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OBJECTIVES OF THE RESEARCH EFFORT 

The objectives are: 
• To examine/establish a novel method for understanding the mechanisms involved during non- 

destructive and destructive testing of (composite) materials better. 
• To utilize the technique as a tool for close cooperation between diverse materials evaluation 

groups, i.e. to establish concurrent analytical, computational, non-destructive and destructive 
research on composite materials. 

Both objectives have been scrutinized, and the results have been very encouraging. Detailed 
examination of the "transverse" test (details are given below) through computer simulations has 
shown clearly the importance and relevance of the first objective. Since the simulation process 
makes possible the "visualization" of the mechanisms undergoing on the interface subjected to load, 
all groups listed under the second objective have interest in utilizing the technique. For example, 
as detailed in the sequence, it is possible, using the technique, to investigate and visualize the 
influence of residual stresses. Since this influence depends on the processing temperature as well 
as on the geometry of the specimen/structure examined, groups/individuals working on the 
processing aspect of the composite materials examined have interest in utilizing the simulation 
technique. 

STATUS OF THE RESEARCH EFFORT 

Soon after this grant was awarded, it was decided to concentrate on the so-called transverse test 
which aims at the mechanical properties of the fiber-matrix interface in, mainly, MMCs. The reason 
for this decision was the availability of unique and very relevant nondestructive and destructive tests 
performed at the Materials Laboratory, Wright-Patterson Air Force Base [1]. Based on [2], the test 
configuration (the transverse test described in detail in the sequence) is discretized into a lattice which 
delineates the matrix, the fiber, and the interface. The simulations provide further understanding of 
the mechanisms involved during the relevant testing. In addition, through back-analysis, quantitative 
values of the, homogenized, interface properties can be obtained. 

In addition to the response of the interface to mechanical loading, the influence of residual 
stresses have been examined in detail. In an earlier study [3] the effect of specimen geometry on the 
residual stress distribution was examined, mainly near free surfaces. The simulations have shown that 
the specimen geometry as well as the processing temperature are key factors in determining the 
interface response. Especially for fracture initiation, the residual stresses are more often than not the 
most crucial governing factor. As an important consequence, definition of interface properties 
independent of residual stresses is of dubious merit. The present study suggests strongly that the 
interface cannot (should not) be examined in the context of local continuum theories, but rather as 
an entity closely related to the specimen/structure geometry it is embedded in as well as to the 
processing temperature. The simulation results agree closely with the analytical solution [3] where 
the effect of residual stress near boundaries is addressed. Further, the technique can be applied to any 
problem independent of the existence of an analytical solution. Detailed results are presented in the 
relevant publications. 



BACKGROUND 

There is a recent effort to investigate the transverse properties of titanium matrix composites (TMC) 
reinforced with continuous silicon carbide (SiC) fibers, and this involves understanding of the 
dependence of the fiber-matrix debonding on the residual stresses, on the fiber-matrix bond strength, 
and on the matrix properties, under transverse loading conditions of the composite. Novel methods 
for testing, nondestructively as well as destructively, the damage evolution mechanisms of a 
transversely loaded sample have been developed [1]. In these experiments samples with a single fiber 

were used, Fig. 1. 

Fiber 

Loading 
Direction 

FIG 1: Schematic of Transverse Test Configuration Showing Orientation of Fiber in 
a Sample and the Direction of Loading 

Physical Separation 
of the Interface 

Failure of the Chemical Bond 
at the Interface (Debond Initiation 
and Propagation) 

A  

Change of the Residual Stresses 

Strain    (mm/mm) 

FIG 2: Evolution of Damage During Transverse Loading of a Composite Specimen. 



The evolution of interface damage during the transverse test is illustrated schematically in figure 2, 
[1] and references cited therein. During the initial stages of loading, the radial compressive residual 
stress (not near boundaries) at the interface decreases while the interface remains intact. As the 
external loading increases further progressive failure of the chemical bond occurs, starting from the 
two sides in the direction of loading and progressing to the entire interfacial debond. 

