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•  Must	withstand	in	harsh	MHD	environments	
–  Extremely	high	temperature	
–  Exposure	to	hot	plasma	
–  Severe	ion	bombardment		
–  Mechanical	stress	via	thermal	expansion	
–  Thermal,	electrical,	mechanical	and	chemical		stability	of	materials	
for	all	above.	

	
•  Conformal	process	
	
•  Low	resis_vity		
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Major	Obstacle	in	MHD	Power	Genera5on	
Issues	in	electrode	materials	

Hot	plasma	



To	develop	a	novel	class	of	SiC	based	ceramic	composite	
materials	with	tailored	composi_ons	for	channel	applica_ons	in	
MHD	generators.		
	
	
	
Controlling	and	understanding	the	effect	of	the	nature	of	the	
excess	carbon	on	the	structural	and	electrical	proper_es.	
	

Role	of	excess	carbon	 		
ü  Polymer	based	synthesis		
ü  Structural	informa_on		
ü  Electrical	resis_vity	
ü  Work	func_on	from	thermionic	emission	
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Long	Term	Goal		

Our	Focus	



Process	of	Making	Silicon	Carbide	
•  Conven_onal	method		

	(Acheson	method):	

	
–  High	processing	T		
–  Difficult	to	dope	uniformly	
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SiO2	+	2C		
2500oC	 CO2	+	SiC	

P. Colombo, G. Mera, R. Riedel, and G. D. Sorarù, J. Am. Ceram. Soc. 93, 1805 (2010) 

Processing	Temperature:	
Casting Injection 

moulding pressing

Tape casting Fiber 
drawing coating

• Polymer Derived Process:

1.  Conformal process
2.  Possible low processing temperature 
3.  Uniform composition 
4.  Versatile choice of dopant

Polymer
Precursor 

Crosslinked
Product 

Amorphous
ceramic

•		Chemical	Vapor	Deposi_on	
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				Diversity	of	Silicon	Based	Precursors	
•  Liquid form polymer can be mixed homogeneously 
•  Silicon / carbide ratio could be adjusted through precursors 
•  Boron, nitrogen, oxygen and other element like K can be incorporated 
•  Relatively low process temperature  
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Polymer	power	
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uniaxial- cold-pressing-of- the-powders-at-pressure-of-75-MPa.-The-pellet- is- then-heat-
treated- (pyrolyzed)- at- 1000°C- through- which- a- bulk- amorphous- SiC- ceramic- is-
obtained.-The-relative-density-of-the-SiC-sample-is-50(60-%-because-of-the-existence-of-
a-large-fraction-of-open-pores.-The-density-of-the-ceramic-sample-can-increase-through-
the- liquid-polymer- infiltration- followed-by-the-pyrolysis-step.-The-SiC-ceramic-with-a-
relative- density- >- 95-%- is- expected- to- be- obtained- after- 5(10- cycles- of- the- polymer-
infiltration- and- pyrolysis- (PIP).- The- establishment- of- the- processing- protocol- for-
making-dense-SiC-ceramic- is- in-progress.-Once-established,- this-processing-route-will-
be-optimized-for-making-the-SiC-ceramics-containing-excess-carbon.---------------
 
 

  

  

!
Figure!8.!The!steps!of!applied!lowEtemperature!processing!route!(left!to!right:!liquid!
polymer,!crosslinked!polymer!after!milling,!coldEpressed!green!body,!SiC!ceramic)!!!

-
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APPENDIX&2:&Redesign&And&Modify&The&High&Temperature&Seebeck/&

Resistivity&Measurement&Apparatus&To&Higher&Temperature&Version&
-
In-Appendix& 1.2& ,- we- described- five- sets- of- the- boron- and- carbon-modified- SMP(10-
polymer-derived- silicon- carbide- (PDSiC)- samples.-We-used- these- samples- to-measure-
their--electrical-conductivity-up-to-1100C.---In-Table-4,--the-samples-were-labeled-as-A,-B,-
C- (((((- based- on- the- constituents- of- the- dopants- (B10H14- and- DVB).- - Chemical-
compositions-were-determined-by-EDX,-and-listed-the-relative-%.-
-

-
Table!4:!!List!of!samples!used!in!the!experiments.!

