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Abstract

The evolution=0f matrix cracks in a maiffiltrated SiC/SiC ceramic matrix composite (CMC)
under uniaxial tension was examined using scanning electron microscopy (SEM) comliined wi
digital imageeerrelation (DIC) and manual crack opening displacement (COD) meassrement

CMC modeling and life prediction strongly depend a thorough understanding of when matrix
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cracks occur, the extent of crackifay given conditions (timéemperatureenvironmentstress),

and the interactions of matrix cracks with fibers and interfdonehis work, strain relaxation due

to matrix cracking, the relationship between CODs and applied stress, and daoiageneat
stresses below_the proportional limit were assed3@&dct experimental observation of strain
relaxation adjacent to regions of matrix cracking is presented and discussed. Additionally, crack
openings were/found to increase linearly with increasing applied stress, andknwasaound

to passfully‘through the gage crasection. This calls into question the modeling assumption of
througheracks for all loading conditions and fiber architectures, which can obscutatiori
mechanisms that are active n@alistic cracking conditions. Finally, the combination of SEM
with DIC is demonstrated throughout to be a powerful means for damage identification and

guantification in CMCs at stresses well below the proportional limit.

I ntroduction

The useof«ceramic matrix composite€MCs) in hightemperature aerospace applications is
rapidly increasing Woven silicon carbidgSiC) fiber-reinforced mekinfiltrated (Ml) silicon
carbidematrix composites arprominent candidatefor these applicationsecause the material
system _offers significant structural performance retention at elevated temperatures, and the
woven architectureanoffer improved componeriabricability [1-7].

Matrix eracking is a critical damage mechanigmthese compositesvhere he extent of
matrix cracking depends onparametersincluding fiber type and architecture, interphase
composition,constituent volume fractiongnd constituent properti¢d-13]. CMCs are thereby
designed to accommodate matrix cracking through interface debonding and ditackode
This matrix crack accommodatiorenables advantageous properties of CM@sluding
toughness_and necatastrophic fracture behavioHowever, matrix ackng also provide
pathways fer‘oxidizing vapor speciesch a€O, and HO to penetrate the compositeading to

reactions with,the constients andubsequent strength degradafibf-22].

CMC modeling and life prediction require a thorough understanding of when matrix cracks
occur, the extent of cracking for given conditions (tt@eperatureenvironmentstress), and the
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interactions of matrix cracks with fibers and interfacese to the sultantial impact that
oxidation can have on composite life, thereossiderableffort to model oxidation of SiC/SiC
CMCs [2328]. These oxidatiomodels achapproach oxidation with a different focusyt all
require knowledge ahe matrix crack evolutin with increasing applied stress. Significant work
has been performed to measure and model matrix crack densities and observe crack pathways,
but there has been limited research on crack opening displacemétis?f8-34. Crack opening
displacement(CODis a function of the applied stress. While Cfan be calculated [9,5,
35-34, most'models consider unidirectional reinforcement and require constituemegiars,
like interfacial shear stress, that are difficult to measure and are often apprdxiroateother
measuremenits,, Direct experimental measurements of COD values are largely unawditable
referenceqd10,:34, 37 38] being the exceptions. In this studye investigatematrix crack
evolution in anaMI SiC/SIC CMC subjected tmiaxial tensile loading in acanning electron
microscopeusing bothdigital image correlation and manuaDD measurements.vBlution of
damage at stresses below the proportional limit, strain relaxation due o eratking, and the

relationshipsbetween COD astress are assessed.

Experimental M ethodology

S C/SC Panel Fabrication

A slurpy=east, melt infiltrated (MI) SIC/SiC fabricatdsy GE Power System&€omposites
(GEPSCNewark, DB, was evaluatedThis SiC/SiC material was developed in the Enabling
Propulsion Materials program, which was conducted by a partnership between NA&AalGe
Electric, and Pratt and Whitney as part of the High Speed Research program [1]. Dempsilesc
were extracted. froma panelthatwas fabricated as follows: NASA GRC provided an et
“preform” or_stack of 20 ends per inch, 5 harness satin weave SyItagi€ fabric. The fiber
content wassbalanced in the two orthogonal directions in this 0/90° fabric.GG&$38mbled the
stacked cloth,into CVI (chemical vapor infiltration) tooling and depositeddofsd BN fiber
coating. CVI SiC was then deposited until the resulting preform contaufédent SiC matrix
material to rigidize the stack of fiber plidsllowing whichthe tooling was removed. Additional