Figure 3 shows [1] the stress strain response obtained from a typical transverse test specimen, 
and figure 4 [1] shows the "Reflectivity Amplitude" at various stages of loading, as obtained by 
relevant ultrasonic testing. The higher the reflectivity, the more debonded the interface. Thus, figures 
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FIG 3: Stress-Stain Response of Specimen Subjected to Transverse Loading 

3 and 4 show clearly that interface failure does not occur simultaneously nor homogeneously. Rather, 
the process of failure is highly heterogeneous along the length of the fiber, and no specific 
"heterogeneity pattern" can be identified 

The numerical simulations of the transverse tests, cf. Appendices agree both qualitatively and 
quantitatively with the above experimental observations, described briefly herein. Some limitations 
of the simulation approach, at the present stage of development, are discussed in the next section as 
well as in the appendices. 

LIMITATIONS AND FUTURE WORK 

As is shown in both appendices, A and B, the numerical simulations are performed using a so-called 
lattice analysis. Undoubtedly, a three dimensional analysis is preferable. This is especially true for 
simulation of the transverse test, since, due to boundary effects in the vicinity of the fiber edges, a 
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FIG 4: Spatial Along the Fiber Variation of Reflectivity Amplitude at 
Various Stages of Loading Indicated in Figure 3 

representative plane stress or plane strain analysis of the problem cannot be pursuedAdentified. 
However, a fully three-dimensional lattice analysis is not trivial. This is due to the "unacceptable" 
computer time required for 3-D lattice analyses. The problem can be partially resolved by using either 
ultra fast single processor computers, i.e. large scale super computers, or, preferably, parallel 
(massively) computing. 

Utilizing advanced computational facilities and techniques was out of the scope of this project. 
However, since even the 2-D analysis pursued shows promising results, it seems only natural to 
extend the present work to fully 3-D analysis. This would alleviate some of the problems encountered, 
cf. Appendices. 

PUBLICATIONS 

G. Frantziskonis, Theodore E. Matikas, Prasanna Karpur, S. Krishnamurthy, and Leon Shaw, Lattice 
Analysis to Assess Fiber-matrix Interface Behavior under Various Experimental 
Configurations, In: Computational Mechanicsv 95, S.N. Atluri, G. Yagawa, T.A. Cruse, Eds., 
Vol 2, pp 2563-2568. 

The above publication is listed in APPENDIX A 

G. Frantziskonis, T.E. Matikas, P. Karpur, The Effects of Residual Stresses on the Interface 
Response in MMCs, Simulation and Experiments, paper under preparation, to be submitted 
to Composite Structures or other relevant Journal. 

The major results for the above publication appear in APPENDIX B 
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Patterson Air Force Base, Ohio. The PI, George Frantziskonis, interacted continuously with scientists 
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interacted with: 
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1. INTRODUCTION 

This work utilizes a novel procedure for obtaining quantitative informauoi,i on the 

simulates actual experiments in detail, nduaing tioer orea* ^ implernented for the 
cracking, and interface failure. In a recent^J'^^^n S for metal matnx 
foilowmg commonly performed expenmenu. ^^ME well as ceramic 
composites (MMCs); (b) the pushout and Puiloul «"^ ^ discVetized into a lattice 
matrix composites. In *c s.mulauons. the^tesÄ£HSi£S, found in [1]. The 
which delineates the matnx. the fiber, and the mt^ace. üet^s^» * m   [he 

simulations provide further ^^"«/'^^^riaSvc values of the. 
relevant testing. In addition, through back-analysis   W™ d    nbe 

^■SSÄS^Ä» Mil for the -died «*». 
test of Che same material composition. 

