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The effects of interphase elastic modulus, glass transition temperature, and thickness on interfacial shear 
strength were investigated both experimentally and theoretically. Single fiber fragmentation tests were 
performed over a range of temperatures on samples with tailored interphases. Three different types of 
interphases were investigated: high modulus/ high glass transition temperature, low modulusllow glass 
transition temperature and uncoated (no tailored interphase). A reduction in interfacial shear strength 
with temperature was observed for all three types of samples tested. The magnitude of this decrease was 
found to correlate with the glass transition temperature of the interphase. The low T, interphase samples 
showed large reductions in IFSS, while samples with a higher T, coating showed only a small decrease. 
A three-phase, axisymmetric elasticity solution was developed to predict the sensitivity of the stress state 
to the interphase material properties and temperatures used in the experimental studies. Predictions 
which incorporated the change in modulus of both the matrix and interphase with temperature were in 
good agreement with the experimental trends. Both the theoretical and experimental results supported 
the existence of an interphase with reduced glass transition in the uncoated samples. 

KEY WORDS fiber/matrix interface; fiberlmatrix interphase; effect of glass transition temperature on 
interfacial shear strength; effect of interphase modulus and thickness on interfacial shear strength; 
tailored interphases; three-phase axisymmetric elasticity solution. 

1. INTRODUCTION 

In a composite material, the fiber/matrix interface serves as the critical region where 
stresses acting on the matrix are transferred to the fibers. For many years, the 
influence of interfacial bond strength and level of adhesion has been investigated 
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106 N. R. SOTTOS, L. LI AND G. AGRAWAL 

for graphite/epoxy systems. However, it is widely believed that an interphase region 
with properties that differ from those of the neat matrix is developed at the fiber/ 
matrix interface.’ If an interphase exists, the load transfer efficiency will depend 
not only on the effectiveness of the bond between fiber and matrix but also on: 
(1) the strength, elastic modulus and coefficient of thermal expansion of the fiber, 
(2) the elastic modulus and coefficient of thermal expansion of the interphase and 
(3) the elastic modulus and coefficient of thermal expansion of the matrix. In 
order to understand the influence of these properties on load transfer, both experi- 
mental and theoretical analyses must be performed which systematically vary these 
parameters. 

Several different methods for measuring the stress state and the strength of the 
bond at the interface have appeared in the literature. One of the most common 
measurements of adhesion is the single fiber fragmentation test. This method was 
originally developed by Kelly and Tyson’ for metals but has since been adopted by 
Fraser et ~ l . , ~  Drzal et ~ 2 1 . ~  and many others for determining the interfacial shear 
strength in advanced polymer composites. Many research groups have utilized the 
single fiber fragmentation test to investigate the influence of different matrices, 
fibers, and various fiber surface treatments on adhesion in carbon/epoxy systems. 
Others, most notably D r ~ a l , ~ , ~ , ’  have performed extensive experimental investiga- 
tions to understand the effects of adhesion (measured by single fiber fragmentation) 
on the mechanical behavior of carbon/epoxy composites. However, little is under- 
stood about how the thermo-mechanical properties of a distinct interphase region 
influence the adhesion measured by single fiber fragmentation tests. 

Temperature has also been shown to have a significant effect on the interfacial 
shear strength predicted by the single fiber fragmentation test.’-15 In each of these 
investigations, an increase in critical length was observed with increasing tempera- 
ture. Referencess~’o-’5 noted that the resulting decrease in interfacial shear strength 
occurred at temperatures lower than the glass transition temperature of the matrix, 
indicating the presence of an interphase layer with different properties. The thermal 
stresses caused by changes in temperature also have a significant influence on the 
interfacial shear strength. 

Numerous analytical models have been developed to understand the stress 
transfer in fiber fragmentation tests. Early models by  COX,'^ Dow17 and Rosenls 
utilized an elastic shear lag analysis to predict the shear stress along the length of 
an embedded filament. Kelly and Tyson’’ developed an elastic-plastic analysis which 
assumed a constant interfacial shear stress. While References 16-19 assumed per- 
fect bonding, others explored shear lag models which assumed partial debonding 
or total debonding.”*2’~22 Others have utilized a stress function approach to pre- 
dict more accurately the axisymmetric stress distribution around an isolated fiber 
fragment .23,24.25 More recently, NairnZ6 developed a three-dimensional axisymmet- 
ric solution for the stresses around breaks in an embedded fiber using variational 
mechanics. This work provides an excellent comparison of the more advanced solu- 
tion with shear lag analysis. Several finite element analyses of the stress state around 
embedded fiber fragments have also been carried o ~ t . ’ ~ , * ~  While these models have 
aided in interpreting the results of embedded single fiber tests, none considered the 
influence of a distinct interphase region. 
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EFFECTS OF INTERPHASE PROPERTIES 107 

Several other works have applied shear lag analysis to a three-phase (fiber, matrix 
and interphase) The extension of shear lag analysis to include an inter- 
phase region, however, requires major assumptions about the behavior or proper- 
ties of the interphase region. For example, Lhotellier and Brinson’’ assume that the 
interphase carries a fraction of the tensile load and a fraction of the matrix shear 
stress, while The~ca r i s ’~  assumes the interphase carries only shear stresses. The 
need exists for a more exact elasticity solution to understand effectively the role of 
the interphase in determining interfacial shear strength. 