CVI SiC was depositetbavinginterconnected (intetow) porosity. The remainingiatix was
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formed by infiltrating aslurry that contained SiC particulatego the interconnected porosity,
removing the liquidrom the slurry, and then infiltrating those particles with molten silicon to
form a highly dense composite with high thermal conductiv&tgneral overviews describing
this processing_approach are provided6n 3], along with additional information about the
advantages.and disadvantagéshes type of MI SiC/SiC CMCThe resultant panel had mdl
bulk density 0f 2.78 gh?® asdetermined byGEPCS via the Archimedes method

Soecimen Machihing

A rectangular specimen blak the CMC was cut with a diamond sawth sidesparallel to
the orientation“of the 2D fiber reinforcement 0° and 90° tows. A machinin@grdosblution
consisting of a 4@ water:fluid ratio (Long-Life 20/20 Plus Super Synthetic Multipurpose
Metalworking Fluid)was used during the cutting and contouring of the rectangular shape. The
dimensions_of the tensile specimare shown in Figure &and were produced via a computer
aided mapufacturing systethat used a computeaided desigrfile to guide a computerized
numerical ‘eontromachine The rectangular CMC blank was held with clamps, and a -timw
contour was_machined on one side of the specimen with a diamond tool. The pigbemwas
rotated by~180° and thesecond“bow-tie” contour was machined.The measured specimen

dimensions werwithin £ 0.0L mmtolerance The machine@pecimerwas rinsed in ethaho

SampleSirface Prepar ation

One edge of the machingegst specimen was polished a 1 um finish to facilitate
microscale defermation trackingia a combination ofdigital image correlation (DIC) and
scanning .electron microscopy (SEMermed here as SEMIC. DIC is an experimental
technique,that<«Calculates fdield displacements, and resulting strains, through the comparison
of a speckle'pattern on the surface in an unloaded (reference) image to images of the deformed
surface taken,during subsequent loading stép¥ [n SEM-DIC, subsets of nanoparticlese
applied to the surface of a test specimenanedracked during deformation in order to calculate
microscale strain fields (for a detailed description of this approach, plegddd st&). In 2015,

Tracy et al. demonstrated theewf SEM-DIC for the quantification of constituentale damage
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evolution in CMCs [37]. To prepare the specimens feBEM deformation trackinghe edge

was first ground using a 10m diamond disk, then polished successively with 9, 3, anchl
paste(BuehlerMetaDi Il) suspended ofexmetcloths (Buehlerlising noraqueous suspension
fluid. Between each polishing step, the sample was cleaned with methanol in an gltpasoni
After final pelishing, the sample was cleaned, using ultrasonic agitatiosteps withthree
different solvents_(acetone, isopgd alcohol, and methanol) to removee residual polishing
media from pores in the sample. The sample surface was then functionalized -with 3
mercaptopropyl methyl dimethoxysilane and patterned with 60 nm Au nanopaidicleEM-

DIC following the procedure outlined in [44].

Tensile Testing and COD Measurements

Testing,was conducted at room temperature in an SEM (Tescan MIRA3) usingsiin
tensile stage“(Kammrath & Weiss) with a 5kN load celle Bxperimental setup is shown in
Figure 2. During testing, the sample was imag#tl anapproximately 50Qum x 200um area
of interest"(AQl)at eachioading increment. The loadingcrements werequivalent tdar field
stresse@f“approximately0, 35, 70, 105, 140, 175, and 210 MPespectively Figure2 shows
the tensile bar mounted in the dovetail grips from the load frame. The inset outlinddhoves
an SEM micrograph of the polished sample surface, and the black box within that image
highlights the region of the cross sectiomaged forSEM-DIC. Figure3 shows the orientation of
the microstructure relative to the loading axis and outlines the cd@®lprised of terfields of
view (FOVs) imaged at each loading step during tensile testing. The inset in Bighmvs the
microstiucture within one FOYVwith Au nanoparticles deposited for deformation tracking by
SEM-DIC sFerreferencethe inset to the left in the figure includesepresentative sample of the
nang@articlespattern at increased magnification. Note that the speckk and distribution
allowed for"DIC subset (facet) sizes as finer&smage pixels (i.e. 3.7% of the field width of

each image).