2. FRAGMENTATION TESTS 

The tensile load is applied in ^.'««^tt^Ä'ÄSi^S 

in addition to the importance of the interface properties <«"»*=" wnhim<. „f \he matnx 

modeled 2 aS Shase." Two values are neeessary to desenbe its elastic bnnle- 
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reSponsc - the interphase stiffness coefficient Mmodtüus -J.«3^ *»£ 
stress    coefficient F (failure J«ss ^er ^ckn«^ ^ ^^ ^ 
fragmentauon test, the values for j "^Mv mam^ ^^ fragmcniauon pattern 
identified as: S=860 MPatfm F=l1 MPtfßn. U « ™ fragmentauon pattern 
SÄ Äe° Äu£ i?fÄ-* »«>% changes) to the value ot 

S. but depends strongiy on F. 

2 PUSHOUT AND PULLOUT TESTS 

Such tests are commonly P«"^ ^^JJAeoSn 
composites. The specimens contain *™j^£*M^^ it slides out of the 
the pushout  test an indenter loads the über_ in C°™P j       ,icd on me 

matnx.The pullout test »^-"'£^SS SÄ the following: (a) small, 
fiber. For metal matrix composites our simuiau piica[lon side, for both the 
stable cracks form at the interface near the external,i        y, ^^ ^ 
pushout and pullout tests. (W^^ ™t J ^cr^ nja      ^ ^ ^^ ,oad 
shear  dominated interface crackm.tuue at  he   ia     w>    ^^ funher ^ 
applicauon. (0 after the arrest ot the_craefcsmat ini .. ^ the b 

load is required for the w^°lf ^^Toad J^formation response, and (0 the effects of 

as %^**£^%^»founÄe literature m- 
3   TRANSVERSE TESTS 

The transverse test which is used to «^^SS^SSS^ 
usually performed using single ^^^^^^^JLam^ which 
suited for interface evaluation!because (a thc in^r d ^ fibcr matenals during 
depends on the chemical reaction **^Z^£n M in a multi-ply composite 
processing, remains the same in a sing « ßj« »mp^ «laüvely easy to calculate in the 
£anei. and (b) the residua sues» ar^^JSS^üi residual stresses in the 
single fiber sample, thereby making £^teJJSJJ about the stress at fracture ot 
modeling of the ^jj^^o^^^^ some experimental results 
the fiber-matnx interface ^ te touowmg modeling studies. 
from recent transverse tests W.^^^^^Seninents were processed by the Monofilament composite samples for these.«per»ri v ^ Qr 
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hours. The interfacial «Sf^^JS^ü^mded carbon coating and the matrix 
indicates that some chemical reaction between tne «"«» ^ ore this reaction is 
has taken place during the ™*Mu~P^^£^^ ^ samples « cue 

the samples as shown in Figure la. 

3.1 Experimental Approach micro-slrainins stage buüt in the Transverse «sue tesrs were earned oouismg>rtna^ ^ ultm0„ic 
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i   ,.„c   Ar f\ch steo of loading, the fiber-matrix samples was done m incremental s eps.At each scp g.        ^ ^ 
interface was imaged (f'^S the surface of Hie samples at an 
usmg a focused ultrasonic beam which was inci ma£nx 

angle of 24o. an angle ^^^^£SS^Zts we're incident on the 
material. Hence.^^^^^^k.reflecled to the transducer and the 
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labeled 'A through X in ^ **"• S^ÄSVof me mechanical loading of the 
the flber-matnx mterface ^»^SHSPoin* o™ interface that fracture at 
sample. Reflectivity image B indicates^J^J^JXaied to red in the color scale), 
about 350 MPa (shown with the n™»™**^ SoSSVrf«£ fiber and in several 
These points of interface fracture anL1.^ "^^ ^° " .c through T show the 
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Egression of interfacial damage as ^Jj^MT^S^ conclusion drawn 
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from using in-situ SBR imaging ofd» w^ßJ^Sioii instantaneously once a 
assumption that the entire mterface is likely toaraciurc weak Effusion 
sufficiently high stress level «J^^^^S^md here suggests that 
bond [6] (as contrasted to «^^^^'^S points at a low load, to the 
the debonding progresses from a small °^^°'/^r3§0 Mpa as shown in Figure 
entire interface over a finite range of applied «^™£ 350OT* .^^ 
lb). This range is dependent mainly on the ™™™"^l££k u w
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should reflect the 3-D effects. In ^^^^^f^^üi.mm^ and 
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pullout. pushout tests, since the ^»^^^TJD siSLon process 
2-D simulations may not be of great imP°"^;^?D8"mulatl0ns have been the 
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stresses, die implications of assuming \^f^'tt^^d^tnx, etc.. before a 
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progressively, (d) the matrix starts yielding only after "complete" failure of the interface, 
after that stage the matrix starts yielding and develops a "shear band" type failure as 
shown in Figure 4, (e) the external load increase needed to advance interface failure from 
initial to its final failure state is not negligible. 

