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Abstract
The	processing	and	characterization	of	laminates	based	on	Ti2AlC	MAX	phase,	
as	matrix,	and	triaxial	alumina	braids,	as	reinforcing	phase,	are	presented.	Ti2AlC	
powders	with	a	mean	particle	size	below	1 µm	are	synthesized,	while	commercial	
3M	Nextel	610	alumina	fibers	are	braided	in	a	three-	stage	process	consisting	of	
spooling,	 braiding	 with	 an	 angle	 of	 0°	 and	 ±60°	 and	 the	 separation	 to	 single-	
layer	 fabric.	 The	 laminates	 are	 processed	 by	 layer-	by-	layer	 stacking,	 where	 3	
two-	dimensional	alumina	braids	are	interleaved	between	Ti2AlC	layers,	followed	
by	full	densification	using	a	Field-	Assisted	Sintering	Technology/Spark	Plasma	
Sintering.	The	multifunctional	response	of	the	laminates,	as	well	as	for	the	mono-
lithic	Ti2AlC,	is	evaluated,	in	particular,	the	thermal	and	electrical	conductivity,	
the	oxidation	resistance,	and	the	mechanical	response.	The	laminates	exhibit	an	
anisotropic	thermal	and	electrical	behavior,	and	an	excellent	oxidation	resistance	
at	1200℃	in	air	for	a	week.	A	relatively	lower	characteristic	biaxial	strength	and	
Weibull	modulus	(i.e.,	σ0 = 590 MPa	and	m = 9)	for	the	laminate	compared	to	the	
high	values	measured	in	the	monolithic	Ti2AlC	(i.e.,	σ0 = 790 MPa	and	m = 29)	
indicates	the	need	but	also	the	potential	of	optimizing	MAX-	phase	layered	struc-
tures	for	multifunctional	performance.
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1 	 | 	 INTRODUCTION

MAX	 phases	 have	 attracted	 a	 considerable	 attention	
in	 the	 last	 years	 due	 to	 their	 unique	 combination	 of	

properties,	bridging	the	gap	between	ceramics	and	met-
als.1	 In	general,	MAX	phases	present	 low	density,	high	
elastic	 modulus,	 compressive	 strength	 and	 creep	 re-
sistance	 as	 ceramics,	 and	 good	 damage	 tolerance	 and	
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 
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thermal	 shock	 resistance,	 high	 electrical	 conductivity,	
and	easily	machinability	as	metals.2	Furthermore,	 they	
present	 an	 intermediate	 coefficient	 of	 thermal	 expan-
sion	 and	 good	 chemical	 stability	 with	 other	 advanced	
ceramics	 and	 high-	temperature	 superalloys.	 More	 than	
150	 different	 compositions	 have	 been	 discovered	 so	
far,	 but	 some	 aluminum-	based	 MAX	 phases—	mostly	
Ti2AlC,	Ti3AlC2,	and	Cr2AlC—	have	gained	more	interest	
due	 to	 the	excellent	oxidation	and	corrosion	 resistance	
up	to	temperatures	around	1300℃.3 This	good	oxidation	
response	is	caused	by	the	 in situ	 formation	of	an	exter-
nal,	 thin,	 well-	adhered,	 and	 protective	 α-	Al2O3  layer.4	
In	particular,	Ti2AlC	is	the	most	studied	and	promising	
composition	thanks	to	the	combination	of	the	properties	
described	above,	the	oxidation	cubic	kinetics	up	to	tem-
peratures	 around	 1300℃,	 and	 availability,	 non-	toxicity,	
and	low	cost	of	the	chemical	precursors.5	Based	on	these	
features,	 Ti2AlC	 and	 other	 Al-	MAX	 phases	 have	 been	
proposed	 to	 operate	 under	 aggressive	 environments	 in	
different	 applications	 such	 as	 high-	temperature	 struc-
tural	material,6	protective	coatings,7	bond	coats	in	ther-
mal	barrier	coatings,8	accident-	tolerant	fuel	cladding	in	
nuclear	 light	water	 reactors,9  solar	 receivers	and	exter-
nal	walls	of	the	storage	tank	in	concentrated	solar	power	
units,10,11	 and	 as	 catalyst,12	 among	 others.13	 However,	
although	Al-	MAX	phases	might	be	considered	for	these	
applications,	 the	 aggressive	 environments	 demand	 a	
unique	 combination	 of	 properties	 and	 high	 degree	 of	
reliability	 in	 long-	term	operation,	which	 in	 some	cases	
Ti2AlC	 cannot	 withstand.	 Consequently,	 the	 most	 suit-
able	 approach	 to	 fulfill	 these	 requests	 is	 to	 reinforce	
Ti2AlC,	 and	 in	 general	 MAX	 phases,	 with	 secondary	
phases.

MAX	 phases	 have	 mostly	 been	 reinforced	 with	 par-
ticles	 in	 order	 to	 improve	 the	 hardness	 and	 the	 tribo-
logical	 performance.	 This	 approach	 is	 successful	 and	
relative	simple	but	for	a	quantitative	 improvement	and	
tailoring	of	other	properties,	continuous	fibers	would	be	
required.	Unfortunately,	 the	number	of	works	is	rather	
limited	despite	 the	high	potential	and	 interest	of	 these	
kind	of	composites.	The	first	consideration	to	be	accom-
plished	 is	 the	 chemical	 stability	 during	 the	 processing	
and	 in-	operando	 between	 the	 fibers	 and	 the	 matrix.	
Shortly,	carbon	fibers	react	with	all	the	MAX-	phase	com-
positions,	 limiting	their	 interest.	SiC	fibers	are	suitable	
for	 Silicon-	based	 MAX	 phases	 (i.e.,	Ti3SiC2)	 and	 Al2O3	
fibers	are	chemically	stable	with	Aluminum-	based	MAX	
Phases	 (i.e.,	 Ti2AlC),	 since	 typically	 the	 “A”	 element	
of	 the	 MAX	 phase	 easily	 diffuses	 at	 high	 temperature.	
Nevertheless,	 the	chemical	 reaction	between	SiC	 fibers	
and	Ti2AlC	or	Ti3AlC2 might	be	hindered,	protecting	the	
fibers	with	a	carbon	coating	or	a	thin	titanium	foil	at	the	
interface	as	diffusion	barrier.14,15	The	chemical	reaction	

is	avoided	and	the	mechanical	response	of	the	material	is	
improved.	Nevertheless,	the	most	realistic	approach	is	to	
use	Ti2AlC	reinforced	with	alumina	 fibers,	particularly	
for	 components	 that	 will	 operate	 at	 high	 temperature	
under	oxidizing	environments	over	long	periods	of	time.	
In	that	sense,	Ti2AlC	has	been	reinforced	with	20 vol.%	
of	 NextelTM-	610	 and	 NextelTM-	720	 alumina	 fibers.16	
The	 compressive	 failure	 stress	 in	 dynamic	 conditions	
decreases	with	 increasing	 temperature,	 from	1645 MPa	
at	25℃	to	1210 MPa	at	1200℃.	In	addition,	compressive	
fracture	strength	of	Ti2AlC/720	and	Ti2AlC/610	compos-
ites	was	enhanced	by	39.7%	and	32.6%	under	static	load-
ing	 in	 comparison	 with	 the	 monolithic	 Ti2AlC.	 These	
results	are	promising	but	further	studies	are	required	to	
analyze	the	real	potential	of	these	composites.