Uniaxial tensiletesting was performefibr a total ofthreeloading cycles. In the first cycle,

load wasapplied inincrements oBpproximately35 MPa The macroscopicstressdisplacement
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curves for the first loading cyclend second reloading cycége shown in Figurd. Note that
specimen extension was measured by an LVDT attached to the drive train of the load fimme.
large elongation valueported in Figure 4re attributed to specimen extension as weloas
system caompliance in the load frame (primaehastic deformation of thesteeldovetail grip
assembly),.and are nexclusivelyindicative of uniaxial strain in the specimen’s gage sechAon.
small amount of relaxatiorgvidenced bya smallload dropin Figure4, occurred at each hold.
The sample*was allowed to fully relax before imagwwgich took approximately onminute.
Between 140175 MPa matrix crackingstared as shown at the constituent length scate
Figure 5and evidenced by the large load drop Figure4. At 175 MPa a matrix crack was
identified >75pwm to the right of the original AQIFigure5). The specimen was then unloaded to
0 MPa and“a reference imadger SEM-DIC was takenof a new AOI containinghis matrix
crack The specimen was then reloaded to 210 MPa micrographs taken &5 MPasteps for
SEM-DIC. All_SEM micrographs were captured usiag accelerating voltagef 20kV at a
working distance of 24mm. Image sizewas maintained at 2048 x 2048 pixeihile the
magnification“and the field of view varieHollowing loading to 210 MBahe sample was fully
unloadedand removed from the load frame. SEM examination of the sample confireaely
complete“elesure of matrix cragkas shown in the high magnification inset in Figdref a

selectednatrix crack after unloading.

The sample was returned to the load fraimea third and final loading cycle. For this
loading cycley, three AOIscontaining matrix cracks were selectedigure 6 shows a
approximately"2nm x 2 mm areaof the sample crossection containing multiple matrix cragks
captured when theamplewas under a far field stress 810 MPaduring the second loading
cycle The,three, AOlexamined during the third loading cy@ee eactoutlinedby a red boxn
Figure 6.Mieregraphs of 10um x 10 um FOVs were captured at three locations along each
crack at appliedfar field stresses of approximatek0, 105, 140, 175, and 210 MPa. Larger
FOVs (106300 um) were also captured &r field stresses of approximatel, 140, and 210
MPato document the location of eatB um x 10um FOV along each crackocal matrix crack
openings were measured in the smallepm x 10 um FOV imagesusingcommercial software
(Bravd Reade). Matrix crack openings were measuptpendicular tohte crack edgesat1 um

intervalsand an average crack opening was calculated from the measurements madelih each
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um FOV. In some FOVSs, both a matrix crack and a crack along the fiber/matrix ¢cetedee

captured; only the opening of the matrix crack wessurd in these cases.

Results and Discussion

SEM-DIC Observation of Damage Evolution Below the Proportional Limit

As shown in Figure7, the microscalestrain fields obtained via SEMIC show possible
damage initiabn ata much lower faffield stress than the proportional linfRL). A PL of ~14%6
MPa was/measured on an ERWle tensile sampleDuring the first loading cycldocalized
strain occurredat stresses as low &b MPag initiating primarily in the BN fiber interface
coatings on the 9Gows. This localized strainlikely in the fam of cracking within the coating
fiber-matrixsinterface manifesédaslocalizations irthe strain fields as shown in Figure 8 (please
see PDF iforseolor.YWhen interpretinghesestrain fields, it is important to nothat the high-
intensity, localized strainshownacrosshe crack faces are artifacof the correlation algorithm
applied to material separati@and should not be taken as quantitative valttesvever,these
strain localizations are excellent indicators of cracking/danaagkecan be used to determine
where insrelation to the microstructurdamage first occursStrain localizations acrossoating
interfaces are attributed to cohesive fracture in the coating and/or delamiobtocoating
interface. The.BN interfaces haa much lower moduluand strengttthat the SiC fiber and
matrix. These strain localizations weobservedn FOVs across the entire AQdrimarily along
the interfaces of transverse fibers (fibers coming out of the page and running perpetalitd
loading directioh and werealsoobservedadjacent to pore@OVs 1 and 2 in Figurg). Figure
7 shows_the inereasing amount of strain localization wittreasing far field stress for three

