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Nonoxide polymer-derived 
             CMCs for “super”  
                    turbines

By Zhongkan Ren and Gurpreet Singh

The melting point of single-crystal blades limits 

further advancement in operating temperature 

of gas turbines with metallic materials. Ceram-

ics, which have much higher melting points, 

hold the promise for future “super” turbines.

6XSHUDOOR��WXUEL�H�EODGHV�IRU�JDV�WXUEL�HV�
PD��KDYH�EHH��WKH�PRVW�VLJ�LILFD�W�H�HUJ��

D�G�WUD�VSRUWDWLR��WHFK�RORJ��GHYHORSPH�W�L��WKH�
ODVW�FH�WXU���,W�HPSRZHUHG�RXU�PLOLWDU��SURZHVV��
PDGH�LW�SRVVLEOH�IRU�FLYLOLD��DLUFUDIW�WR�IO��KDOIZD��
DURX�G�WKH�ZRUOG��D�G��RZ�VL�JOH�FU�VWDO�EODGHV�
DUH�HPSOR�HG�L��JDV�WXUEL�HV�IRU�H�HUJ��FR�YHUVLR��
EHFDXVH�RI�WKHLU�VXSHULRU�FUHHS�UHVLVWD�FH�RYHU�WUDGL�
WLR�DO�SRO�FU�VWDO�DOOR�V�

7KH�VL�JOH�FU�VWDO�WHFK�RORJ��HYROYHG�RYHU�����HDUV��WKURXJK�D��L�WLPDWH�
FRXSOL�J�EHWZHH��PDWHULDOV�VFLH�FH��PHFKD�LFDO�H�JL�HHUL�J��D�G�PD�XIDF�
WXUL�J�UHVHDUFK��7KHVH�VL�JOH�FU�VWDO�EODGHV��FRDWHG�ZLWK�ORZ�WKHUPDO�FR��
GXFWLYLW��FHUDPLFV���RZ�SHUIRUP�FORVH�WR�WKHLU�PHOWL�J�SRL�WV�IRU�WKRXVD�GV�
RI�KRXUV��)LJXUH������RZHYHU��WKH�PHOWL�J�SRL�W�OLPLWV�IXUWKHU�DGYD�FHPH�W�
L��WKH�RSHUDWL�J�WHPSHUDWXUH�RI�JDV�WXUEL�HV�ZLWK�PHWDOOLF�PDWHULDOV�

&HUDPLFV��ZKLFK�KDYH�PXFK�KLJKHU�PHOWL�J�SRL�WV�WKD��PHWDOV��KROG�WKH�
SURPLVH�IRU��VXSHU��WXUEL�HV�L��WKH�IXWXUH��)LJXUH������XW�ZKLOH�FHUDPLFV�
KDYH�KLJK�VWUH�JWK�DW�KLJK�WHPSHUDWXUHV��FHUDPLFV�DOVR�VXIIHU�IURP�WKHUPDO�
VKRFN��6WUXFWXUDO�FHUDPLFV�DUH�RI�WZR�NL�GV��R�LGHV��OLNH�DOXPL�XP�R�LGH�
�WKL�N�VDSSKLUH���D�G��R�R�LGHV��PDL�O��VLOLFR��FDUELGH��6L&���2�LGHV�
JH�HUDOO��KDYH�D�KLJK�FRHIILFLH�W�RI�H�SD�VLR��WKDW�UH�GHUV�WKHP�SUR�H�
WR�WKHUPDO�VKRFN��EXW�WKH��DOVR�KDYH�EHWWHU�R�LGDWLR��UHVLVWD�FH�WKD��6L&�
L��H�WUHPH�H�YLUR�PH�WV��)LJXUH��E���7KH�FXUUH�W�FHUDPLFV�WHFK�RORJ��LV�
WKHUHIRUH�EDVHG�XSR��VWUXFWXUHV�PDGH�IURP�6L&�ZLWK�H�YLUR�PH�WDO�EDU�
ULHU�FRDWL�JV�PDGH�IURP�R�LGHV�

:RUN�IURP�WKH�����V�WR�����V�R��FHUDPLFV�IRU�KLJK�WHPSHUDWXUH�VWUXF�
WXUHV�GHPR�VWUDWHG�WKDW�ILEURXV�FRPSRVLWHV�ZRXOG�EH�DEOH�WR�DYRLG�EULWWOH�
EHKDYLRU�EHFDXVH�VL�JOH�ILEHU�IUDFWXUHV�L��ILEHU�EX�GOHV�ZRXOG�EH�UH�GHUHG�
KDUPOHVV�E��GLVSODFHPH�W�EHWZHH��WKH�EURNH��H�GV��6SHFLILFDOO���WKH�H�GV�
ZHUH�EHL�J�DFFRPPRGDWHG�E���HLJKERUL�J�ILEHUV�WKURXJK�L�WHUIDFLDO�VOLG�
L�J��WKHUHE��VSUHDGL�J�VWUDL��DFURVV�WKH�FRPSRVLWH�

Critical Components to a CMC
7KHUH�DUH�WKUHH�FULWLFDO�FRPSR�H�WV�WR�D�FHUDPLF�PDWUL��FRPSRV�

LWH��)LJXUH������UHL�IRUFHPH�W��L�WHUIDFH�FRDWL�J��D�G�FHUDPLF�PDWUL���
5HL�IRUFHPH�W�SURYLGHV�VWUH�JWK�D�G�VWUXFWXUDO�IRX�GDWLR��RU�VKDSH�IRU�
WKH�FRPSRVLWH��JH�HUDOO��L��WKH�IRUP�RI�D�FRPSOH�����ZRYH��VWUXFWXUH�
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GHVLJ�HG�WR�FORVHO��PDWFK�WKH�IL�DO�VKDSH�
RI�WKH�FRPSR�H�W��,�WHUIDFH�FRDWL�J�
LV�D�WKL��FRDWL�J�R��WKH�ILEHU�WKDW�SUR�
YLGHV�D�ORZ�VWUH�JWK�L�WHUIDFH�EHWZHH��
KDUG�FHUDPLF�PDWUL��D�G�KLJK�VWUH�JWK�
ILEHU��&HUDPLF�PDWUL��SURYLGHV�WKH�ORDG�
WUD�VIHU�EHWZHH��ILEHUV�D�G�PDMRULW��RI�
FKHPR�WKHUPRSK�VLFDO�SURSHUWLHV�RI�WKH�
FRPSRVLWH�L��VRPH�FDVHV��WKH�ZKROH�
&0&�LV�FRDWHG�ZLWK�D��H�YLUR�PH�WDO�
EDUULHU�FRDWL�J�WR�IXUWKHU�LPSURYH�SHU�
IRUPD�FH�X�GHU�KDUVK�FR�GLWLR�V�

5HL�IRUFHPH�W�L��D�&0&�LV�DGGHG�
PDL�O��WR�LPSURYH�WRXJK�HVV��,W�LV�W�SL�
FDOO��L��WKH�IRUP�RI�HLWKHU�D�FDUER��
JUDSKLWH�ILEHU�RU�D��R�LGH�RU��R�R�LGH�
FHUDPLF�ILEHU�WKDW�FD��ZLWKVWD�G�KLJK�
DSSOLFDWLR��WHPSHUDWXUHV��&DUER��
ILEHUV�DUH�JH�HUDOO��WKH�OHDVW�H�SH�VLYH�
ZKLOH��R�R�LGH�ILEHUV�DUH�WKH�PRVW�
H�SH�VLYH���OWKRXJK�R�LGH�EDVHG�ILEHUV�
OLNH�DOXPL�D�VKRZ�EHWWHU�R�LGDWLR��

UHVLVWD�FH�WKD���R�R�LGH�ILEHUV��R�LGH�
EDVHG�ILEHUV��VWUH�JWK�UHWH�WLR��D�G�
FUHHS�UHVLVWD�FH�DW�KLJK�WHPSHUDWXUHV�
LV�FRPSURPLVHG�GXH�WR�JUDL��JURZWK�DW�
HOHYDWHG�WHPSHUDWXUHV��,��VRPH�FDVHV��

FUHHS�UDWHV�IRU�R�LGH�ILEHU�
FD��EH�WZR�RUGHUV�RI�PDJ�
�LWXGH�JUHDWHU�WKD��WKRVH�
RI��R�R�LGH�ILEHUV���HFDXVH�
RI�OLJKW�ZHLJKW��JRRG�R�L�
GDWLR��UHVLVWD�FH��JRRG�
WKHUPDO�VKRFN�UHVLVWD�FH��
D�G�UHODWLYHO��KLJK�PRGX�
OXV�D�G�VWUH�JWK�YDOXHV��
R�O��VLOLFR��EDVHG��R�R�LGH�
FHUDPLF�ILEHUV��WH�GL�J�
WRZDUG�6L&�FRPSRVLWLR���
DUH�SUHIHUUHG�IRU�XOWUDKLJK�
WHPSHUDWXUH�DHURVSDFH�
DSSOLFDWLR�V��2�LGH�&0&V�
DUH�SHUKDSV�PRUH�VXLWDEOH�
IRU�UHODWLYHO��OHVV�GHPD�G�
L�J�DSSOLFDWLR�V����

Manufacturing nonox-
ide ceramic fibers

7KUHH�GLIIHUH�W�DSSURDFK�
HV�WR�PD�XIDFWXUL�J��R��
R�LGH�FHUDPLF�ILEHUV�H�LVW�
FKHPLFDO�YDSRU�GHSRVLWLR��

�&9����H�WUXVLR��VL�WHUL�J�RI�SRZGHU�
VOXUULHV��D�G�SRO�PHU�SUHFXUVRU�URXWH�

&9��LV�WKH�ROGHVW�PHWKRG�IRU�SUR�
GXFWLR��RI�6L&�ILEHUV��,��WKLV�PHWKRG��
6L&�LV�JH�HUDOO��GHSRVLWHG�R��D�KHDWHG�
DPRUSKRXV�FDUER��RU�WX�JVWH��ZLUH�
��FRUH���UHVXOWL�J�L��D�KLJK�VWUH�JWK�
ILEHU�������6XFK�ILEHUV�DUH�PR�RILODPH�WV�
ZLWK�PL�LPXP�GLDPHWHU�L��WKH�UD�JH�RI�
���WR�����PLFUR�V��ZKLFK�OLPLWV�WKHLU�
PL�LPXP�EH�G�UDGLXV�D�G�UH�GHUV�WKHP�
X�VXLWDEOH�IRU�ZHDYL�J�L�WR�WH�WLOH�RU�
PDNL�J�FRPSOH��VKDSHG�FHUDPLF�SDUWV��
6XFK�KLJK�VWUH�JWK�ILEHUV��KRZHYHU��
FRXOG�EH�XVHG�DV�UHL�IRUFHPH�W�L��D�
PHWDO�PDWUL��FRPSRVLWH�

7KH�H�WUXVLR��VL�WHUL�J�WR�PDNH�6L&�
ILEHU�L�YROYHV�VSL��L�J�6L&�SRZGHU�L��D�
SRO�PHULF�EL�GHU��IROORZHG�E��VL�WHUL�J��
7KHVH�ILEHUV�DUH�JH�HUDOO��WKLFNHU�WKD�����
PLFUR�V��KDYH�VXUIDFH�GHIHFWV��D�G��HYHU�
IXOO��GH�VLI��GXH�WR�GLIILFXOW��L��VL�WHUL�J�D�
�R�R�LGH�FHUDPLF����

�HFDXVH�KLJK�WHPSHUDWXUH�&0&V�
ZRXOG�UHTXLUH�KLJK�VWUH�JWK�IOH�LEOH�
FHUDPLF�ILEHUV��GLDPHWHUV�OHVV�WKD�����
PLFUR�V���UHVHDUFK�R��DOWHU�DWH�URXWHV�
WR�REWDL��FR�WL�XRXV�D�G�IOH�LEOH�ILEHUV�
KDG�EHH��R�JRL�J�ZKH��D�GLVFRYHU��E��
�DMLPD�HW�DO����L��ODWH�����V�VKRZHG�KRZ�

Capsule summary

END OF AN ERA

Single-crystal technology empowered our 

military prowess, increased civilian aircraft 

flight distance, and served in gas turbines for 

energy conversion. However, this technology has 

reached its limit—the melting point limits further 

advancement in operating temperature.   

CERAMIC POSSIBILITIES

Ceramics, which have much higher melting 

points than metals, hold the promise for “su-

per” turbines. Three critical components— 

reinforcement, interface coating, and ceramic 

matrix—play a role in ceramic matrix  

composite performance.

MULTIPLE WAYS FORWARD

New preceramic polymers, reinforcement fiber 

materials, failure prediction methods, and 

additive manufacturing methods all offer ways 

to increase performance of nonoxide polymer-

derived ceramic matrix composites in the future.