-
Samples- (B,- C,- D,- and- E)-were- cut- into- proper- shapes- using- a- diamond- blade- cutter.-
Sample-A-was-not-able-to-cut-due-to-brittle-nature-from-low-density.- -All-four-samples-
were-measured- from- room- temperature- to- 1100oC- using- aforementioned-mentioned-
tube-furnace-apparatus.---

crosslinking- Shaping- Pyrolysis-
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crosslinking- Shaping- Pyrolysis-

Selec5on	of	Polymer	and	Processing	

xByC(HP) xByC(PIP)Sample	designa_on	

n=5	



Overall	XRD	Bulk	Structural	Analysis	
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Glow Discharge Optical Emission Spectrometer  
Horiba GD-Profiler-2 

•  Depth-resolved elemental analysis
•  with ~10 nm depth resolution
•  Semi-quantitative analysis

C:Si	Atomic	Ra5o	for	SiC-C		
xByC(HP)	vs		xByC(PIP)	
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•  Excess	amount	of	carbon	

layers	created	by	PIP	
•  SpuSering	rate	for	C(graphite)	

~	10	_mes	higher	than	SiC(3C)	
	

As-received	
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nth-PIP	2nd	PIP	
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SiC	1st	PIP	

1st	PIP	pressed	pellet	 Carbon	enriched	g.b.	

Further	C	enrichment	in	g.b.	

(95%)	
(5%)	

Double	bond	for		
										crosslinking	

Double	bonds	serve	as	reac<ve	func<onal	group	
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Molecular	Structure	of	SiC-C	by	Raman	

Literature	reference		

Y.	Ward,	R.	J.	Young,	and	R.	A.	Shatwell,	
	J.	Mater.	Sci.	39,	6781	(2004).	
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Fig. 5. Selected area electron diffraction (SAED) patterns shown in the insets of the 

bright field TEM images taken from SiC0C (a) and SiC5C (b and c). The SAEDs were 

collected from the regions outlined by white color. 
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Temperature	Induced	Surface	Change	of	SiC-C	

CMA	

Retarding		
									Grid	

XPS	

Sample	apparatus	

AES	

TE	

K	source	

Op_cal	pyrometer	

	•	Retarding	grid	spectroscopy	to	measure	
				thermionic	emission	(TE)	
	•	X-ray	photoelectron	spectroscopy	(XPS)	
	•	Auger	electron	spectroscopy	(AES)	
	•	K	deposi_on	for	work	func_on	engineering	
	•	R-type	TC	and	op_cal	pyrometer	for	 		
				temperature	measurement	
	•	Ion	gun	for	surface	cleaning		

					Capable	of	measuring:		
	•	Surface	composi_on	at	elevated	temp.	
	•	Total	current	and	kine_c	energy				

												distribu_on	of	thermionic	emission.	
	•	Work	func_on		
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Ar	

Ion	gun	

Integrated	Experimental	System:	



Dynamic	Changes	of	the	Surface	Composi5on	with	T	
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Dynamic	changes	of	the	Surface	Structure	with	T	
Raman	Molecular	Structure	

Sample:		1B1C	(HP)	
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Resis_vity	Measurements	
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2000oK	
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Electrometer	
and	current	
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LabVIEW	Work	
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✔  Solu_ons:	
Ø  Pla_num	lead,	graphite	contact	and	

alumina	support		
Ø  Wrapping	mechanism	

✔  Pseudo-four-point	probe	(Kelvin	
probe)	

✔  Alterna_ve	polarity	to	avoid	capacity	
effect	
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Front	view	of	electron	grid	