In	 that	 sense,	 the	 specific	 adjustment	 of	 the	 fiber–	
matrix	interaction	is	a	great	challenge	in	the	development	
of	a	damage-	tolerant	ceramic	matrix	composite	structure.	
Therefore,	the	composites	characteristics,	namely	the	fiber	
volume	ratio	and	the	fiber	orientation,	as	well	as	the	used	
reinforcement	yarns	specifics	(amount	of	yarns	being	used	
and	the	fineness	of	the	roving),	have	to	be	defined	accord-
ing	to	the	ceramic	application.	Within	textile	processing,	
these	reinforcement	characteristics	can	be	set	by	choosing	
the	 manufacturing	 process	 employed	 for	 the	 production	
of	semi-	finished	textiles.	Established	textile	processes	for	
the	 production	 of	 continuous	 fiber	 reinforcement	 struc-
tures	are	weaving,	tape	laying,	and	braiding.	Among	these	
technologies,	braiding	holds	a	high	potential	to	generate	
the	reinforcements	to	be	used	for	the	production	of	high-	
performance	components	due	to	its	ability	to	create	load	
adjusted	 and	 complex	 surface	 area	 as	 well	 as	 volume-	
forming	structures	(e.g.,	through	three-	dimensional	[3D]	
braiding).

In	 the	braiding	process,	a	 fiber	reinforcement	struc-
ture	 is	 primarily	 created	 by	 the	 regular	 crossing	 of	 at	
least	three	braiding	yarns	that	run	diagonally	to	the	pro-
duction	 direction	 (possible	 variation	 of	 braiding	 angle:	
0°  <  α  <  90°).17	 With	 the	 diagonal	 intersection	 of	 the	
braiding	 yarns	 along	 the	 production	 direction,	 a	 fabric	
is	 created,	consisting	of	braiding	yarns	oriented	 in	 two	
linear	 directions.	 Therefore,	 these	 braided	 fabrics	 are	
defined	 as	 biaxial-	oriented	 braids.	 Furthermore,	 axial	
reinforcement	 fibers,	 so-	called	 inlay	 yarns	 or	 0°-	yarns,	
can	be	 integrated	 into	 the	braid	parallel	 to	 the	produc-
tion	 direction.	 Consequently,	 in	 contrast	 to	 weaving,	
braiding	can	be	used	to	produce	triaxial-	oriented	semi-	
finished	textiles.18,19	In	addition	to	textile	processes	like	
fiber	 layup	 or	 automated	 fiber	 placement,	 braiding	 al-
lows	 the	 production	 of	 unidirectionally	 (UD)	 oriented	
fabrics.	 Therefore,	 so-	called	 UD	 braids	 are	 processed	
by	 interlacing	braiding	and	supporting	yarns.20,21	Since	
the	 supporting	 yarns	 are	 defined	 by	 a	 significantly	
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lower	 fiber	 fineness	 (fineness	 measured	 in	 denier:	
1 den =1 g/9000 m)	compared	to	the	braiding	yarns,	the	
vertical	fiber	ondulation	induced	by	the	fiber	crossovers	
can	be	eliminated.	Load-	bearing	braiding	yarns	are	thus	
stretched	and	oriented	in	one	direction	and	form	a	stable	
semi-	finished	textile	structure.

The	 aim	 of	 this	 work	 is	 to	 develop	 multifunc-
tional	 laminates	 composed	 of	 Ti2AlC	 containing	 two-	
dimensional	(2D)	braided	alumina	fibers.	Braiding	of	the	
continuous	alumina	 fibers,	processing	of	 the	 laminates,	
densification	by	Spark	Plasma	Sintering,	and	microstruc-
tural	 characterization	 are	 presented.	 Furthermore,	 the	
multifunctional	response	of	the	developed	composites	is	
investigated,	 including	 the	 electrical,	 thermal,	 and	 me-
chanical	properties,	as	well	as	the	oxidation	resistance	at	
high	temperature.

2 	 | 	 EXPERIMENTAL PROCEDURE

2.1	 |	 Processing and materials

Ti2AlC	 powders	 were	 synthesized	 by	 molten	 salt	
shielded	 synthesis	 method,	 following	 the	 same	 proce-
dure	 as	 described	 elsewhere.22	 Ti	 (−325  mesh,	 99.5%;	
Alfa	 Aesar),	 Al	 (−325  mesh,	 99.5%;	 Alfa	 Aesar),	 and	
graphite	(APS	7–	11 μm,	99%;	Alfa	Aesar)	powders	were	
mixed	in	a	molar	ratio	of	2:1:0.9,	respectively.	KBr	(99%;	
Alfa	Aesar)	was	used	as	salt	and	mixed	with	the	starting	
precursors	in	a	1:1	weight	ratio	employing	a	3D	shaker	
mixer	(Turbula;	Bachofen	AG),	ethanol	as	liquid	media	
and	zirconia	balls	for	24 h.	Afterwards,	the	mixture	was	
dried	 in	 a	 rotary	 evaporator	 and	 sieved	 through	 a	 300-	
µm	mesh.	The	resultant	powder	was	uniaxially	pressed	
at	100 MPa,	placing	the	pellets	into	a	cylindrical	alumina	
crucible	and	filling	the	empty	space	with	extra	KBr.	The	
alumina	crucibles	were	introduced	into	an	open	furnace	
and	heated	at	5 K min−1	up	to	1000℃,	which	was	held	for	
5 h.	After	cooling,	the	crucible	was	washed	in	hot	water	
and	the	pellets	were	boiled	in	deionized	water.	Then,	the	
MAX	powders	were	vacuum	filtrated	and	washed	with	
deionized	water	and	ethanol.	Finally,	the	powders	were	
dried	in	an	oven	at	70℃	overnight	and	sieved	through	a	
25-	μm	sieve.