separate FOVs

Cracking alongindividual fiber/matrix interface produced small (<30hm) interfacial
openings that'generallyew larger as the globallgppliedload was increasedlot all interfaces
exhibited localization, as microstructural variability resulted in variatidnhe local stress state.
To quantify theopening dsplacements during the first loading cyclartual extensometers
(VEs) were appliedto the experimentally obtaidedisplacementsThe endpoints of each
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extensometer were positioned (at a minimum) one half of a subset length from the craick front
avoid errors that arise from correlating subsets across a discontinuity in the tracking pagern.
locations of example VEs are shownsix FOVs in Figure8a{. Theinterface openings at each
locationare showras a function of the far field stresssFigure8g. The openings all increased to

a maximumsvalue a far field stress 0140 MPa with some openingdecreasingt 175 MPa

due to nearby matrix craiclg. This observed reduction in interface openings after matrix
cracking is‘consistemwith the observed reduction Btrain adjacent to the matrix crack in Figure

9. Overall,"localized damage was greatest along the portions of the interface oriented
perpendicular to the loading directidhis unclear whether damage to the interface coatings 1)
was the precursor to tlevelopment of matrix cracks, 2) provided pathways for matrix crack
propagation” through 90° tows, or 3) reduced the local stress concentration and thereby drove
matrix cracks along other pathwayk.is possible that each of thesecurred. To address this
uncertainty, additional testing neededhat captures craakitiation andpropagation in regions
where measurements of localized interface damage and opgeniadbeen made prior to matrix

cracking.

Srain Relaxation Upon Introduction of Matrix Cracking

Matrix cracking wasmacroscopicallyobserved as a drop ithe applied fafield stress
(Figure4),"and simultaneously as a strain relaxation imtieroscale strains in FOVs adjacent to
matrix cragks*(Figur8). As shown in Figur® ab, the strains in the initial AOI relaxed upon the
introductionsef‘the matrix crack to the right of the initial AOI. The localized strains in the initial
AOI at a globally applied stress ofl40 MPaare shown in Figur8a, whereashe strain field in
the same region followinthe developmentf a matrix crack less than 1@@n to the right(at a
globally applied stress of +75 MP3 is shown in Figur@b. Note that thematrix crackis not
shown in igure9a, as the matrix crack locatis could not be predetermined and the sample
cracked approximately70 um to the right of the aginaly chosenAOIl. The crackin Figure9b
was capture@t.a globally applied stress o175 MPaprior to unloading The strain magnitude
decreasedn the regions adjacerid andto theleft of the matrixcrack, andstrain relaxation
becamamore pronounced closer to the crack.
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Strain relaxatiorin regions adjacent to matrix cracking was dueeti@f of local stress in the
matrix andsubsequentoad sheding amto the longitudinal fiberghat bridge the crack. The
length scale over which ithlocal stress reduction occurrisda function of the interfacial shear
strength and constituent properti€g. [The test data in Figuse8 and 9are, to thebestof the
authors’ knewledge he first direct experimental observatiohthis strain relaxation behavior in
CMCs and, is_dependence uporrack proximity. Tl ability to experimentally observe this
behavior allows future exploration of how the interactions between crack proximityramd st
relaxation™influences the development of additional matrix cracsch experimental
observations can be used to validate ballenge existing matrix cracking models artd
determire whieh of these and other factors are significant for incorporation into modelthg an

lifing predietions

Enhanced Detection of Crack Propagation

Applicationsof SEMDIC allowed for the direct measurement of crack opening displacements
through the applation of virtual extensometers (VES) and by the manual examination of high
magnificatien micrographs of cracks. SHMC allowed measurement of openings on the order
of tens ofsmanometers at stresses below the proportional Aspreviously noted, th€ODs
currentlyused in modeling &rts are largelycalculatedestimateq10, 34, 37, 38] Few drect

measurements @ODs have been mad&rgely due to experimental difficulties

Matrix“erack formation was evidenced by kad drop between 140 and 175Pklin the
macroscopic stresstrain curve (Figurd) and in the stia drops adjacent to the crack shown in
Figure 9 As discussed earlieg matrix crack was not captured in the initial A@IFigure9.
Thus, n order.to capta the behavior, upon reloading, of matrix cracks that formed during the
first loading,to175 MPa(shown in Figuredb), the sample was unloaded and an adjacent AOI
containing.the matrix craciwas imaged at a nominal stress oM@ato provide a reference
image.Strains,were then calculated when the sample was relodged reloading,his matrix
crack that had formed during the first loading to 175 MEgan reopeng at stresses as low as
35 MPa. The subsequent crack opening/stress relationship that wesirad during reloading

