AMRE-S Arlelm E =

594 (eutectic melts)y S 3FAste] UAke] =)
A glo] st 7hssle] A=, 9 o 54
= A A S ARG 9-12]. el Higt F5F
g gkgt A= 19949 Padtureol2] <)t o]F 1]
A725 2 A8 A1 5] ©shtas(in situ-
toughened SiC)[13]12 {A YA AX ¢4
Aw} A2 2] 2Ll ot AdS st vHlTE
EAS AU glo] FE31 - (crack deflection) &
A7}l (crack bridging) 52 IFFIA FA)TFE
Ao 71cH14-17].

PAZAZE PN A Azl B+Col| T
3 AR H7Isle] A4 A 7)ol o3t &F &
o] #zle} AHlelE FAIAA AAFL oA A
A& FA8R= ALB-CAl 24 H7H7F 753 1t
Bl 18-26]. 22]a A7 ¥pgoze 4] &3]
S9lo=2A 94 Akt 7Ijtel ot &AR-E ol
Qe =, 2 HANA H2AF AHFe] Ql7le] s
HHIEE oY R Qlsl, g Akl st &
AA| 2] Ax7} 7hsst 55 A eEAle] Avia
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S w3 9t27-39]. &F ZA|Z AlB-CE 2-
Swt% H7}sk slFAE 1800°ColM 108 23t=
Sepzol adshy ARE B3 e £5 49
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Journal of Korean Powder Metallurgy Institute

21. &

AFe] € B-SiC(Betarundum Ultrafine, Ibiden Co.,
Ltd., Japan), a-SiC(A-1, Showa Denko Co., Ltd.,
Japan), Al1(99.9%, High Purity Chemicals, Japan),
B(Grade 1, Amorphous, H.C. Starck, Germany) %
C(99.7%, High Purity Chemicals, Japan) #%-&
LR 3G o9} 22 FUYEENE R |
3 o] AHBHC AAZAZ 2+1+1=4 wt%Z 3t
96 Wt%2] SiCollX a-SiC seed %S 2|3k AE
s FH|g3, o] F 0S-ABC-SiC, 2S-ABC-SiC
6S-ABC-SiC & 10S-ABC-SiC2} #7135t}

a-SiC seed H7Fge] vhe A79] SiC Yux3s
50 g, SiC £} olgkg EAW|E SiN, jarcl ¥l
4 E% (planetary ball mill)Z 400 rpmellA] 24]
7F 33t §4 s 2 E¥eisdeh EEle A%
+eE HasAT)7] S8l dT7F W ARLEIA
71Z3t §, 60 mesh Ao|A &, £33} A|A 25}
= Eekze 244 Sic TR s

2.2. A0t3 Eak=0} 24

A3 HEAl dA; Atelell HA AFE Fof &7
Aol vtz ERfzvls 4oR 3l A4S 4
AW3E o] F= vtz FEpzvl &4 o SiC
Al AE AlZslsich. &2 34 100°C/mine] %
eaw ok A AAZE(IEHA: 1100°C-108-F-4], 2
o L% 1700~1850°C-103), 40 MPa 4= o
Ar £9]7](500 CC/min)ys A-431ic). e 2§
T4 et AF "2 AF(12:29] on: off YA)E
718em o7} AL 7SAZ BUEF 33k A
o] 2H Aol A% thA] graphite E= ]|
ZAS o] FISAR S5 A3l AL
2 F1Ped, v e 25 B A
AlZEe] BAE ZHe avta EEk=nt 2AeA 9E
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Fig. 1. Method for image analysis of grains: A equivalent
circle diameter(d,,) is the diameter of a circle having the
same area as the projected area of the grain being mea-
sured and a aspect ratio(R) is the ratio(L/d) of the longest
to shortest grain diagonal.
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kS JE)dt B-SiC UF3EEE 1700~1850°Ce] &
= SlellM 102 2vk= Fekzeh 243 Sic Azt
o] A E WskE 29 20 JeRidEh seed
9] kol HAIGle] RE AI-B-C A7} Sice] A
ol A% 1800°CellA 108 o]AF fA15k 99% °]4F
9] WEe £33, o-SiC seed o] W 7
$7F AE3 2ot whE S o 4 9ldk B-SiCe
27 Fol o-SiCE AFHel7} o] FiAmA AR
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A A2z 2Rg-3le] seed $lo] AFRolEHA Alel=
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TE| 31 Q)T [44].
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Fig. 2. Density variations with sintered temperature of SiC
with different seed addition.
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(a) 0S-ABC-SiC (b) 25-ABC-SiC

(c) 6S-ABC-SIiC (d) 10S-ABC-SiC
Fig. 3. SEM micrographs of the different seeded SiC sintered at 1700°C.