, Loading 
Direction 

Fiber 

^ 

T 

A  B   C   D   K  K   r.   H  1    J    K 

0.005       0.01       0.01J       0.02      0.025 

Strain (mm/mm) 
0.03 

Figure 1 (a) Experimental Configuration Showing Transverse Orientation of the Fiber in 
a Sample and the Direction of Loading, (b) In-Situ Ultrasonic SBR Imaging of an 
Embedded SCS-6 Fiber in Ti-6A1-4V Matrix During Various Stages of Transverse 
Loading. 

Figure 2: (a) Two-dimensional configuration of the transverse test The bars in the lattice 
assigned interface properties are shown. The fiber is inside the "ring," and the rest of the 
configuration is matrix, (b) Interface crack pattern from two-dimensional simulation of 
the transverse test. The corresponding external load level is shown by an arrow in Fig. 3. 
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b our simuladons interfacefailure inid^dat ^J£—£? S 
progressed up to about 520 ^^J^^^^LL Despite this difficulty 
corresponds to interface fadure for this «pcnrnemai c    ^ ^ ^ consldercd a 
m order to examine the response along the dw«««««^ simuiauons (2-D). as 
'fadure stress" of 420 MPa and witMJi £*^P£HbSr and the y-axiscoincides 
shown in Figure 5a. where «^.^ *"^,^„ *\ Jiierface elements are subjected to 
with the external ^^^^^^^uV^fit^ibct.^bdkm that 
the same stress, thus we chose »2?SSS^ noiSniider. wUl be important for 
residual stresses, which thepresent£*£ ^gure 5b shows the interlace crack 
mterface fracture along y^Äi Here interface fracture is "tattle 
IS^Zl^^t^^^rc midauon to its complete tncture is not 
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Vs external strain response as calculated from the two- 

Figure 4-  Simulauon results. Failure (yielding) of me ductile matrix, occurring after 
FnterSce fadure. The corresponding external strain is 0.02. 
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the fiber axis is non-britüe, while crack TO»*"» %££%££££* other words, 
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,.«««, since the 3-D interactions may render 
experimental response. Averaging « "^f^^Xruon. We are currently in the 

simulations. 
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after crack initiation. 
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Two major improvements of the work presented in Appendix A have been investigated: 

- Detailed study, using the lattice based simulation process, to determine the residual stress 
distribution, i.e. before any external mechanical load is applied on the specimen. 

- Examination of the fiber-matrix interface properties including the residual stress distribution. In 
other words this second "improvement" calls for identification of the apparent interface 
properties which include the effect of residual stress. 

Before presenting and discussing the results, the mechanical properties used for the titanium alloy 
matrix and for the SiC fiber are given in the following table. The processing temperature was 

considered to be 900°C. 

Density 
gr/cm3 

Young's 
Modulus 

GPa 

Shear 
Modulus 

GPa 

Yield 
(matrix) or 

Failure 
(fiber) 
MPa 

Poisson's 
Ratio 

Thermal 
Expansion 

Coeff 
lOYC 

Ti-6A1-4V 4.5 119 45 830 0.32 9.0 

SiC SES-6 3.2 411 179 3500 0.15 3.99 

As mentioned above the analysis was restricted to two-dimensions. Thus, first the response of the 
specimen far from the fiber edges, i.e. for an infinite sized structure was analyzed by using a 