reflects the behavior of a pexisting crack.
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In general, matrix crackopenings increased with increasing applied strBssneasure local
crack openings,ixtual extensometer®/Es) were placed across timeatrix crackfrom Figure 9
as shown_in Figure(Ql The crack opening measunentsat each VE location werensistentat
each extensemeter position faach stress incremenDue to the complexity of the
microstructure.through which the matrix crack travekbe, crack propagated through matrix
rich regions; along fiber interfaces, dnetweernclosely spaced fibers. Isolating the matrix crack
opening required that VEs not bridge any fiber interfaces where cracking and daaagéso
be present. That leftittle crack lengthwithin the AOI for crack opening displacement
measurementsyfrom the SEIMC data.For this reason, a third loading of the sample and manual

examination of‘the three separate matrix cracks was performed.

The white linesn Figure6 highlight thelocatiors of matrix cracks, and the red boxes show
the three AQIs, eachincorporating a singlenatrix crack that were examined during thieird
loading cyele=to evaluate variat®im crack openinglisplacementsThe first crack selected
designated' Crack lyas he same crackhownin Figure9. This crack was selected to enable
comparisoen, ofmanualy measuredcrack opening displacemisnto those calculated by SEM
DIC. Figure 11ashows Crack 1, andighlights thethree 10um x 10 um FOVson that crack
used to makerack opening measuremerhsring the third loading cycle. Figures 11b and 11c
show the same for Cracks 2 and 3 respectivélye average crack openimsplacemers for
each of the 'nine FOVs are shown in Figur&2. The smallest crack observed exhibitaal
increase in"COD from ~0.1 to 0.28n over the loading range while the largest crack exhibited
an increase in COD from ~0.4 to LuIn. These values are consistent with the few values
available_in thesliterature. Chateau et al. measured CODs for Si@fGi€omposites using an
in-SEM load*frame [34]. They observed variations in COD of-A.% um at the highest loads,
and larger*CODs for cracks having a larger separation distance from neighboring cracks.
McDonald"et al measured crack densities as aifumcf applied stress in a Nicalon™ SiC fiber
reinforced glass ceramic [35]. COD was calculated, using the measured crack spacings and strain
values and a shear lag model, and was found to beun®.8t a stress of 400 MPa. Although
Morscher reported CODs on the order et%um for SiC/SiC minicomposites under stress

rupture testing, he did not report any functional dependence of COD on load [20] and the
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measurements were made under strepture conditions at temperature where fiber creep is a
factor. Fnally, Bale et al measured COD as a function of load for a single crack in a SiC/SiC
minicomposite at 1750°C during-computed tomography experiments (see supplemental
materials jin [38]). The resulting CODs range from 20 at the lowest load to 10@m atthe
highest loagds

While the increase of COD with stress is expected, the variation in COD foem gjobal
stress is not surprising. Woven composites have a complex microstructutmttitiongitudinal
and transverse tows, matrich regions betweefabric plies, and areas of overlap in the weav
The local stress state will vary due to these microstructural chadfgje3 e local COD will be
affected by the local stress state. The seeming gap in the data where two crack locations show
smaller CODs 9 most likely an artifact of the sampling. larger sample of crack locations
would fill in.that gap in the data. The nine FOVs selected do not capture the fulloracéti
CODsdue tesuch factors acal fiber/crack interactions, sampling position tiekato the crack
tip, and subsurface differences in crack orientation and bridging that are not visible at

surface.