(c)1800TC (d) 1850C
Fig. 4. SEM micrographs of the 6 wt% seeded SiC(6S-ABC-SiC) sintered at each temperature.
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(c) 6S-ABC-SiC

(d) 10S-ABC-SiC

Fig. 5. SEM micrographs of the different seeded SiC sintered at 1850°C.

gt WA 717} I Boa Ao EwA FHAPH o
2 43 Al 2lgt At oA =oi{18-26].
]9} 7e] SiCell AI-B-CAS] AZAZAZ AHEslar
233 FEk=ut aAdte] v ~dewe) 22
A7 'REHTASE A EAF

3.2. SiC 2Z#A9| ojMT=

a7 3¢ & SiC YBEE] seed?] ol wel
AUz} 28 Fel A2(1700°C) 224, 17 4=
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T2l O¥ 5= 9B F seed ool wEl YAAA
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TZ ARle|d}.

a7 30lA Hazmkel zre] 1700°CS] A-olAME
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Hi=nte}l 7ol 1850°CellA] AAshd ZA| ==t A}
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oF 4 QITH40-41]. 13 4ol|x] Mol ule} o]
24 SiC YEEDe] 6wi%2] seed’t FHEHUS

73, 1700°CollA 1850°CE A7ZA-2%7} ol u}
2gA QAL G =277 kel ZA AR A
el vl A5 Aozt AR Tl WA
AA" o] Mz wAEe] 2HE o 4 vk 27 3
A B % el o] 1700°CE] ALAAE seed
A7VHA] b= A w|AFE(0S-ABC-SiC) oA =
7ol T2 33 A= 7AH et seed]
7] welxlel] whel 55 dxlel AR A%l A}
o] o= Aels FE7H10S-ABC-SICAE=
5 wol) vehar 9lem, 27 59k 3Ee] 1850°C
A v dF3 seed’t Be] HTEI ST
ez Fa1 A Aeb A (aspect ratio)’t
Z WRIAE AR rHTFEE E 5 Yk o9
7ol B A}l SiCY FFA '3 AT ol E A
Aolol] oJsf el YA ZAA e} W] o
A2 Wy EE A2 de] dulA Qdu. A7kEA o
o] Al, B Bl Co} 719t ol 2=AslA Rt
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2 AR AN, ASAET, ) "EIF SRl
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(a) SEM image
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Fig. 6. EDS line mapping of the 2 wt% seeded SiC(2S-ABC-SiC) sintered at 1750°C.
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A AR o] F3EE AL o 4 Qo). o)} 2
Ael= Lin 5oy} Shinozaki 5~ 3CellA 6HY
15RA}S Afate] 4HE A o] a}a[18-19], De
Jonghe 52] QA7olME 6H 1SR AL AXA| &
3L 3C—4HZ HER Ae] 31=d|[20-25], ©]&= B-SiC
TR sl mlFe] Bt itelv 9E ool
FaHg) ) 3= 59 xlolol] 7)Q1ER= ALE Tt
S

3.3. SiC &2ZZXo| el BX

a2l A AT Hfe} o] A AZA R AL
S3h= AlLB-C7} o2 aAxAlel nlske] Sice]
AR Al Az 2 4AE we] WEA)7IAL Qo
o= B, O} Sice] M 3 AN gsiar Al
= YAeIMe] Hie] Am AeEe] SiC ZAFE
olubA] e Zxsl= Aoz A7 £ 9t}
I3 62 2wt%2] seed=s H7Fsled 1750°ColA A
73k "]";M] gk w|FEAA SEZA] LAASE line
mappingt A Azjolc}, ek AAYelE
seedol] 7])olsle] AljH o g zlsh ¥Ryl wke HR
o] F-E=e] core-rim TEE & 4 vt Be} Cx
Ak dullell Fare FEskar gl Wl AR
0 27} 53] 3-AAYAG grain junction)el] 2w
HelZ wo] EAkL sles & 4 vk B G
Sice] F=]git ¥t ohz) "\Jﬁlgha SAANT=
Ak g dEA gl AR A9 Sic ®9
of ddHoR EAlshs 09} vlEe] ALl
Aafolt 714 A SiC AAH FHE HolEo]
A NA}F FE-(intergranular liquid film)yg 3343}
—7/\]—/\7301] H]-GH E;<10]£ B2 A _/‘}_z]s—l- tl:]-E]—
A &l ZH A< (dissolution-reprecipitation) 7|77}
2N F3) 28 5 =S E}m] Sic 24
He] o} AAh(anisotropic growthys F3A)ZIEkaL
orelx] 9JoH2s]. olell wel YAl AlB,C, AlLO,C
2 ALOS EAIE w3l A% B rE|gioh24].