Figure 1 (a): Firing temperature trend and material capability over time [Reproduced 
with permission from MRS Bulletin1]. (b): A comparison of high temperature mechanical 
property of SiC/SiC ceramic matrix composites (CMCs) with oxide CMCs and aeroen-
gine materials like the nickel-based super-alloy Inconel [Reproduced with permission 
from Nature Materials2]. The current genesis of multi-component silicon-based polymer-
derived ceramic (PDC)-CMC technology will continue to evolve over the next decade.

Te
m

pe
ra

tu
re

 (°
C

)

Sp
ec

ifi
c 

fa
st

-r
up

tu
re

 s
tr

en
g

th
 

(M
Pa

 9
M

g 
m

–3
)–1

)

�
��

K
��
��
�
�
�
��
�
SS�
��
�

��
S�

M�
��

��
�
��
��
��

�
��
��
�
S�

��
��

�
�

��

�
��

K
��
��

.
�

�
�
��

S�
,

S�
�

��
��

Figure 2: Schematic (cross-section) of a GE gas turbine 
engine. Polymer matrix composites (PMCs) are preferred 
for low temperature applications while polymer-derived 
ceramics (PDCs) are attractive materials for the engine hot 
section, for example, turbine blade and shroud. Image 
courtesy General Electric.3
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Nonoxide polymer-derived CMCs for “super” turbines
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KLJK�WHPSHUDWXUH�FHUDPLF�ILEHUV�FRXOG�EH�
PDGH�IURP�FHUWDL��RUJD�RPHWDOOLF�ROLJR�
PHUV�RU�VLOLFR��EDVHG�SRO�PHUV�XVL�J�D�

FRPEL�DWLR��RI�SRO�PHU�D�G�FHUDPLF�
SURFHVVL�J�PHWKRGV��7KLV�SURFHVV�ZDV�
ODWHU�GHYHORSHG�L�WR�D�FRPPHUFLDO�WHFK�
�RORJ��L��-DSD���7KHVH�IL�H�ILEHUV�VKRZ�
JRRG�PHFKD�LFDO�SURSHUWLHV��WKHUPDO�
SURSHUWLHV��D�G�R�LGDWLR��UHVLVWD�FH��D�G�
FD��EH�ZRYH��L��WH�WLOH�WR�PDNH�FRP�
SOH��VKDSHG�FHUDPLF�SDUWV��7KHVH�6L&�
ILEHUV�DUH�WKH�EDFNER�H�RI�WKH�FHUDPLF�
ILEHU�FHUDPLF�PDWUL��WHFK�RORJ��WKDW�LV�
KHUDOGL�J�WKH��H�W�JH�HUDWLR��WXUEL�H�
H�JL�HV���DV�GLVFXVVHG�EHORZ�

7KH�SURGXFWLR��RI�WKHVH�ILEHUV�
L�YROYHV�VWHSV��)LJXUH����WKDW�DUH�VRPH�
ZKDW�VLPLODU�WR�WKRVH�XVHG�IRU�PD�XIDF�
WXUL�J�FDUER��ILEHUV�IURP�SRO�DFU�OR�L�
WULOH��3�1���������

���6��WKHVLV�RI�SUHFHUDPLF�SRO�PHU�
ZLWK�GHVLUHG�UKHRORJLFDO�SURSHUWLHV�IRU�
VSL��L�J�SURFHVVHV��

���0HOW�RU�GU��VSL��L�J�RI�SUHFXUVRU�
L�WR�JUHH��ILEHUV��

���&XUL�J��WKHUPDOO���FKHPLFDOO���RU�
UDGLDWLR���RI�JUHH��ILEHU�WR�FURVV�OL�N�
PROHFXODU�FKDL�V�L�WR�GXURSODVWLF�OLNH�
VWDWH��UH�GHUL�J�LW�L�IXVLEOH�GXUL�J�
S�URO�VLV��D�G�

���3�URO�VLV�RI�JUHH��ILEHU�X�GHU�
DUJR��DW�KLJK�WHPSHUDWXUH�WR�REWDL��
FHUDPLF�ILEHU�

7KH�ILUVW�JH�HUDWLR��6L&�ILEHUV�EDVHG�
R���DMLPD�HW�DO����ZHUH�VSX��L��L�HUW�
H�YLUR�PH�WV�EXW�UHTXLUHG�FXUL�J�L��
DLU�WR�PDNH�WKHP�L�IXVLEOH�GXUL�J�WKH�
S�URO�VLV�DW�KLJK�WHPSHUDWXUHV���V�D�
UHVXOW��VXFK�ILEHUV�KDG�R��JH��L��WKH�
FHUDPLF�XSR��S�URO�VLV�D�G�WKH�ILEHUV�
ZHUH�DPRUSKRXV���R��VWRLFKLRPHWULF�
6L�2�&�L�VWHDG�RI�FU�VWDOOL�H�6L&��7KH�
SRRU�WKHUPDO�D�G�PHFKD�LFDO�SURSHUWLHV�
RI�WKH�ILEHU�ZHUH�DWWULEXWHG�WR�KLJK�R���
JH��FR�WH�W�RI�WKHVH�ILEHUV��7KH�VHFR�G�
JH�HUDWLR��6L&�ILEHUV�IRFXVHG�R��UHGXF�
L�J�R��JH��FR�WH�W�E��FXUL�J�WKH�JUHH��
ILEHUV�X�GHU�JDPPD�RU�HOHFWUR��LUUDGLD�
WLR��L��L�HUW�H�YLUR�PH�W���V�D�UHVXOW��
WKHVH�ILEHUV�KDG�ODUJHU�6L&�JUDL�V�DOR�J�
ZLWK�WKH�JUDSKH�H�OLNH�FDUER���

7KH�WKLUG�JH�HUDWLR��ILEHUV�ZHUH�
PD�XIDFWXUHG�DW�HYH��KLJKHU�S�URO�VLV�
WHPSHUDWXUHV�ZLWK�DGGLWLR��RI�WUDFH�
DPRX�WV�RI�DOXPL�XP��WLWD�LXP��RU�
ERUR��WR�VL�WHUL�J�RI�6L&��6XFK�ILEHUV�
DUH�HVVH�WLDOO��SRO�FU�VWDOOL�H�6L&�ZLWK�

Figure 3: Polymer versus ceramic matrix 
composites. Unlike PMCs, the fiber-rein-
forced CMCs require weak interphases 
to deflect cracks in the matrix around 
the fibers, thereby avoiding catastrophic 
failure during service. Reproduced with 
permission from ASM International.4
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Figure 4: Schematic showing various steps involved in PDC fiber processing.

  Table 1: Cost, availability, and properties of bulk PDC ceramics. 

 Preceramic     Density Modulus Fracture Fracture 
 Polymer* Cost Availability PDC* (g/cm^3)  (GPa) Strength Toughness  CTE Oxidation  Decomposition 
       (MPa) (MPa·√m) ( 10^6/K)  temp. (˚C) temp. (˚C) 

� Hgd��ad�r���� �go�� �gee���a�dd���n�ad��d��
� � e��ame� � e��ame��n�ad��adal��� �a��� ���� 0(�lg�)--� 4)�((� 4��-� �� v)�((� v).((

�Hgd�����g�ad���� �a��� �gee���a�dd���n�ad��d���
� � �  daeal����n�ad��adal���� �a�� ��)� �(-� �)0� ��lg�0� ��0� v)�((� �

� Hgd��adg����� �go� �gee���a�dd���n�ad��d��

� � �  d������n�ad��adal��� �a��� ���� 4))�� 4�1((� 4)�0� ���� ��� �

Hgd��g�g�ad�r���� N�����a��� ���g��lg������l���a���

� � �  n����daeal����n�ad��adal��� �a���� ���� ��� �� �� �� v).((� v��((

� *Physical�state�of�preceramic�polymer�and�engineering�properties�of�the�pyrolyzed�ceramic�are�strongly�in�uenced�by�the�molecular�structure�and�composition�of�pre-ceramic�polymer�and�processing�conditions�used.�Data�from�Journal of the American Ceramic  