FIG Bl: The First 2-D Configuration Analyzed, (a) 80x80 Lattice where the Bars 
Assigned Fiber Properties are Shown, (b) the Interface Bars are Shown. 
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configuration such as that of Fig. Bl. The lattice sizes varied from 80x80 to 100x100. The dimensions 
of each specimen are 0.0015x0.0015m, the fiber diameter is 150pm, and the interface properties are 
considered (normalized/divided) per unit of its thickness, as explained in a lucid fashion in [2]. Thus, 
in the sequence all interface properties are given as values per thickness. In the configuration shown 
in Fig. Bl, the interface thickness is 0.0015/80 m, that of one lattice spacing. 

The matrix is considered elastic-plastic, the elastic part being linear and the hardening being 
also linear (elastic, linear hardening). In other words, the matrix is allowed to yield and develop high 
strains. The fiber is considered linearly elastic and brittle. After the failure stress is reached the load 
(i.e. the load of a fractured bar in the lattice analysis) is reduced to zero. The interface is also 
considered to be linearly elastic and brittle. Then, as discussed in detail in [2] the problem reduces in 
determining the elastic and failure properties of the interface. This is done by back analysis of the 
simulations described below and/or the values determined from back analysis of tests other than the 
transverse are used. For example for Ti-6A1-4V matrix, SCS-6 fiber composite the interface 
properties were determined in [2] by back analysis of the fragmentation, the pullout and the pushout 
tests. 

Figure B2 shows six (6) views of the residual stresses before any external load is applied, i.e. 
due to the processing temperature difference. As can be seen, the residual stresses are quite high, i.e. 
as compared with the yield/failure stresses for the matrix/fiber. Note that this configuration, Fig. Bl 
corresponds to an infinitely long fiber, thus boundary effects are excluded. Thus the interface is 
mostly subjected to compressive stress. The elasticity properties used for the interface in obtaining 
the stress distribution shown in Fig. B2 are those obtained by back analysis of the fragmentation, 
pullout and pushout tests [2]. The so-called modulus coefficient (Young's modulus divided by 
interface thickness) is 857 MPa/pm. In [2] the interface failure strength coefficient was determined 
to be 11 MPa/pm In the transverse test the thickness of the sample is 0.004m, thus the fact that the 
behavior near the edges is actually different (boundary effects) is important. Thus, failure is governed 
by the interplay of boundary and bulk (homogeneous) interface response. It was determined that the 
value of 11 MPa/pm for the interface failure strength coefficient needed to be adjusted for the 
(apparent) inclusion of boundary effects to 13.65 MPa/pm. Once again, problems of such 
"adjustments" would not appear if a fully three dimensional analysis was performed. Figures B2a and 
B2b show a 3-D plot of the residual stresses, o„, for the configuration of Fig. Bl. They show that 
a low tensile stress develops in the matrix, while a "high" compressive value develops at the interface 
and in the fiber. Figures, B3c-f show contour plots of the same stress distribution, o^, included herein 
for the sake of clarity. 

The residual stresses influence the process of failure of specimens significantly. For the 
configuration of Fig. Bl partial cracks of small extend develop in the interface during the early 
straining stages. However, these cracks did not propagate and cover only a small fraction of the total 
interface. Before further interface cracking occurs, a large part of the matrix yields. Figure B3 shows 
a typical interface fracture "pattern" at some stage of loading. From that point on, the interface failure 
is rather rapid and the total interface fails at an external strain of about 3%. 

In order to study the distribution and the effects of residual stresses near the fiber ends, the 
configuration of Fig. Bl is inadequate. Again, a three dimensional analysis would be preferred. Here 
we "bypass" a fully 3-D analysis by studying the 2-D configuration like that of Fig. B4. Figure B5 
shows different views of the residual stress a^. The high tensile stresses near the edges are evident 
This agrees with experimental observations which call for tensile microcracks being present at the 
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interface, near the edges of the specimen. Thus, the interface is already (before the external straining 
is applied) cracked near the specimen edges. This initial cracking, together with the residual stresses 
in the remaining of the interface influence the way the interface cracks under external straining of the 
sample. As shown in Fig. B6 subsequently to the initial cracking, interface cracks develop near the 
two sample edges as well as in the center. This agrees with the experimental observations described 
above. 