34. SiCc Z#3E 37| 8o
I3 77 13 82 seed FA7F W 2 wt% seed
A7} SiC Y3ELE Aoy E ~vlg Fek=v)
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ER
g
= [ 1msec
r / \‘-\
L 1700°C H___,.—FH-‘ -\_
0.5 T 2 3 4 56789 10

Grain Diameter (um)
Fig. 7. Grain size distribution revealed by the relation

betweengrain diameter and area frequency for the 2 wt%
seeded SiC(2S-ABC-SiC).
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Fig. 8. Grain size distribution revealed by the relation
betweengrain diameter and area frequency for the 2 wt%
seeded SiC(2S-ABC-SiC).

273 A|He] SEM 2218] ARRlelA] AT ylel<}
U3 WA T 99 Agel Addshe 94
Ao 73 AR F7) x|t} Avj=a Fep=at
27 257t ASESE ARY 2 SRR 1
EE5 R Qg A A8 F-l 1700°C
] 0S-ABC-SiC A]#-& 2.6 um, 2S-ABC-SiC 7%
E oolEnt 22 22 um Z719] AAFHFe] FHa vl

2 7L B2 A AL des & 7 o
o}, oef] uJEle] 1750°C o) AdellM= AAR ] o|F
RE R¥ e Wl & A2 7R Z2-%3 2A A
2 Adst AAF R oFEo] AR 1800°C
ool Al At g 7 RE9 A 3=3F Ho
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Table 2. Microstructural characteristics of the 2 wt% seeded SiC(2S-ABC-SiC)

Mean Mean Matrix grains Large grains
Temperature . . - - - - -

C) Diameter aspect ratio. Mode diameter Aspect ratio Volume fraction Mode diameter Aspect ratio

(Dy, pm) Ry (Dyig pum) (Rye) (%) (D pm) (Rig)
1700 2.1 1.8 22 1.8 - - -
1750 2.5 2.1 3.0 2.1 293 6.2 2.2
1800 3.0 2.3 3.8 2.3 36.2 7.4 2.8
1850 3.6 2.7 42 2.5 51.6 8.2 43

Table 3. Microstructural characteristics of the different seeded SiC sintered at 1800°C

Mean Mean Matrix grains Large grains
Specimen Diameter  aspect ratio  Mode diameter Aspect ratio Volume fraction Mode diameter Aspect ratio
Dy pm) Ry (Dyg pm) (Rye) (%) (Do pm) (Rig)
0S-ABC-SiC 3.6 2.1 42 2.1 30.8 7.0 2.5
2S-ABC-SiC 3.0 2.3 3.8 2.3 36.2 7.4 2.8
6S-ABC-SiC 2.9 2.4 3.4 2.4 48.2 7.6 3.1
10S-ABC-SiC 2.8 2.5 3.0 2.5 51.2 8.2 32

E 7] AL seedE EFFH 7H0| WHolx|:=
o, 1850°CollA = AR R=e} 4 o] Fvq)
A7} seed FAH7F AR 4.6% 7.4 umelH] ¥]3}e
seedE 713 A% 429 82pume]v. =3t
seed7} H7HE™ o]F R= BE F 22 3H B =
of vlal] Aokt EA BEo] Ry} AHer F
7}E= 7dgke] Bolar glr}. o]He] dAFolA seedE
H7VskA] ¥l B-SiCell AL-B-C 2Z4ZA9) ok w
obilell wel EARE =7] U7} 2telA]= 7%k
= b v} loH40,41]. webA] 2AFAlL] oREt
ohel SEAA el mper = A AR oFel w1l
A s & 4 ik

F 29} # 32 424 258 Y seed FE ZA
3 rAlTEY] 7] HEkE A os BAsk] &
ofFslgiet. FollA #7138 A7 (dye NS FA
3, ARy 5 Zeolell digt A5 Zele] v
= vehie

2 wt%2] seed = A7)l vz Z=k=nt 445k
72 EAQ F 204 AALE Aol oiet o
w27, 27 At 2 4R FuliE W s A
H7} AR 73k Beld. Xdspl A=A ok
1700°C el X 27 (D, )& < 2.1 um, A (R,,) 1.8
o|r, 1850°C7HA] AZ-2%7} 50°CH Aol ot
2} P22 25, 3.0 E 3.6 um=E F7FRAL, A
Hl= 2.1, 23 9 272 Z7R8H) &7 %7} 50°C
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Z7¥ebd BFA7AE 9 0.5 um¥ F7kslR=d], 1700°C
o8] 1850°CE vlwahd, 71A] AAHL 100%2] H
T EEo] F 50%2 FAETL L A7|(M, f= oF 2
v 718k 4.2 umel 3, ZA| 2k AAF L Fa)E
Eo] 0% SR njepxoR A 51.6% o