Worksta_on	for	
data	acquisi_on	

Computer
LabVIEW



1000x10-12

800

600

400

200

0

Em
is

si
on

 C
ur

re
nt

 (A
)

1300120011001000
Temp. (Kelvin)

1000x10-9

800

600

400

200

0

Em
is

si
on

 C
ur

re
nt

 (A
)

15001400130012001100
Temp. (Kelvin)

1000x10-9

800

600

400

200

0

Em
is

si
on

 C
ur

re
nt

 (A
)

160014001200
Temp. (Kelvin)

(a) Single crystal SiC (b) (c)B(OB1C) D(1B1/3.9C)

(e) (f)(d)

-44

-42

-40

-38

-36

-34

-32

LN
(I t

h/T
2 ) (

A/
K2 )

950x10-6900850800750
1/Temp. (1/K)

-44

-42

-40

-38

-36

-34

-32

-30

-28

LN
(I t

h/T
2 ) (

A/
K2 )

950x10-6900850800750700650600
1/Temp. (1/K)

-44

-42

-40

-38

-36

-34

-32

-30

-28

LN
(I t

h/T
2 ) (

A/
K2 )

950x10-6900850800750700650600
1/Temp. (1/K)

Dynamic	Change	of	Workfunc5on	Values	

4.39	eV	

4.00	eV	

4.02	eV	

4.8	eV	

5.36	eV	

4.09	eV	



20	

•  A	new	type	of	silicon	carbide	/	carbon	composite	
synthesized	from	polymer	derived	synthesis:	
	 	Two	routes:		Hot-pressed			and			Polymer	Infiltra_on		

•  Electrical	proper_es	of	PDC	SiC/C		tailored	by	different	
carbon	concentra_on.	

•  Self-regenerated	surface	is	unique	to	the	SiC/C	composites	
•  Work	func_on	controlled	by	the	self-regenerated	carbon.	
•  K	incorpora_on	to	SiC	at	the	polymer	precursor	stage	is	

planned	to	largely	lower	the	workfunc_on	of	SiC-C	
composites.		

Summary	of	this	project	



Lead:	Prof.	R.	Bordia	

Lead:	Prof.	F.	Ohuchi	

		
	
TASK	1:		PROCESSING	AND	STABILITY	OF	NANOSTRUCTURED	SI-C-X	CERAMICS	

	 	Sub-Task	1.1:		Effect	of	stoichiometry	and	temperature	on	the	nanostructure	
	 	Sub-Task	1.2:		Effect	of	temperature	and	stress	on	the	stability	of	the	nanostructure	

	
TASK	2:		MECHANICAL	AND	THERMAL	PROPERTIES	OF	NANOSTRUCTURED		 	

	 	SI-C-X	CERAMICS		
	 	Sub-Task	2.1:		Modulus,	strength	toughness,	and	thermal	diffusivity		 		
	 	Sub-Task	2.2:		Compressive	creep	

	
TASK	3: 	ELECTRICAL	PROPERTIES	OF	NANOSTRUCTURED	SI-C-X	CERAMICS	

	 	Sub-Task	3.1: 	Effect	of	C/Si	ra_o	on	room	and	elevated	temperature	electrical	
	 	 	 	 	conduc_vity	
	 	Sub-Task	3.2: 	Combinatorial	selec_on	of	X	and	effect	of	X	on	room	and	elevated		
	 	 	 	 	temperature	electrical	conduc_vity		

	
TASK	4:	SURFACE	ENGINEERING	OF	NANOSTRUCTURED	SI-C-X	CERAMICS	

	 	Sub-Task	4.1: 	Surface	modifica_on	to	enhance	thermionic	emissions	
	 	Sub-Task	4.2: 	Changes	of	surface/sub-surface	structure	and	chemistry	by	high	density		
	 	 	 	 	plasma	irradia_on.	
	 	Sub-Task	4.3: 	Simula_on	of	plasma	interac_ons	

	

Project	Team	Tasks	
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Thank	you!	
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