   Society���� American Ceramic Society Bulletin�)��)�
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VPDOO�DPRX�WV�RI�VS��FDUER��SKDVH�DW�
JUDL��ERX�GDULHV���LJKHU�VL�WHUL�J�WHP�
SHUDWXUH�JH�HUDOO��OHDGV�WR�ODUJHU�6L&�
JUDL��VL�H��HODVWLF�PRGXOXV��VWUH�JWK��D�G�
FUHHS�UHVLVWD�FH�RYHU�D�ZLGH�WHPSHUDWXUH�
UD�JH��6XFK�ILEHUV��KRZHYHU��DUH�H�RUEL�
WD�WO��H�SH�VLYH��FRVWL�J�RYHU���������
NJ���7KH�KLJK�FRVW�RI�PD�XIDFWXUL�J�6L&�
ILEHUV�LV�DSSDUH�WO��UHODWHG�WR�WKH�FR��
WURO�RI�R��JH��FR�WH�W�FRVWO��DXWRFODYH�
WHFK�LTXHV�DUH��HHGHG�IRU�V��WKHVLV�RI�
WKH�SUHFHUDPLF�SRO�PHU�ZKLOH�DGGLWLR�DO�
S�URO�VLV�VWHSV�DUH�UHTXLUHG�WR�GULYH�RXW�
R��JH��IURP�WKH�FHUDPLF�ILEHU�

7KH��H�HUDO�(OHFWULF�&RPSD���
UHFH�WO��L�WURGXFHG�&0&�FRPSR�H�WV�
L�WR�LWV�/(�3�H�JL�HV��7KLV�L��RYDWLR��
LV�H�SHFWHG�WR�JH�HUDWH�WH�V�RI�ELOOLR�V�L��
�HZ�UHYH�XH�IRU��(��7KH�GHYHORSPH�W�
RI�&0&�WXUEL�H�EODGHV�LV�UXPRUHG���(�
�YLDWLR��H�SHFWV�WKDW�L�FUHDVHG�MHW�H�JL�H�
SURGXFWLR��ZLOO�L�FUHDVH�GHPD�G�IRU�6L&�
ILEHUV�D�G�WDSHV�DV�PXFK�DV�WH�IROG�RYHU�
WKH��H�W�GHFDGH����7KH�KLJK�FRVW�RI�WKHVH�
ILEHUV�LV�D�PDMRU�EDUULHU�WR�IXWXUH�JURZWK�

Engineering new compounds
2YHU�WKH�ODVW�����HDUV��IX�GDPH�WDO�

UHVHDUFK�L��6L�&�2�1�FRPSRX�GV��LHOGHG�
�HZ�UHVXOWV�WKDW�VKRZ�KRZ�WKHLU��D�R�
VWUXFWXUH�UHODWHV�WR�PHFKD�LFDO�SURSHU�

WLHV�D�G�WKHUHE��SURYLGHV�WKH�L�VLJKWV�
�HHGHG�WR�H�JL�HHU��HZ�FRPSRX�GV�IRU�
WXUEL�H�H�JL�H�DSSOLFDWLR�V��)LJXUH����

�6�DE������R������DPR�S�R�V�V���F������
:KLOH�WKH�EL�DU��6L�&�FU�VWDOOL�HV�DW�
������&��WKH�WHU�DU��D�G�TXDWHU�DU��
FRPSRX�GV�DUH�L�WUL�VLFDOO��DPRUSKRXV��
ZLWK�D��HJDWLYH�H�WKDOS��RI�IRUPDWLR��
UHODWLYH�WR�WKH�FU�VWDOOL�H�VWDWH�

������D�RGRPD������ZR�N�R��J�DS������
7KH�6L&12�PDWHULDOV�FR�WDL��D��HW�
ZRUN�RI�JUDSKH�H�RU�VS��FDUER��ZLWK�
D�GRPDL��VL�H�RI������D�RPHWHUV��7KH�
GRPDL��ERX�GDULHV�FR�VLVW�RI�PL�HG�
ER�GV�RI�6L�&���1�2��ZKLOH�WKH�WHWUDKH�

GUDO�RI�6L��2�1��RFFXS��WKH�VSDFH�ZLWKL��
WKH�GRPDL�V�

����R�F���S�E��D��R���7KH�FDUER���HW�
ZRUN�LPSDUWV�X�XVXDO�PHFKD�LFDO�SURS�
HUWLHV�VXFK�DV��HUR�FUHHS�L��WKH�VWHDG��
VWDWH�DW�WHPSHUDWXUHV�XS�WR�������&��
ZKLOH�WKH�L�WHUODFHG�6L�2�1�SURWHFWV�WKH�
FDUER��IURP�R�LGDWLR��

3RO�FDUERVLOD�H�GHULYHG��D�RFU�VWDO�
OL�H�6L&�ILEHUV�FR�WDL��JUDL��ERX�GDU�
LHV���OWKRXJK�VXFK�ILEHUV�DUH�N�RZ��IRU�
WKHLU�XOWUD�KLJK�WHPSHUDWXUH�VWDELOLW���
SUHVH�FH�RI�JUDL��ERX�GDULHV�D�G�VRPH�
ORZ�PHOWL�J�SKDVHV�LPSXULWLHV�DW�JUDL��
ERX�GDULHV�PD��PDNH�WKHP�VXVFHSWLEOH�

CMC MATRIX manufacturing
Infiltration is the most common technique for creating aerospace 
grade SiC/SiC ceramic matrix. Fiber preform could be infiltrated 
with matrix material in gaseous (CVD) or liquid (melt infiltration and 
polymer infiltration) form.6 The fiber preform preparation requires 
a rather complex approach—the preform is generally a hollow 
3D replica of the final component (e.g., combustion liner or vane) 
designed computationally based on function of the component, ex-
pected mechanical and thermal loadings at the site, and topology/
materials properties of the fiber, matrix, and interface coating.2

CVD or CVI: CVD processing involves introduction of vapors of 
silicon-based metal organic compounds (generally methyltricholo-
rosilane) along with a carrier gas, such as hydrogen, into a cham-
ber containing heated fiber preform substrate. The silicon-based 
precursor decomposes at a high temperature to yield high purity 
SiC, which fills the preform to form the continuous matrix phase. 
This process is slow due to lower ceramic yields and deposition 
rates. Large amounts of highly corrosive vapors are produced 
during the deposition process, which increases the capital equip-
ment cost and downtime. Large-size, thick CMC parts are prone 
to nonuniform coating and density gradients.9

Melt infiltration: Molten silicon at 1,500°C is introduced into a 
carbon fiber preform, and SiC is formed at the interface as molten 
silicon reacts with carbon. Silicon oxide and carbon oxide are the 
byproducts released during carbothermal reduction. The process 
is expensive due to high temperatures required for melting of sili-
con. In addition, the byproducts may react with furnace elements, 
causing damage or significant downtime.9 Excess or unreacted 
silicon could be present in the final part, which significantly de-
grades mechanical properties at high temperatures.

Polymer infiltration and pyrolysis: This technique is similar to those 
employed for fabrication of polymer matrix composites. The fiber 
preform is infused with liquid preceramic polymer that transforms 
into ceramic matrix upon pyrolysis (PDC route). Because of its sim-
plicity, relatively lower processing temperatures, and shorter cycle 
times and ability to produce complex CMCs, this technique is the 
most cost effective and efficient. Preceramic polymers with high 
ceramic yield and improved stability against moisture and air (long 
shelf life) are preferred; carbosilane-based preceramic polymers 
that yield stoichiometric SiC composition are most desired.�n
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Figure 5: Amorphous nanodomain structure is the hallmark of PDC materials—such 
microstructure has been shown to improve chemo-thermo-mechanical properties at high 
temperatures.16
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Future directions for nonoxide 
CMC materials and manufacturing 
processes
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Figure 6: High-temperature ceramic fibers are the 
bridge between basic research on synthesis of pre-
ceramic polymers with desired properties and CMC 
processing based on real time failure predictions. 
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Developing negligible creep resistance and international student exchange opportunities
The challenge is to develop ceramic fibers constituted from silicon, 
boron, carbon, nitrogen, or oxygen that exhibit negligible creep re-
sistance at temperatures up to 1,600°C in oxidizing environments, 
with a target production cost of approximately $1,000/kg (Figure 
4). To address this technical challenge and create international 
student exchange opportunities in PDC science, the National Sci-
ence Foundation awarded a five-year $4.7 million Partnerships for 
International Research and Education (PIRE) grant to Gurpreet Singh 
and co-workers (Alexandra Navrotsky—University of California 
Davis, Himanshu Jain—Lehigh University, Rishi Raj and David Mar-
shall—University of Colorado Boulder, Elsa Olivetti—MIT, and Peter 
Kroll—University of Texas at Arlington). So far, Singh et al. have 
demonstrated the feasibilty of drawing such low-coat fibers. n

PDC SiCNO fibers being investigated in Singh’s lab. (a): digital 
camera picture and (b): SEM image. Foot-long fibers of prece-
ramic polymer could be drawn by hand using a glass rod. The 
challenge, however, is to maintain structural integrity of the 
fiber during the pyrolysis process.
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