Note that the configuration of Fig B4 is not representative of the "true" response, due to the 
limitations of a 2-D analysis. Despite this, note that the stress-strain response obtained from the lattice 
analysis agrees very well (quantitatively) with the experimental one, that of Fig. 3, page 4. 
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FIGB2aJb: Two Different (3-D) Views of the Residual Stress Distribution for the Specimen 
Described in Fig. Bl. The Values of arr are Ploted in MPa. 
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FIG B2c-d: Contour Plots of the Stress Distribution Shown in Fig Bla,b. 
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FIG B2e-f: Contour Plots of the Stress Distribution Shown in Fig BlaJ}. 
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FIG B3: Interface Fracture Pattern at an Intermediate Load Step. 

rrrt'tTrr 

FIG B4: The second 2-D configuration Analyzed, (a) 40x100 Lattice where the Bars Assigned 
Fiber Properties are Shown, (b) the Interface Bars are Shown. 
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FIGBSaJb: Two Different (3-D) Views of the Residual Stress Distribution for the Specimen 
Described in Fig. B4. The Values of a^ are Ploted in Pa. 
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FIG B5e-f: Contour Plots of the Stress Distribution Shown in Fig Bla,b. 
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FIG B6: Interface Fracture Pattern at an Intermediate Load Step. 
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FIG B7: Stress (Pa) versus Strain, Obtained from the Configuration of Fig. B4. 
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1. INTRODUCTION 

This work utilizes a novel procedure for obtaining quantitative information on the 
mechanical properties of the fiber-matrix interface in composite materials. The method 
simulates actual experiments in detail, including fiber breakage, matrix yield and/or 
cracking, and interface failure. In a recent study, the procedure was implemented for the 
following commonly performed experiments: (a) the fragmentation test for metal matrix 
composites (MMCs); (b) the pushout and pullout tests for MMCs as well as ceramic 
matrix composites. In the simulations, the test configuration is discretized into a lattice 
which delineates the matrix, the fiber, and the interface. Details can be found in [1]. The 
simulations provide further understanding of the mechanisms involved during the 
relevant testing. In addition, through back-analysis, quantitative vaiues of the, 
homogenized, interface properties can be obtained. In this paper, we first describe 
simulations of the pushout/pullout and fragmentation tests for a titanium matrix, silicon 
carbide (SiC) fiber composite. Relevant interface properties are evaluated by simulating 
the former test. Using these values, we study the response of both test configurations, 
and then compare the numerical results with actual experimental data. Further, we 
combine recent experimental results with relevant simulations for the so-called transverse 
test of the same material composition. 

2. FRAGMENTATION TESTS 

The tensile load is applied in the direction of the fiber. Load is transferred from 
the matrix to the fiber, which at some point of loading breaks. Further loading results in 
the fiber breaking into successively smaller fragments until the fragments become too 
short to enable further increase in the fiber stress level. Since it is the fiber-matrix 
interface that actually delivers the load from the matrix to the fiber, the fragmentation 
"pattern" depends strongly on the properties of the interface. It is not, however, the 
interface that solely governs the fragmentation pattern. Relevant simulations [1] suggest, 
in addition to the importance of the interface properties discussed in the next paragraph, 
that: (a) the fiber fragmentation pattern depends strongly on the volume of the matrix 
present, (b) the matrix hardening modulus Emh influences the fragmentation pattern, (c) 
the overall load-displacement response of the specimen is practically insensitive to the 
interface properties, (d) it is practically impossible to achieve average fragmentation 
lengths of the order of or lower than the fiber diameter. 