In Figure 12, the averageOD increasslinearly with global applied stress for all nine FOVS
evaluated. This is in contrast to matrix crack models that predict COD fofaive square of
the stress [9]however the discrepancy may be explained by model assumptions that are not
applicablestotte present studyrhe model in [9] was developed for a unidirectional composite
with afully debonded interface and a uniform opening pressure along the crack Tergythrack
opening is a function of the closing tractions applied by the bridging fibers aied aéyng the
crack length. Indeed, the authors of [9] state that a rigorous analytic solution foc&mbt be
obtained. sFe=get an analytic solution for their analysis, they assumed that for irolkedl the
COD profilesef'a crack subjected to amniform bridging traction profile would not differ
from the profile of a crack subjected to a uniform bridging traction profile. The paraB&io
versus stressyrelationship derived comes directly from that assumption and pribades
asymptotic value ogquilibrium separation where full crack face separation has occurred and the
net force in the intact fibers bridging the crack exactly balancegdbal applied forceA more

generalized form of the analysis in [9] shows a parabolic relationship be@@Bnand the
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bridging tractions, not the global applied stress. Unlike the unidirectional compuositeled in
[9], the CMC in this study has a woven fiber architecture. The woven architecturéddadal
stress variations that will influence the crdmhavior and provides namiform bridging along

the crack length.

The mechanisms of interfacial debonding, frictional sliding, and interfacial damage will also
influence COD.CODs measured at Crack 1 Location 1 using VEs during the second loading
cycle (~1.8 um'in Figure 10) were higher than the CODs measured manually during the third
loading cycle (=1.Qum in Figure 13)This observationand the linear COD relationshigan be
attributed g0 sample unloading/reloading and the progression of damage due to the logd cycli
Damage, in‘the form of additional matrix cracks and interface debonding, progne€84€s as
the load is increased. Unloading further damages the interface througbnéiicsiiding and
wear. Recall.that during the first loading a&cthe sample was stressed to 175 MPa. At this
point, the sample was unloaded to capture baseline images of a matrix crack. Thewsenple
then reloaded and subjected to a maximairassof 210 MPa. During this loading cycle, there
was most likely an accumulation of new damage at these higher stresses. As the maximum stress
during the“third loading cycle was the same as the second cycle, no matrix cracks developed or
extended+During this load cycling, fibers bridging the crack would have experierdiag ahd
wear adjacent to the cracks, as well as additional debonding. The load sharing between the fibers
and matrix.was.altered by these interface changesibutingto the observed reduction in crack

opening and linear COD/stress relationship.

Most modés for matrix cracking incorporate a similar analysis to [9] and show reasonable
agreement with, experimentally measured crack densities and stress/strain behavior after fitting
for interfacialsshear stress and other constituent paraméteagecent stug by Chateau et al
COD datammeasured during tensile loading IC/SIC minicomposites were fitvith a
polynomialsregression forcing a parabolic relationship between COD and applied forcehg4]. T
fit, for data frenfive cracks selected as relatively isolated from neighboring cracks, resulted in a
large range of interfacial parameters. The large range of values were in general agreement with
constituent properties, however the variation could also indicate the needdteamodel of

the stress dependence of COD. These results, and those of the present study, suggesifthat
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models describinghe functional relationship between COD and global siregsther analysis
of experimental data or in environmental ratilg should be apprched with full knowledge of

the applicability of initial models assumptions.

No crack-passed fully through the cr@estion of the gage section, indicating that no crack
was uniformly epen across the composite cross section as is often assumed in cracking models of
CMCs. This'was the case even at the peak far field stress of 210 MPa, 50% above the 0.005%
offset proportional limit stress of B4MPa. This is consistent with other observations in woven
CMCs where multiple matrix crackbat are not throughracks form and grow [293, 44.

Under both menotonic and cyclic loading, these cracks eventually link up to form through
cracks. Forrmoenotonic loading, this crack linking takes place at stresses approaehitignate
strength [29,46:47 but for cyclic loading it is not clear when such linking takes place. This
finding has_important implications for life modeling in CMCs. Modeling craa&sthrough
cracks at low stresses under monotonic loading, or from the beginning of cyclic loating, c
obscure themimportance of oxidation mechanisms that are active in actual CMC cracking

conditions.

One _final observation regarding crack opening displacement further highlightslitgeotit
the SEMDIC experimental method for crack detectioma€k detection aftethe load has been
removed is_extremely difficultespecially inthese slurrycast composites \Wwere a residual
compressive'stress acts to close cracks on unloa2n@(, 33 Several measurements included
in this study.were made after the sample had been removed from and then retuneeldad t
frame. There was little residual crack opening observable after unloading am¢hlrérom the
load frame. Cracks were only found through the use of the nanoparticle traekiaghpnd
comparison with the loaded images (Figu#. Without the random and dense distribution of
nanoparticles that had been chemically attached to the surface, findingctss gaaticularly in
the marix_region, would have beemprobable due to their extreely small size. Using the
nanoparticles,antheir relative locations ithe loaded images to track their unloaded position,

the crack opening displacements upon unloading were measured to be on the order of 0-10 nm.