The	laminates	were	reinforced	by	triaxial	braided	alu-
mina	fibers.	Accordingly,	the	braids	were	manufactured	in	
a	 three-	stage	process	consisting	of	 spooling	 the	alumina	
fiber	on	modified	braiding	bobbins,	cable	for	the	process-
ing	of	brittle	 fiber	materials.	 It	was	 followed	by	the	pro-
duction	of	the	reinforcing	textile	by	2D	braiding	and	the	
separation	 of	 the	 triaxial	 braid	 into	 stackable	 individual	
layers.	In	the	preparation	for	the	braiding	process,	the	alu-
mina	fiber	rovings	type	3M	Nextel	610	(α-	Al2O3;	filament	

diameter	of	10–	12 µm	and	fineness	of	3000 denier)	were	
used	 once	 they	 were	 separated	 from	 the	 master	 spool	
(transport	carrier)	by	a	semi-	automatic	spooling	machine	
(SP	 280;	 August	 Herzog	 Maschinenfabrik	 GmbH	 &	 Co.	
KG).	Using	a	 spooling	speed	of	0.2 m s−1,	bobbins	were	
prepared,	each	holding	25	or	55 m	alumina	fiber	accord-
ing	to	form	braiding	or	inlay	yarns.	Afterwards,	they	were	
transferred	into	a	radial	braiding	machine	(RF	1/144-	100;	
August	Herzog	Maschinenfabrik	GmbH	&	Co.	KG),	and	
a	bobbin	set	of	96	braiding	yarns	and	36	inlay	yarns	were	
used	to	produce	the	triaxial	textile.	The	braiding	process	
was	 performed	 at	 a	 takeoff	 speed	 of	 0.001  m  s−1	 onto	 a	
cylindrical	PTFE	braiding	core	with	a	diameter	of	75 mm.	
The	braid	was	guided	by	a	braiding	ring	with	an	inner	di-
ameter	of	100 mm.	According	to	the	selected	parameters,	
the	braiding	yarns	were	aligned	to	a	braiding	angle	(α)	of	
0°	 and	 ±60°	 to	 form	 a	 triaxial-	oriented	 circumferential	
braid	on	the	braiding	core.	Following	the	braiding	process,	
the	textile	was	lifted	from	the	core	and	cut	open	parallel	
to	the	longitudinal	axis	of	the	braid.	Afterwards,	the	sep-
arated	individual	layers	were	stored	at	room	temperature	
prior	being	stacked	with	 the	Ti2AlC	powder	 to	 form	the	
laminate.

The	 Ti2AlC/Al2O3f	 laminates	 were	 sintered	 using	
a	 Field-	Assisted	 Sintering	 Technology/Spark	 Plasma	
Sintering	 (FAST/SPS,	 FCT-	HPD5;	 FCT	 Systeme	 GmbH).	
The	powders	were	poured	into	a	graphite	tool	with	inner	
diameter	 of	 20  mm	 following	 a	 layer-	by-	layer	 stacking,	
which	allows	an	easy	control	of	the	number,	location,	and	
thickness	of	the	different	layers.	First,	Ti2AlC	powder	was	
poured	and	uniaxially	pressed	at	5 MPa	to	obtain	the	first	
powder	layer.	Then,	a	2D	braided	alumina	textile,	consist-
ing	of	fiber	rovings	of	20 mm	diameter,	was	placed	on	top	
of	 the	Ti2AlC	 layer,	 followed	by	pouring	another	Ti2AlC	
layer	 of	 powder	 and	 pressing	 at	 5  MPa.	 This	 process	 of	
layer-	by-	layer	stacking	leads	to	easily	control	the	number	
of	layers	and	thicknesses.	In	our	case,	laminates	contain-
ing	 three	 2D	 braided	 alumina	 textiles	 were	 processed.	
Accordingly,	 laminates	 were	 fabricated	 by	 embedding	
three	alumina	braids	in	a	symmetric	multilayer	configu-
ration,	placing	the	alumina	fiber	braids	at	∼500 µm	from	
each	another.	The	sintering	conditions	were	a	heating	rate	
of	 100  K  min−1,	 maximal	 temperature	 of	 1200℃,	 dwell	
time	of	10 min,	uniaxial	pressure	of	50 MPa,	and	vacuum	
(~4 mbar)	during	 the	whole	 thermal	cycle.	Temperature	
was	controlled	using	a	pyrometer	that	was	focused	on	the	
surface	of	a	drilled	punch	at	only	5 mm	from	the	powder.	
Bulk	Ti2AlC	specimens	were	processed	and	sintered	using	
the	same	parameters	for	reference	purposes.	After	sinter-
ing,	both	monolithic	and	 laminate	samples	with	20 mm	
diameter	 were	 ground	 on	 both	 sides,	 reaching	 a	 final	
thickness	of	1.2	and	1.4 mm	for	the	monolithic	Ti2AlC	and	
laminate	materials,	respectively.
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 
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2.2	 |	 Microstructural characterization, 
electrical and thermal properties, and 
oxidation response

Density	 of	 the	 samples	 was	 measured	 by	 Archimedes	
method	 in	 water	 at	 room	 temperature.	 Crystal	 phases	
were	identified	by	X-	ray	diffraction	(D4-	Endeavor;	Bruker	
AXS)	over	the	2θ	range	of	10º	and	80º,	a	step	size	of	0.02°,	
and	 dwell	 time	 of	 0.5  s/step.	 Fracture	 surfaces	 and	 pol-
ished	cross	sections	were	observed	in	a	Scanning	Electron	
Microscope	(SEM;	Zeiss	Ultra55).	The	effective	electrical	
conductivity	in	the	parallel	(σpar)	and	perpendicular	(σper)	
directions	 to	 the	 laminates	was	determined	 in	prismatic	
bars	 by	 the	 four-	probe	 DC	 method	 (potentiostat/galva-
nostat;	Autolab	PGSTAT302N)	and	a	current	 flow	rang-
ing	from	40	to	3000 mA.	The	thermal	diffusivity	of	square	
reference	and	 laminate	 specimens	of	8.8 x 8.8 mm2	and	
0.5–	1.0 mm	of	thickness	was	measured	as	a	function	of	the	
temperature	in	the	parallel	direction	to	the	SPS	pressing	
axis	(perpendicular	in	the	case	of	laminates,	also	known	
as	through-	thickness	direction)	by	the	laser-	flash	method	
(Thermaflash	 2200;	 Holometrix	 Netzsch).	 The	 experi-
ment	 in	 the	 perpendicular	 direction	 was	 not	 performed	
due	to	the	difficulties	to	machine	a	sample	with	0.5 mm	of	
thickness	containing	at	least	one	alumina	layer	within	the	
bulk	and	being	perfectly	aligned	to	the	outer	surfaces	of	
the	specimen.	The	thermal	conductivity	(kt)	was	assessed	
known	 the	density	 (ρ)	of	 the	 specimen,	 the	 thermal	dif-
fusivity	(α),	and	the	specific	heat	capacity	(Cp),	according	
to	the	following	equation:	kt = ρ · α · Cp.	The	evolution	
of	 the	 parameter	Cp	 with	 the	 temperature	 for	 the	 refer-
ence	Ti2AlC	material	was	estimated	using	data	collected	
by	Wang	et	al.,23	while	 in	 the	case	of	 laminates,	Cp	was	
calculated	by	the	rule	of	mixtures,	also	using	heat	capacity	
data	 for	 α-	Al2O3	 taken	 from	 the	 NIST-	JANAF	 database,	
considering	a	total	content	of	Al2O3f	into	the	laminates	of	
11.8  wt.%.	 The	 oxidation	 response	 of	 the	 laminates	 was	
performed	introducing	the	samples	into	an	oven	at	1200℃	
for	1 week.	Afterwards,	the	samples	were	perpendicularly	
cut,	mounted,	polished	with	0.5-	µm	diamond	paste,	and	
observed	by	SEM.