In the numerical analysis, the transition region between fiber and matrix is 
modeled  as an "interphase." Two values are necessary to describe its elastic brittle- 
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.sponse-che interphasestiffnessc^%^'£^l££«£ 
stress coefficient F W™«%*»% £SSliC (SCS-6) fiber composite were 
fragmentation test the values f°^j" MP^fm It is noted that the fragmentation pattern 
identified as: S=860 MPatfm, F=ll MPa/fm. It    no fragrnentaüon pattern 

S, but depends strongly on F. 

2 PUSHOUT AND PULLOUT TESTS 

Such tests are commonly P^^^i^^SS 
composites. The specimens contain * "ns£^™£sion until it slides out of the 
the pushout  test an indenter loads the fiber.£ comp ,oad [s      Hed on th 
matrix. The pullout test is similar, with the^ditt ™«        d ^ following: (a) small, 
fiber. For metal matrix composites^our sim"laaons on si(tej for both the 
stable cracks form at the interface near the «Kara■ "»      w [ension and 

pushout and pullout tests, (b) after if? *^£^*£?££%£ m the external load 
sW   dominated interface mcbs imuag at me s       pp    ^^ funher d 
application, (c) after the arrest ?f the cracksmat mm „hole„ ^ ^ b 

load is required for the whole "^£j$±™jga response, and (f) the effects of 

3  TRANSVERSE TESTS 

The transverse test which is '«f.^^s^S^S^^ 
usually performed using single fiber mode» «^^«g^T.onding. which 
suited for interface evaluation because  (a )"««"£^ h   fiber materials during 

depends on the <?>^^^S^^^^'wi^caa^ processing, remains the same in a sing« "»«Mmpi calculate in the 
panel, and (b) the residual stresses at the ««^J^SS residual stresses in the 
Single fiber sample, thereby making " ^le » «gu« tor ^ ^ ^^ 
modeling of the test to «^w

f ™" S^ ßS^cribe some experimental results 
the fiber-matnx interface. In the fo lowing ™J«*^ ±e lattice mo5eiing studies. 
from recent transverse tests Pl^t^^^e experiments were processed by the 

Monofilament composite samples «" ™?"*P^sinoie Si<5 fiber (SCS-6 or 
foil-fiber-foil technique wherein two ^^J^^^oC at 17 MPa for 1.5 
SCS-0) between them were hot ^«^^^l^g^eiidinon clearly 
hours. The interfacial microstrucure o*ameIwuhjto proc       g^  ^ ^ 

the samples as shown in Figure la. 

3.1 Experimental Approach . micro-straining stage built in the 
transverse tensile tests ««£"»£ ~ pled™ epwise so That the ultrasonic Wl^atenals Direct gL^e loadmg was app p ^^ ^ ^ M 

using ÄSSSaSL^^ * 51. The loading of the 
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j       ■   ; „„«mental «tens At each step of loading, the fiber-matrix 

ÄS SS^tS sSonS! was ««I» «Ub™ «* «—■ «=»«»» 
,5C *e lite » co^pond ,o fe ta^ »'«!?"„siic Mt of , TMiA,. 

These poinB ot interlace "*" reflectivitv images 'C through T show the 

1M This ranae is dependent mainly on the redistribution of stress along the interface 

SlTmage of the fiber significantly reduced as the open interface cracks closed. 

3.2 Lattice M^^JSSSSi above „ ^^ensional. Thus a simulauon 
u M If^fhTi n effects In Til the simulations were two-dimensional; the limitations 

from such a"SSÄ« diSiSexieasivdy in [1]. For the fragmentation and 
KäÄ since the load is applied parallel to the: fib«, the; ^™*^ 
2 D simulations mav not be of great importance, although a 3-D simulauon process 
would be^preferable. The reason for performing 2-D simulations have been the 
following (a) there are several issues to" be resolved, i.e. thermally induced residual 
SsL implications of assuming a homogenized i"J^^^rf