Relevance to Oxidation Modeling
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Current oxidation models focus on the intermediate temperature regime whére pes
oxidation dominates (70G-1000C), when matrix cracks allow environmental ingress at stress
levels above the proportional limi23-28]. These models all treat matrix cracks through
thickness craeks intersecting the surtaeed providing pathway for environmental ingress.
These assumptions of uniformly open throughacks for all dbading conditions andiber
architectures may prediotore aggressive oxidation in many cases. In this study, COD varied by
a factor of 10. During oxidation, crack lengths with smaller CODs may inhibit oxygensngres
into the interior/of the composit&@hese regions of smaller COBayalsoclose up more quidk
due to formation of oxide scale on the crack faéeklitionally, the absence of througiacks
observed in this stugyand consistent with published literature for complex fiber geometries,
suggestoxygen will not penetrate far into the compositdie models also makéhe diffusion
rate (gas diffisivity) of oxygenwithin these througithickness cracks function of the crdc
opening displacemerj6]. As such, a model assuming a uniform C@dwld overestimate the
rate of oxygen transfer within a real composite exhibiting variation in COD. Thukinga
behavior observed in this study suggests current oxidation momldtboverestimate composite
degadation., due to oxidation, and that additional experimental data are needed for model
training,.validationand calibrationThe present study was performed at room temperature and
additional studies at elevated temperature are neededptmre any stress relaxation and

embrittlement effects on crack opening and progression.

Sources of Error and Experimental Limitations

As with any experimental effort, there are potential sources of errors and experimental
limitations..that. should be discussed. The uncertainty in the -BEM crack opening
measurements'was determined through rigid body translations. Duringtestpicalibration
procedure;sthe sample was translated known distances. Displacements were measured for each
translation tondetermine the functional relationship between displacementaad measured
displacement. The uncertainty for displacerm@ft~1 um, on the order of thEODsmeasured
in this study, was determined to bBpproximately7%. Uncertainty for smaller displacements
including theinterface openingswvas less. The uncertainty of the manG&D measurements

This article is protected by copyright. All rights reserved



was determiad by calibrationof known lengtls, and through assessment of the repeatability
error by measuring the same feature multiple times. Through uncertainty propatie error

in the manual measurements was determined &pprximatelyl%.

In terms.of experimentdimitations, the analysis in this work was performed on surface
deformationsand observationst is well known that there are subsurface effects and that cracks
propagate“in“a'neanniform and upredictable manner underneath the surf&@Ds below the
suiface may-diffeffrom thoseobserved on the surface, but the trends of increasing crack opening
with increasing/load will remain. Given the scatteCi@Dsmeasured in the nine observed fields
of view, subsurface variation is expected to be on the same order of magnitude. Extetisgon of
work by eombning methods discussed herein with new methodsineditu, subsurface
characterizationlike computed tomographwill shed more light on the limitations of surface
only measurement#&nother limitation ofnote is that th@nalyse were performed on relatively
limited fields_of view.The limited field of view prevented direct observation of initial matrix
crack initiationy However, icect evdence of certain behavgrfor examplestrain relaxatiorand
CODs consistent with manual measuremenigere captwrd indicating the power of this

experimental approach in investigating these complex materials.

Conclusions

In-SEMtensile testoupled with SEMDIC were used to characterize and quantify damage
evolution insaswoven slurrgast, melt infiltrated SiC/SiC. The followirfghdings resulted from
this work:

e The,occurrence of atrix crackingresulted in a drop in the applied fieeld stressand
strainrelaxdon in the microscale strains regions of cracki@jrain relaxation in
adjaecent regions was attributedth® relief of local stress in the matrix and subsequent
load"shedding onto the longitudinal fibers that bridge the ciuk.work representto
the best of the authors’ knowledge, the first direct experimental observation sifaims

relaxation behavior in CMCs and its dependence upon crack proximity.
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e Crack openings increased linearly with increasing applied sthasation in the
measured CODs wgaconsistent with the limited COD data available in the literature.

e No crack was found to pass fully through the crgesstion of the gage section, indicating
that the modeling assumptions of uniformly operacksacross the composite cross
sectienmay not be valid. Modeling cracks as throwgghcks for all loading conditions
andyallfiber architecturegan inaccurately represemhany actual CMC cracking
conditions and may obscure the importance of oxidation merhan

e The SEMDIC experimental methodvas demonstrated to be a powerful means for
damage/identification and quantification in CMCs at stresses well betoproportional

limit:
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Figure Captions

Figure 1. CMEsspecimen geometry with dimensions in mm and tolerances of £0.01 mm.