2.3	 |	 Evaluation of the mechanical  
properties

For	the	evaluation	of	the	Vickers	Hardness	(HV),	a	top	and	
a	 side	 surface	 of	 several	 Ti2AlC	 monolithic	 and	 Ti2AlC/
Al2O3f	laminate	specimens	were	prepared,	polishing	to	a	
1-	µm	 mirror	 finish	 for	 a	 better	 imprint	 identification	 of	
the	indent.	Loads	of	1	and	3 kg	were	applied	on	both	sur-
faces	using	a	pyramid-	shaped	diamond	Vickers	indenter	
using	 an	 indenter	 machine	 (Zwick	 3212001;	 ZwickRoell	

GmbH	&	Co.	KG).	For	statistical	significance,	10	indents	
were	 performed	 for	 each	 load	 at	 each	 polished	 surface	
for	 each	 material.	 The	 corresponding	 Vickers	 Hardness	
was	 evaluated	 according	 to	 the	 EN	 843-	4  standards.24	
The	 mechanical	 strength	 of	 the	 Ti2AlC	 monolithic	 and	
Ti2AlC/Al2O3f	laminate	samples	was	evaluated	under	bi-
axial	bending,	using	the	Ball-	on-	Three-	Balls	(B3B)	testing	
method.25,26	 In	 the	 B3B	 testing	 setup,	 one	 side	 of	 a	 disc	
(or	 plate)-	shaped	 specimen	 is	 symmetrically	 supported	
by	three	balls,	the	other	side	is	loaded	at	the	midpoint	of	
the	specimen	through	a	fourth	ball.	During	testing	setup,	
a	defined	pre-	load	is	applied	to	guarantee	contact	between	
balls	 and	 specimen.	 Subsequently,	 the	 applied	 force	 is	
constantly	 increased	 until	 fracture	 of	 the	 specimen	 is	
registered.	Due	to	the	fact	that	during	the	B3B	test	only	a	
small	effective	area	or	volume	in	the	center	of	the	speci-
men	is	under	biaxial	stress,	the	influence	of	edge	defects	
may	be	neglected;	this	avoids	possible	failure	of	specimens	
from	chamfered	edges,	which	would	influence	the	meas-
urement	of	the	“real”	material	strength	distribution.

All	B3B	tests	were	performed	using	a	universal	 testing	
machine	(Zwick	Z010;	Zwick-	Roell	GmbH	&	Co.	KG)	with	a	
load	cell	of	10 kN,	a	selected	pre-	load	of	10 N	and	a	displace-
ment	 rate	 of	 0.7  mm  min−1	 in	 ambient	 conditions	 (23℃	
and	~22%	relative	humidity).	The	diameter	of	the	support-
ing	balls	as	well	as	loading	ball	was	chosen	to	be	15.08 mm.	
A	total	of	10	disc-	shaped	specimens	per	set	(monolith	and	
laminate)	were	tested.	Fractography	was	carried	out	on	bro-
ken	specimens	to	identify	the	fracture	origin	and	location	
of	critical	flaws	in	both	monolithic	and	laminate	samples.	
Selected	 fracture	 surfaces	 were	 sputtered	 with	 gold	 using	
an	Agrar	Sputter	Coater	and	observed	by	SEM	(JEOL	JCM-	
6000Plus;	NeoscopeTM,	JEOL	Ltd.).

3 	 | 	 RESULTS AND DISCUSSIONS

3.1	 |	 Processing and microstructural 
characterization

The	first	step	to	develop	laminates	is	the	processing	of	the	
2D	braided	fabrics	(Figure	1).	The	fiber	architecture	and	the	
fiber–	matrix	 interface	dictate	 the	 final	response,	which	 is	
defined	by	the	selection	of	fiber	quality	and	textile	process-
ing.	At	the	roving	level	(1D),	for	example,	the	specific	con-
tact	area	of	the	individual	fiber	filaments	can	be	enlarged	
by	increasing	the	fiber	fineness.	Respectively,	an	increase	
in	the	number	of	threads	can	be	implemented	at	the	level	
of	the	textile	surface	(2D).	Likewise,	an	increase	of	the	in-
teraction	area	can	be	achieved	by	maximizing	the	number	
of	selected	reinforcing	layers	in	the	(3D)	spatial	composite.	
In	that	sense,	by	creating	a	defined	triaxial	braid	(Figure	1),	
composed	of	oriented	fibers	at	angles	of	0°	and	±60°,	the	
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 

   | 5GONZALEZ-­JULIAN­et­al.

structural	mechanics	of	the	fiber	reinforcement	are	homog-
enized,	 eliminating	 the	 direction-	dependent	 effect	 within	
the	fabrics.	This	configuration	results	 in	a	reinforcement,	
defined	by	quasi-	isotropic	mechanical	properties	of	the	in-
dividual	braided	layers.	In	the	context	of	the	development	
of	 continuous	 fiber-	reinforced	 Ti2AlC/Al2O3f,	 it	 is	 neces-
sary	 to	 investigate	 suitable	 lightweight	 design	 specifica-
tions	for	the	composite	material.	Here,	2D	braiding	offers	a	
wide	range	of	possibilities	for	the	production	of	composite-	
specific	 reinforcement	 textiles	 due	 to	 its	 high	 degree	 of	
variation	with	regard	to	the	orientation	of	the	reinforcing	
fibers.	The	second	step	is	to	define	the	number	and	thick-
ness	of	the	layers,	which	is	easy	to	assess	by	the	versatility	
of	the	layer-	by-	layer	stacking	method.	In	the	current	work,	
just	one	configuration	containing	three	2D	alumina	braids	
between	 the	 Ti2AlC	 layers	 was	 processed	 and	 character-
ized,	although	a	sample	 incorporating	 four	alumina	 fiber	
layers	was	also	produced	as	a	proof	of	concept.	Finally,	the	
third	step	 is	 the	densification	of	 the	 laminate,	which	was	
carried	out	in	a	FAST/SPS	in	order	to	fully	densify	the	sam-
ples,	control	the	phase	purity,	and	limit	the	grain	growth,	as	
reported	in	a	previous	work.22