2], I )M,y & 452 FA At
8.2 pmelch, Am|® 50°Ce] 2=37PEE 7|X4
A7 AR (R, )= 8.7-16.7%4 F7ksle] 1850°Cq]|
A 25908 wsl, Aokst Ak AE|(R e 22.2-
53.6%4 F7ksle] FF 1850°ColME= oF 240%3]
4302 37 F7lsldct. wekd 7)1A] 2ARe =2
7], Asn] W3t Fof nls] Avst AAFe] =7,
Acdn] WzlEe] Z Zloeg o 4 gl%o] B-SiCY
AelE A3 a-SiC seedE AH7F3PH SiC 2
Aol ZA Aehe Alo] A== Avke] A=
e &

F 39 22 &% 1800°CelA a-SiC seed ¥
W SiC 2AY =] W3E ARHos #M3 A=
oA B seed 3] BETH A= I7IEHA
T 3T 284 4SS 4 5 U seed -
A7} SiCE #Foll= F713F4] AUAIRE o]He] A7
4 1700°C &7 A AH(D,) 2 A (R,)7}
2.5 um, 1.89A1[40], 1800°C A7Z3bd 27 3.6 um
o]l Ahn] 2,12 W 3}slg=], seed7} 2, 6 H
10 wt% 7ksted 1800°C AZ3R= 7Sl Sic 2
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23]9 3.0, 29 9 28 umE E1 &5} seed TF
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PAA7 = 44.0% S7BR=Hl, ol °F L.HQ2.5~
42 um) 71 717 AAY Z7)(M,, )2k oF 2.8
W(2.5-7.0 umE 71 Aot 2AY 27
M, 9] F38-Fo] oF 30%2 Aol 7)qlahe}. 2
2 o 7bA uHAA seedS 2 wi%, 6wi% =
10wt% A7Fsbd Fd=371= 27 20.0%2.5—
3.0 um), 16.0%(2.52.9 pm) L 12.5%(2.5—2.8 um)
vholl F715le] seed F37F] 44.0%el w|aLs}e] wl
olsfe] 7S Baldh. ol FuEEe] 51.2%¢
Ak, Aen] 7] oF 139%(1.8-2.5)31 714
AR oF 178%(1.8-32) 71t 7v=t 2AH A
olof] AAzt xfelE ehfA] kgl 7]Qlgk. we}
A B EEARAel] 7R o seed Fol WETS o
A SiC YA S ARashd, 28RS FAE
YAFEL] Asinle F7Islddeh. A B-SiCEAE]
o-SiCZ2] AFAole) sl Z7}s], seed o] B2
A HLPE- Ak 7} 24 71510

o] Aol ATl [40-41F= Al-B-C HAFZA] kol
w2 ekslrAe] dx; A 7137 Ak A dA
Z}(diffusioncontrolled grain growth)g Yehd [42]0]]
el YA} ofo] WeF HAH ] YA A
sl T dafe] AT S AR S=
A5 FEAIA Avkst 4Ab v 9 Asa)gp 2 s
ShtA GRS el AR

B dFolA] B-SiCell a-SiCY seedS FH7}3}ed
275 AA Gt YA ARES s A4
TEA A S zlolol] 2Jsf Akt A} H
& 9 A 2 et RS gl A1)
3 Aoz Ak AAF o] ME waAE wNF-
Z5 A7) ZleZ sl

4.8 B

elsltAe A FA|Z ALB-CE 2+1+1=4 wt%
2 gAML B-Sicel 0,2,6 D 10 wi%e] IA
2 o-SiC seedS 713t 8323 Ar 2417,
100°C/min®] 4552 1700~1850°Co|A 104 &
ot 23tz Fepzvl 242 AxT 9 HrbEe
seed §Hefo] A wNF2 Wdel] WX S

ofofro} o3} 2 AES Ak

1. Al-B-C A7} SiCe] 7%, seed®] Fegell A
stel 1800°CellA 103 olAF FAIghd 99% o]/
WU Eo)| £l 1, a-SiC seed FeFo] @ A7}
A4 3} &E71 w2

3. seed FAH7F Al 1700°C2] Aol M= AE 37k
SA3] 2PEA| ot 71FF 22 7719 5 ¢
ZHequiaxed grainy’} FFolH, seedS H7FstAY
1750°C o]ie] xellM= 2R iakel ZAA| A=k
A} (elongated grain)2 3 FAIE I, o]F ZA
A A A A2 2 AE o)A TF2(plate-like
grains interlocking micro-structure)’} 34w},

3 B-SiColl a-SiCY seedE A7}sle] s A
A Ft G2 A s AT
AR &= 2ol s Adkat At vlE 9 A
v|7} 2 EiEhtA Q2RE we] AAAITIAL Ao
2 33 AR el M2 wAE v TS EEA
7= AeE gt

LMol 2

B A FoTemsa Tl Slate] <
78 wEo= oo A=,

mk
o
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