enST. 
on interface properties, imperfections in the interface, fiber, and matrix, etc., betöre a 
fulh'3-DS process is employed, (b) for 3-dimensional analysis, only problems 
2 mSerToaSe discretization caL bi solved within reasonable computer■£**£** 
me transverse test, the limitations of a 2-dimensional analysis may be .important 
Sowever, certain issues can be examined by analyzing a configuration like the one 
shown in Figure^       ^ ^ ^.^ l^ce analysis at die load 

level shown by an arrow in Figure 3. The following have been identified: (a) before^he 
SSÄÄ interface starS to fail, (b) interface failure is not syrnmetnc with> respe« 
to either the loading axis, or the axis perpendicular to the loading direction, (c) although 
nterface fa lure is locally brittle, the final stage of interface failure is reached 
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progressively, (d) the matrix starts yielding only after "complete" failure of the interface, 
after that stage the matrix starts yielding and develops a "shear band" type failure as 
shown in Figure 4, (e) the external load increase needed to advance interface failure from 
initial to its final failure state is not negligible. 

1 Loading 
Direction 

Fiber 

A  B   C    D   K   F   G   H  I    .IK 

ill! 

e Bonded 
Fiber 

Load 

T 
0.005 0.01       0.015       0.02       0.025       0.03 

Strain (mm/mm) 

Figure 1 (a) Experimental Configuration Showing Transverse Orientation of the Fiber in 
a Sample and the Direction of Loading, (b) In-Situ Ultrasonic SBR Imaging of an 
Embedded SCS-6 Fiber in T1-6A1-4V Matrix During Various Stages of Transverse 
Loading. 

Figure 2: (a) Two-dimensional configuration of the transverse test. The bars in the lattice 
assigned interface properties are shown. The fiber is inside the "ring," and the rest of the 
configuration is matrix, (b) Interface crack pattern from two-dimensional simulation of 
the transverse test. The corresponding external load level is shown by an arrow in Fig 3 
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In our simulations interface failure initiated at about 339 MPa external stress and 
progressed up to about 520 MPa. Thus it is difficult to define an external stress tot 
corresponds to interface failure for this experimental configuration. Despite this duality 
in ordeTto examine the response along the direction of the fiber, we have considered a 
'•failure stress" of 420 MPa and with this value we performed simulations (2-D)as 
shown in Figure 5a, where now the x-axis is parallel to the fiber and the y-ax,s comcides 
with the external load axis. In these simulations, all interface elements are subjected t° 
the same stress, thus we chose to initiate fracture at the right ^-surface. We believe that 
residual stresses, which the present analysis does not consider, w.ll be important for 
merface fracture along the fiber direction. Figure ab shows the «««ace crack 
propagation at some point of external load application. Here interface fracture a brittle 
(the external stress increase from interface fracture .nmation to its complete fracture is not 
appreciable). 

59Q.8 

3.0000000 0.0092S93 Q.0I8S18S 
st.roi.n 

Figure 3:   The external stress Vs external strain response as calculated from the two- 
dimensional simulation. 

Figure 4:  Simulation results. Failure (yielding) of the ductile matrix, occurring after 
interface failure. The corresponding external strain is 0.02. 

Thus for the transverse test, interface (overall) failure on the plane transverse to 
the fiber axis is non-brittle, while crack propagation in the direction of the fiber is rather 
brittle This shows the strong interactions among the different directions. In other words, 
three-dimensional effects are important for the transverse test. Mean interface failure 
values can be obtained, however, by 2-D analysis using the configuration^ Figure 2. It 
is once again noted that the simulations were performed using interface values as 
determined from the back analysis of the fragmentation test. Thus the results of the 2-D 
simulations can be compared with the mean (averaged over the fiber direction) 
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experimental response. Averaging is necessary since the 3-D interactions may render 
interface failure highly non-uniform along the fiber direction. We are currently in the 
process of correlating experimental and simulation results, and on performing actual J-D 

simulations. 

Figure 5: (a) Along the fiber axis two-dimensional configuration of the transverse test. 
The bars in the lattice assigned interface properties are shown. The fiber is inside the two 
parallel lines and the rest of the configuration is matrix, (b) Interface crack pattern soon 
after crack initiation. 
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