F I G U R E  1  Processing,	design,	and	angles	of	the	two-	
dimensional	alumina	fiber	braids

F I G U R E  2  Photographs	of	the	
Ti2AlC/Al2O3f	laminates	after	(A)	
sintering	and	(B)	breaking.	(C–	G)	SEM	
micrographs	of	the	fracture	surface	at	
different	magnifications	and	locations.	
SEM,	scanning	electron	microscope
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CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
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shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
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process involves infiltration of a preceramic polymer into a 
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pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
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mer, which is commercially available under the tradename 
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increase the yield of the prepreg matrix, and also to tailor 
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After	 sintering,	 the	 monolithic	 material	 and	 the	
Ti2AlC/Al2O3f	laminate	present	high	density,	specifically	
99.9%	of	the	theoretical	density,	and	no	cracks,	 flaws,	or	
delamination	were	detected	in	the	laminate	(Figure	2A).	
This	 is	 caused	 by	 different	 reasons,	 where	 one	 of	 the	
most	 determinant	 is	 the	 coefficient	 of	 the	 thermal	 ex-
pansion	(CTE)	match	between	the	alumina	Nextel610	fi-
bers	(7.9 x 10−6 K−1)	and	Ti2AlC	(8.2 x 10−6 K−1),	which	
strongly	 reduces	 the	 thermal	 stresses.	 The	 sample	 was	
broken	and	a	stepped	fracture	surface	is	observed,	which	
might	indicate	different	reinforcing	mechanisms	such	as	
crack	deflection	and	pull-	out	(Figure	2B,C).	The	different	
Ti2AlC	layers	and	2D	alumina	braids	are	easily	observed	
in	the	fracture	surface	(Figure	2D).	Certainly,	the	alumina	
braids	 are	 continuous	 and	 separate	 the	 different	 Ti2AlC	
layers.	However,	at	some	locations,	Ti2AlC	grains	can	be	
observed	between	fibers	(Figure	2E)	and	even	connecting	
two	different	MAX-	phase	 layers	(Figure	2D).	This	might	
have	some	consequences	in	the	thermal	and	mechanical,	
and	particularly,	 the	electrical	response.	As	expected,	no	
reaction	between	the	fibers	and	the	matrix	was	observed	
as	 no	 secondary	 phases	 were	 observed	 at	 the	 interface	
(Figure	2F,G).	This	lack	of	reactions	is	based	on	different	
factors	 such	 as	 the	 low	 temperature	 of	 the	 processing,	
the	 short	 dwell	 time	 during	 sintering,	 and	 the	 potential	
inward	 and	 outward	 diffusion	 of	 the	 same	 cation	 (Al3+)	
from	the	fibers	and	matrix.

3.2	 |	 Electrical and thermal 
properties and oxidation resistance

Table	1 shows	the	density	of	the	Ti2AlC/Al2O3f	laminate	
and	the	reference	specimen	as	well	as	 the	electrical	and	
thermal	conductivity	on	both	directions,	parallel	and	per-
pendicular	to	the	2D	braids.	One	of	the	main	advantages	
of	 developing	 MAX-	phase	 laminates	 is	 the	 possibility	
to	 produce	 highly	 anisotropic	 MAX-	phase	 compounds,	
as,	 for	 example,	 an	 outstanding	 electrical	 conductor	 in	
one	direction	while	insulator	in	the	other.	The	electrical	
conductivity	 on	 the	 parallel	 direction	 of	 the	 laminate	 is	
1.5 · 106 S m−1,	which	is	a	similar	value	to	that	reported	in	
the	literature	for	Ti2AlC,27	as	was	expected	since	in	this	di-
rection	the	conduction	is	controlled	by	the	Ti2AlC	matrix.	
However,	in	the	direction	perpendicular	to	the	braids,	the	
Ti2AlC	conductive	layers	are	separated	by	alumina	braids,	

which	are	electrical	insulators.	Consequently,	low	electri-
cal	conductivity	might	be	expected	in	this	orientation.	An	
electrical	 conductivity	 of	 2.2  ·  104  S  m−1	 was	 measured,	
which	is	two	orders	of	magnitude	lower	than	in	the	paral-
lel	direction	but	still	a	relatively	high	conductivity	value.	
As	described	before,	the	insulator	alumina	braids	mostly	
keep	separate	the	electrical	conductor	Ti2AlC	layers,	but	at	
some	locations	the	separation	is	disrupted	(Figure	2D,E),	
allowing	 the	 electrical	 current	 flows	 at	 those	 points.	 As	
result,	 the	 overall	 electrical	 conductivity	 in	 the	 perpen-
dicular	direction	decreases	due	to	the	braids,	although	the	
lack	of	continuous	and	uniform	insulating	barriers	avoids	
to	fully	convert	the	composite	into	an	electrical	insulator	
material	in	that	direction.

Figure	3	collects	the	evolution	of	the	thermal	param-
eters	 with	 the	 temperature	 for	 the	 monolithic	 Ti2AlC	
and	 the	 laminate.	 In	 this	 way,	 both	 materials	 exhibit	 a	
continuous	 increment	 in	 the	 specific	 heat	 capacity,	 Cp,	
over	the	temperature	(Figure	3A).	The	laminate	shows	a	
higher	 value	 than	 the	 monolithic	 material	 in	 the	 whole	
range	 of	 temperatures,	 associated	 with	 the	 contribution	
of	 the	alumina	fibers	that	have	a	higher	Cp.	Conversely,	
α	 (Figure	 3B)	 is	 slightly	 larger	 at	 room	 temperature	 for	
the	 reference	 material	 (0.11  cm2  s−1)	 than	 for	 the	 lami-
nate	(0.10 cm2 s−1),	widening	that	difference	as	the	tem-
perature	 increases.	 A	 similar	 trend	 is	 observed	 with	 the	
thermal	 conductivity,	 when	 kt	 is	 plotted	 (Figure	 3C).	 In	
fact,	 the	 conductivity	 of	 the	 monolithic	 Ti2AlC	 at	 room	
temperature	is	26.5 W m−1 K−1,	in	good	agreement	with	
values	reported	by	other	authors,28	whereas	kt	for	the	lam-
inate	is	24.9 W m−1 K−1.	As	the	temperature	increases	that	
difference	is	enlarged	(up	to	50%	at	1073 K),	keeping	kt	al-
most	constant	in	the	reference	material.	Considering	that	
the	microstructural	characteristics,	mainly	the	grain	size,	
of	Ti2AlC	in	the	monolithic	material	and	the	laminate	are	
similar,	the	lower	thermal	conductivity	measured	for	the	
laminate	would	be	explained	by	a	 larger	contribution	of	
the	 phonon	 scattering	 process	 that	 would	 preferentially	
take	place	at	the	interface	between	the	alumina	braids	and	
the	Ti2AlC	matrix	as	well	as	between	 the	 fibers	 forming	
the	braids.