Figure 2: Tensile load frame (Kammrath and Weiss) mounted on the door of the SEM. The
CMC sample is held between dovetail grips as shawe red box shows the area on the side of
the polished tensile specimen that was investigated in this study. The aregateestith

SEM-DIC isvenclosed by the black box on the micrograph of the tensile specimen ctass-sec

Figure 3:"*€MC crosssection showing the configuration of the microstructure relative to the
loading axis™ The ten fields of view selected for SEMC are denoted by the dotted boxes, and a
highlight from one field of view (FOV 2) shows the microstructure with gold nanolesrtic
depositedfor deformation tracking via SHME. The inset to the left shows a representative

sample of themnanoparticles at increased magnification.

Figure 4: The sample was loaded in 35 MPa increments with a hold at each step to allow for
image capture for DIC. A small amount of load relaxation took place prior to each DIC
measurement..A significant drop in stress occurred between 140 MPa and 175 MPa tsiRen ma
cracking occurred in the matrix. After DIC images were recorded at 175 MPa, the sample was
unloaded te-0"MPa and reloaded to 210 MPa at 35 MPa increments. During this second loading,

DIC images'were captured at all FOVs and at the location of a nearby matrix crack.
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Figure5: A matrix crack developed to the right of the initial AOI during loading between 140
MPa and 175 MPa. The dotted black line represents the boundary of FOV1 that is highlighted i
Figures 7-9.

Figure 6: Multiple matrix cracks were observed in the gage section at an applied stress of 175
MPa. The eracks are highlighted by the superposition of white lines. The three etackesds
for crack opening measurements are highlighted with red boxes.

Figure 7. Damage accumulation below the PL, indicated by localized elevated straim ia see
all FOVs. Three FOVs are highlighted here to show damage is observed at far field stresses as
low as ~70"MPa.

Figure 8: Virtual extensometers placed across a fiber interface in six FOVs measure the opening
of the interface as a function of streAl.openings increased to a maximum value at diédd

stress of 140 MPa with some openings decreasing at 175 MPa due to nearby matrix dtacking.

is unclear\whether damagethe interface coatings provided pathways for the later development
of matrixeracks, or if interfacial damage reduced the local stress concentration and thereby

drove matrix.eracks along other pathways. (The imaged wmesie captured at 140 MPa.)

Figure 9: Composite images showirfg) the localized strains in the initial AOI prior to
matrix cracking”at a far field stress of ~140 MPa; and (b) the strain field in the same
region at a far field stress of ~175 MPa following introduction of a matrix crack less than
100 um to the right, showing significant relaxation. The red box in (b) outlines the region

highlightediin Eigure 10.

Figure 10: The crack opening displacement, measured with virtual extensometers at 4 locations
along the matrix crack, increasedwincreasing far field stress. This region is highlighted in the

red boxiin Figure 9.

Figure 11: Three locations along three cracks were selected for crack opening measurements.
For each crack shown in this figure the left image shows the boxed pafrttma microstructure

from Figure 6 and the images to the right show the progression of crack opening vl far f
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stress for each FOV used to measure crack opening. Crack 1, shown in (a), is the same matrix
crack observed in the SEM-DIC work above. Crack 2 is shown in (b) and crack 3 is shown in (c).

Figure 12:_For all nine FOVs sampled, matrix crack opening increased with increasiigjda

stress with.the largest initial crack openings showing the largest increase in opening with stress.

Figure 13:"(a)"Upon removal from the load frame, the crack opening is ~10 nm immediately
adjacent to thetransverse fibers and (b) fully closed adjacent to the lomgjitiifaers. Arrows
are added to show the crack path; the nanoparticles were used to identibatioa of the

crack.
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