Figure	 4  shows	 the	 polished	 cross	 section	 of	 the	
Ti2AlC/Al2O3f	 laminate	after	 the	oxidation	at	1200℃	 for	
168 h,	which	corresponds	to	a	whole	week.	On	top	of	the	
Ti2AlC	matrix,	an	external	and	continuous	α-	Al2O3 layer	
is	in	situ	formed	during	the	oxidation,	which	is	decorated	

T A B L E  1 	 Density,	theoretical	density,	and	electrical	and	thermal	conductivities	of	the	different	materials	in	the	parallel	(par)	and	
perpendicular	(per)	direction	to	the	alumina	braids

Sample Density (g cm−3) Theor. density (%) σpar (S m−1) σper (S m−1) ktpar (W m−1 K−1) ktper (W m−1 K−1)

Ti2AlC 4.094 99.9 33.9 26.5

Ti2AlC/Al2O3 4.073 99.9 1.5 · 106 2.2 · 104 30.9 24.5
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 

   | 7GONZALEZ-­JULIAN­et­al.

with	small	TiO2	particles	(Figure	4A).	The	alumina	layer	
presents	a	uniform	thickness	of	∼10 µm,	which	is	in	good	
agreement	with	the	reported	values	in	the	literature	and	
responsible	of	the	good	oxidation	resistance.29,30 No	other	
phases	were	detected,	particularly	at	the	interface	between	
Ti2AlC	and	the	Al2O3 layer,	and	importantly,	a	strong	ad-
hesion	of	the	Al2O3 layer	is	presumed	since	no	cracks	or	
delamination	are	observed.	The	interface	between	the	alu-
mina	braids	and	the	Ti2AlC	matrix	is	shown	in	Figure	4B.	
As	expected,	no	other	phases	were	detected	because	of	the	
chemical	stability	and	compatibility	between	both	compo-
sitions.	Furthermore,	no	cracks	and/or	delamination	were	
detected,	 which	 is	 correlated	 once	 again	 with	 the	 CTE	
match	between	both	materials.31

3.3	 |	 Hardness and biaxial strength 
distribution

The	 hardness	 evaluated	 in	 the	 Ti2AlC	 phase	 on	 both	
top	 and	 side	 surfaces	 of	 the	 monolithic	 material	 and	
Ti2AlC/Al2O3f	 laminates	 was	 similar,	 with	 values	 of	
∼8.0  GPa  ±  0.2,	 showing	 no	 significant	 effect	 of	 the	
indent	 location.	 No	 significant	 difference	 in	 hardness	
was	also	found	between	HV1	and	HV3.	Figure	5 shows	
representative	examples	of	1	and	3 kg	indents	on	both	
a	 Ti2AlC	 sample	 and	 on	 the	 central	 Ti2AlC	 layer	 of	
the	 laminate.	At	 loads	below	1 kg,	no	cracks	were	de-
tected	 in	 the	 monolithic	 and	 laminate	 samples.	 This	

phenomenon	 is	 characteristic	 of	 MAX-	phase	 com-
pounds,	 where	 the	 energy	 is	 absorbed	 in	 the	 nearby	
area	 of	 the	 indentation.	 However,	 cracks	 emanating	
from	 the	 3  kg	 indents	 can	 be	 observed	 in	 both	 mate-
rials,	 indicating	 the	 relatively	 brittle	 behavior	 of	 the	
Ti2AlC	phase,	associated	with	the	very	small	grain	size.	
It	is	worth	pointing	out	that	the	reported	HV1 hardness	
of	 8.3  ±  0.2	 GPa	 (Table	 2)	 is	 relatively	 high	 for	 MAX	
phases,	and	may	be	related	to	the	sub-	micron	grain	size	
of	the	material.22

Our	hypothesis	on	how	to	improve	the	mechanical	re-
sponse	of	MAX	phases	by	using	braiding	fibers	embedded	
between	 the	 MAX	 layers	 is	 based	 on	 previous	 investiga-
tions	 by	 some	 of	 the	 authors	 and	 the	 literature.32,33	The	
idea	is	to	exploit	the	potential	of	in-	plane	residual	stresses	
(due	to	CTE	mismatch)	and	weak	interfaces	to	either	ar-
rest	the	propagation	of	surface	cracks	or	deflect	and	guide	
the	crack	within	 the	 layer	containing	 the	braided	 fibers.	
The	biaxial	strength,	σf,	for	Ti2AlC	monolithic	and	Ti2AlC/
Al2O3f	laminate	samples	tested	under	B3B	was	evaluated	
for	every	specimen	according	to:

where	F	is	the	maximum	load	at	fracture	in	[N],	and	t	is	the	
thickness	of	the	specimen	in	[mm].	In	the	case	of	(isotropic)	
disc-	shaped	specimens,	the	dimensionless	factor	f	has	been	
evaluated	for	a	wide	parameter	set	and	is	only	dependent	on	
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F I G U R E  3  (A)	Specific	heat	capacity,	(B)	thermal	diffusivity,	and	(C)	thermal	conductivity	of	the	monolithic	Ti2AlC	and	Ti2AlC/Al2O3f	
laminate	in	the	range	of	temperature	from	273	to	1073 K

(A) (B) (C)

F I G U R E  4  SEM	micrographs	of	
polished	cross	sections	of	the	laminate	
after	oxidation	at	1200℃	for	168 h	at	
(A)	top	surface	and	(B)	Ti2AlC/alumina	
braids	interface.	SEM,	scanning	electron	
microscope
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 
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the	support	geometry	(Ra/R),	the	specimen	geometry	(t/R),	
and	 the	 Poisson's	 ratio	ν	 of	 the	 material	 (see	 Ref.	 [25]	 for	
more	details).	Assuming	a	Poisson's	ratio	of	ν = 0.19	for	the	
Ti2AlC	material,	and	an	average	thickness	of	~1.3 mm	for	
monolithic	and	laminate	specimens,	a	factor	f ≈ 1.7	can	be	
calculated.

Figure	6	represents	the	strength	distribution	of	Ti2AlC	
monolithic	 and	 Ti2AlC/Al2O3f	 laminate	 samples	 in	 a	
Weibull	diagram.	The	probability	of	 failure,	P,	 is	plotted	
versus	the	failure	stress,	sf,	calculated	for	every	specimen	
according	to	Equation	(1).

The	strength	data	were	evaluated	in	the	framework	of	
the	Weibull	 statistics34	 following	 the	EN-	843-	5 standard.	
The	 probability	 of	 failure	 as	 a	 function	 of	 the	 applied	
stress	can	be	described	using	a	2-	parameter	Weibull	distri-
bution,	as	according	to:

The	characteristic	strength,	σ0,	represents	the	applied	
stress	 associated	 with	 a	 ~63%	 probability	 of	 failure.	The	

Weibull	modulus,	m,	describes	the	width	of	the	strength	
distribution	 and	 indicates	 the	 scatter	 of	 the	 size	 of	 the	
critical	defects	in	the	sample.	The	dashed	lines	in	Figure	
6	represent	the	best	fit	of	the	strength	data	sets,	for	both	
samples,	according	to	the	maximum-	likelihood	method.34	
Although	only	10 specimens	per	sample	were	tested,	eval-
uation	of	Weibull	parameters	(i.e.,	characteristic	strength,	
σ0,	and	Weibull	modulus,	m)	was	performed	for	compara-
tive	purposes.	The	corresponding	Weibull	parameters	for	
the	 monolithic	 Ti2AlC	 and	 the	 Ti2AlC/Al2O3f	 laminate	
samples	along	with	the	corresponding	90%	confidence	in-
tervals	are	given	in	Table	2.

A	relatively	high	characteristic	strength	(σ0 = 790 MPa)	
was	 measured	 for	 the	 Ti2AlC	 monolithic	 sample,	 com-
pared	to	flexural	strength	of	~300 MPa,	as	reported	in	the	
literature	 for	 the	 MAX-	phase	 material.35  To	 our	 knowl-
edge,	and	according	to	the	literature,	the	strength	reported	
here	is	the	highest	strength	measured	in	a	MAX	phase	so	
far.36	 Beyond	 the	 high	 strength,	 it	 is	 worth	 highlighting	
the	high	Weibull	modulus	(m = 29)	of	the	Ti2AlC	mono-
lithic	 sample,	which	 is	 related	 to	 the	narrow	critical	de-
fect	size	population	in	the	material,	and	may	be	associated	

(2)P(�appl) = 1 − exp

[

−

(

�f

�0

)]m

Sample
HV1
(GPa)

HV3
(GPa)

Characteristic 
strength
(MPa)

Weibull
(−)

Ti2AlC 7.7 ± 0.2 7.8 ± 0.4 790	[773–	808] 29	[16–	39]

Ti2AlC/Al2O3 8.3 ± 0.2 8.2 ± 0.1 530	[492–	572] 9	[5–	12]

T A B L E  2 	 Vickers	Hardness	at	1	and	
3 kg,	characteristic	strength	at	room	
temperature,	and	Weibull	modulus	of	the	
monolithic	and	laminate	samples

F I G U R E  5  SEM	micrographs	of	the	Vickers	indentations	at	(A–	C)	1	and	(D–	F)	3 kg.	SEM,	scanning	electron	microscope
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 
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with	certain	damage	tolerance	behavior,	as	evidenced	by	
this	 type	 of	 material.	 On	 the	 other	 hand,	 the	 character-
istic	 strength	 of	 the	 Ti2AlC/Al2O3f	 laminate	 was	 lower	

(σ0 = 530 MPa),	compared	to	the	monolithic	counterpart,	
with	a	rather	low	Weibull	modulus	(m = 9).	This	suggests	
a	different	failure	mechanism	in	the	latter.

3.4	 |	 Failure analysis of 
monoliths and laminates

Figure	7 shows	representative	broken	specimens	 for	 the	
monolithic	and	laminate	samples	after	B3B	testing.	Figure	
7A,D	illustrate	a	top	view	of	a	monolith	and	laminate,	re-
spectively,	with	different	number	of	broken	parts,	associ-
ated	with	the	stored	energy	during	the	test.	Higher	failure	
stress	 can	 be	 related	 to	 larger	 number	 of	 pieces,	 in	 our	
case	 corresponding	 to	 the	 monolithic	 MAX	 phase.	 The	
corresponding	 fracture	 surfaces	 are	 illustrated	 in	 Figure	
B,C,E,	 and	 F,	 with	 the	 failure	 origin	 located	 at	 the	 ten-
sile	 surface.	 In	 case	 of	 monolithic	 Ti2AlC,	 no	 pores	 or	
large	grains	could	be	 found,	 indicating	good	quality	mi-
crostructural	 processing	 through	 SPS.	 In	 the	 case	 of	 the	
multilayer	samples,	braided	alumina	were	found	to	be	the	
common	source	of	failure	in	the	samples,	with	the	fibers	
being	 located	 at	 or	 near	 the	 tensile	 surface.	 In	 addition,	
fracture	through	the	fibers,	with	no	signs	of	delamination,	
was	mainly	observed.	These	findings	point	out	the	need	of	
improving	the	processing	of	the	layered	structures,	which	
is	 ongoing	 work.	 In	 this	 regard,	 and	 based	 on	 previous	
works	 on	 Al2O3-	layered	 ceramics,32	 the	 location	 of	 the	
alumina	braids	should	be	relative	close	to	both	surfaces,	

F I G U R E  6  Strength	distributions	of	the	Ti2AlC	monolithic	and	
Ti2AlC/Al2O3f	laminate	tested	using	the	B3B	method.	The	straight	
lines	represent	the	best	fit	of	a	2-	parameter	Weibull	distribution,	
and	the	dashed	lines	represent	the	corresponding	90%	confident	
intervals

F I G U R E  7  Top	view	of	a	broken	specimen	corresponding	to	(A)	Ti2AlC	monolithic	and	(D)	Ti2AlC/Al2O3f	laminate	samples.	(B,C,E,F)	
SEM	micrographs	of	fracture	origins	in	monolithic	and	laminate	specimen,	respectively
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
SMP- 10 polymer containing SiC filler particles. Fillers 
are typically added in a range of 20– 50 weight percent to 
increase the yield of the prepreg matrix, and also to tailor 
properties of the CMC. The prepregged fabric was next cut 

  F I G U R E   1                   Schematic of PIP 
manufacturing process for CMC [Color 
figure can be viewed at  wileyonlinelibrary.
com ] 
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to	 be	 effective	 against	 the	 propagation	 of	 surface	 flaws	
(cracks).	However,	fibers	connecting	the	surface	(as	those	
found	in	this	work)	may	act	as	stress	concentrators,	thus	
lowering	the	mechanical	strength.	Importantly,	almost	no	
reinforced	 mechanisms	 were	 observed	 (Figures	 2E	 and	
7E)	at	 the	matrix/fiber	 interface	 such	as	deflection	and/
or	 pull	 out.	 The	 matrix/fiber	 interface	 plays	 a	 determi-
nant	role	to	arrest	and/or	deflect	cracks,	 thus	its	control	
through	thin	coatings	on	the	fibers	or	other	strategies	such	
as	some	porosity	should	be	investigated	in	the	near	future	
to	improve	the	mechanical	response	of	MAX-	phase-	based	
materials	for	high	temperature	applications.

4 	 | 	 CONCLUSIONS

In	this	work,	symmetric	laminates	consisting	of	three	2D	
alumina	braids	among	four	Ti2AlC	layers	were	designed	
and	 fabricated	using	 the	simple	 layer-	by-	layer	 stacking	
and	a	FAST/SPS.	Laminates	were	fully	densified	(99.9%	
of	the	theoretical	density)	and	no	reaction	or	delamina-
tion	was	detected	at	the	interface	between	the	matrix	and	
the	 fibers	 due	 to	 chemical	 stability	 and	 compatibility,	
and	the	good	CTE	match.	The	electrical	conductivity	of	
the	Ti2AlC/Al2O3f	 laminates	exhibits	an	anisotropic	re-
spond,	being	two	orders	of	magnitude	larger	in	the	plane	
parallel	 to	the	alumina	braids	(1.5  · 106 S m−1)	than	in	
the	perpendicular	direction.	The	thermal	conductivity	in	
the	 laminate	 at	 room	 temperature	 is	 25  W  m−1  K−1	 in	
the	plane	perpendicular	to	the	braids,	similar	to	that	of	
the	monolithic	Ti2AlC,	and	drops	with	the	temperature	
reaching	∼16  W  m−1  K−1	 at	 1073  K.	 The	 oxidation	 re-
sponse	at	1200℃	in	air	of	the	laminates	is	similar	to	that	
found	for	Ti2AlC,	consisting	of	a	thin	and	well-	adhered	
alumina	 layer	 protecting	 against	 further	 oxidation.	 A	
very	high	hardness	of	the	monolithic	and	laminate	sam-
ples	 around	 8  GPa	 was	 measured,	 which	 may	 be	 asso-
ciated	with	 the	 small	grain	 size	 (<1 µm)	of	 the	Ti2AlC	
material.	The	characteristic	biaxial	strength	of	Ti2AlC	is	
the	highest	reported	so	far	(σ0 = 790 MPa),	with	a	very	
high	 Weibull	 Modulus	 (m  =  29).	 The	 incorporation	 of	
the	 fibers	 in	 the	 laminate	 does	 not	 increase	 the	 char-
acteristic	 strength	 of	 the	 material	 because	 they	 are	 lo-
cated	at	or	near	the	tensile	surface,	acting	as	the	origin	
of	the	fracture.	This	reveals	the	importance	of	the	loca-
tion,	 number	 of	 layers,	 and	 their	 thickness	 in	 order	 to	
improve	 the	 mechanical	 response	 of	 MAX-	phase	 lami-
nates,	while	tailoring	the	thermal	and	electrical	proper-
ties.	Importantly,	the	matrix/fiber	interface	should	also	
be	tailored,	using	for	example	thin	coatings,	in	order	to	
arrest	 and/or	 deflect	 cracks	 and	 to	 promote	 reinforced	
mechanisms	such	as	fiber	pull	out.
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 A survey of the published literature shows that process 
modeling of CMCs has been studied by a number of research-
ers. Processes that have been modeled include RMI,  15,16   
CVD,  17,18   CVI,  19– 22   and Sol- Gel Infiltration.  23   Impregnation 
of alumina matrix in eight- harness satin Nextel 610 fabric 
has been studied numerically in Ref. [ 24 ]. Modeling ap-
proaches used in the above work generally involved model-
ing the flow of a high viscosity resin through porous media 
and modeling the chemical reactions and volumetric changes 
during processing. 

 No references were found on modeling of the PIP process 
for CMCs, though experimental studies on this manufactur-
ing process have been reported. Studies on polycarbosilane- 
derived SiC ceramic  25   and SiC/SiC composite  26,27   have 
shown that porosity decreases and mechanical properties im-
prove with the increasing number of PIP cycles. Zhu et al.  28   
show that increasing pyrolysis temperature and the concen-
tration of SiC fillers in polycarbosilane polymer result in 
improved mechanical properties in two- dimensional Carbon/
SiC (C/SiC) composites fabricated using the PIP process. 

 Starting with pyrolysis of a “cured” or polymerized 
prepreg- based composite, each processing cycle in the PIP 
process involves infiltration of a preceramic polymer into a 
porous ceramic preform followed by a pyrolysis step during 
which the polymer is converted into ceramic. Thus, PIP pro-
cess modeling is focused on these two steps. 

 Modeling of infiltration of liquids in porous media is a 
well- studied subject, especially in the field of hydrology 
where it is used to model seepage of water through porous 
soils and rocks.  29,30   The physics of resin flow into a mold 
under pressure is similar to the seepage problem and so simi-
lar approaches have been used also to model the flow of resin 
into a mold containing fiber mats.  23,31– 38   The models are used 
in these cases to determine the resin flow front and mold fill-
ing times corresponding to different infiltration conditions. 

 Preceramic polycarbosilane polymers are commonly used 
as precursors to make ceramic fibers  10,39   and ceramic ma-
trix.  7– 9,40,41   The chemical and volume changes that accom-
pany ceramization of the polymer during pyrolysis have been 
documented in several studies. For example, see Refs [ 39– 
42 ]. Pyrolysis of polycarbosilane polymer has been modeled 
by Key et al.  43   

 Ideally, the available individual models for polymer infil-
tration and pyrolysis should be combined to construct a model 
for the PIP process. However, some of the above- referenced 
models have been developed at such a level of detail that they 
cannot be used to analyze large components while keeping 
the numerical solution procedure manageable. Furthermore, 
it is impossible to include the details of each yarn/fiber, ma-
trix microstructure, and individual pores when modeling the 
PIP processing of CMC components of large size and com-
plex geometry. The model presented in this paper homog-
enizes the fiber and matrix phases in the composite while 
retaining key aspects of the above- described models. The 
goal is to be able to achieve the right balance between fidel-
ity to the underlying physics while keeping the computations 
manageable, in order to optimize processing conditions and 
guide PIP manufacturing of CMC components.  

   2  |   MATERIAL 

 The CMC material used in this study is comprised of car-
bon fibers in a SiC matrix manufactured by COI Ceramics, 
Inc. (COIC) San Diego, California, USA using the PIP pro-
cess (Figure  1 ). The eight- ply composite consisted of fabric 
woven with PAN- based carbon (Hexcel ®  IM7) fibers in a 
SiC matrix. Typically, multiple PIP cycles are used to man-
ufacture the composite for optimum mechanical properties 
and performance capability. For use in this program, how-
ever, COIC provided the composite at several intermediate 
densification stages to allow characterization at PIP cycles 
that were less than the optimum number of cycles.  

 The nominally 5.2  μm diameter Hexcel ®  IM7 fibers  44   
were woven into five Harness Satin (5HS) fabric (16 ends 
per inch), yielding 37% (nominal) fiber volume fraction in 
the finished composite. The preceramic polymer used was 
allylhydridopolycarbosilane (AHPCS) preceramic poly-
mer, which is commercially available under the tradename 
StarPCS™ SMP- 10.  45   The fabric was first prepregged with 
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increase the yield of the prepreg matrix, and also to tailor 
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