In the current work, the influence of interphase elastic modulus, glass transition 
temperature, and thickness on interfacial shear strength were investigated both 
experimentally and theoretically. Single fiber critical length tests were performed 
on carbon/epoxy samples with tailored interphases over a range of temperatures. 
A three-phase, axisymmetric elasticity solution was developed to predict the sensi- 
tivity of the stress state to the interphase material properties and temperatures used 
in the experimental studies. A comparison of theoretical and experimental results 
was utilized to assess the role of interphase properties on load transfer. 

2. EXPERIMENTAL OBSERVATIONS 

Single fiber critical length tests were performed over a range of temperatures on 
samples with tailored interphases to assess the influence of interphase modulus and 
glass transition temperature on the interfacial shear strength. Three different types 
of interphases were investigated: low modulus/low glass transition temperature, 
higher modulus/higher glass transition temperature, and uncoated. 

2.1 Sample Preparation and Procedure 

Single fiber critical length specimens consisted of a Hercules AS4 carbon fiber 
embedded in an epoxy matrix. Shell EPON 828@ (diglycidyl ether of bisphenol A) 
resin cured with AMICURE PACM@ [bis(p-amino cyclohexyl) methane] was 
chosen for the matrix material. Samples with three different interphases were 
prepared. In the first type of sample (type I), the AS4 fibers were left uncoated. For 
the second type of sample (type 11), AS4 fibers were coated with an approximately 
1 micron thick layer of EPON 871@ resin to reduce the glass transition and modu- 
lus of the interphase. EPON 871 (aliphatic polyepoxide) is an amber, low viscos- 
ity liquid which imparts increased flexibility to EPON 828 compositions. The fibers 
were coated by gently pulling single filaments through a bath of the resin. For the 
third type of sample (type 111), fibers were coated with an approximately one micron 
thick layer of a stoichiometric mix of EPON Resin DPS-164@ (epoxy cresol novolac) 
and PACM to obtain an interphase of higher glass transition temperature and 
modulus. The solid DPS 164 was first dissolved in acetone, then mixed with PACM. 
After evaporating the acetone, the coating was cured on the fibers. 

The Young’s modulus measured by room temperature tensile tests and glass tran- 
sition temperature measured by DSC (Differential Scanning Calorimetry) for the 
matrix and coatings are listed in Table I .  All fibers were washed in isopropyl alcohol 
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108 N. R. SOTTOS, L. LI A N D  G. AGRAWAL 

TABLE I 
Properties of matrix and coatings 

Resin E (GPa) T, ("C) 

Neat Matrix-(EPON 828 + PACM) 2.5 160 
Coating II-(EPON 871 + 828 + PACM) 2.1 80 
Coating III-(EPON DPS-164 + PACM) 3.5 150 

to remove any surface lubricants or  contaminants and allowed to dry. Coated or 
uncoated single fibers were then embedded in dog bone coupons of the stoichio- 
metric mix of the matrix (28 parts PACM to 100 parts EPON 828) as described by 
Drzal et al.4 The single fiber dog bone specimens were cured for 1 hour at 80°C and 
1 hour at 150°C and then allowed to cool to room temperature slowly to minimize 
residual stresses. 

Once fabricated, the samples were loaded in tension using a small hand-operated 
tensile apparatus so that the fiber fractured into small pieces within the matrix. The 
fracture process continued until the fiber pieces reached a minimum critical length. 
The fiber lengths as well as the fiber diameter were then carefully measured under 
the microscope. Samples were tested at room temperature, 6WC, 80"C, and 100°C. 
Temperatures above 100°C were not considered. Elevated temperatures tests were 
performed in a temperature-controlled oven normally used for full scale mechanical 
testing and the specimens were then examined under the microscope. Fifteen 
samples were tested at each temperature. 

According to the elastic-plastic shear lag analysis of Kelly ,* the interfacial shear 
strength, T ,  is inversely proportional to the critical length and is expressed as 

where 1, is the critical length, d is the fiber diameter, and uf is the fiber strength. 
However, if many samples are tested the data can be fitted to a two-parameter 
Weibull distribution. The mean interfacial shear strength is calculated by the 
relation4 

The parameters OL and P are solutions to 
1 

p = (3) 

where X i = L  n is the number of measurements, and r is the gamma function. 
d' 
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EFFECTS OF INTERPHASE PROPERTIES 109 

2.2 Test Results and Discussion 

The interfacial shear strengths (IFSS) measured at room temperature for the three 
different types of samples are listed in Table 11. The interfacial shear strengths were 
calculated using Eq.(2) and a fiber strength of a f = 4 . 7  GPa. Type I1 (low Tg) had 
a slightly higher IFSS than the value measured for type I samples (no coating), while 
the type I11 (higher Tg) samples had a lower IFSS. Overall, the addition of the 
coatings had only a small effect on IFSS at room temperature. 

The influence of temperature on the fragmentation test results is summarized in 
Figure 1. IFSS is plotted as a function of temperature for all three types of samples. 
All values of IFSS have been normalized by the value at room temperature for each 
particular type of sample (7,). A decrease in IFSS with temperature is observed for 
all three samples. Heating to a moderate temperature of 60°C caused a 15% reduc- 
tion in IFSS for type I1 (lower T, coating) samples, a 10% reduction for type I (no 
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TABLE I1 
Room temperature IFSS 

~ 

I 
I1 
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Temperature ("C) 

FIGURE 1 
types of samples. 

Variation of normalized interfacial shear strength ( T / T " )  with temperature for the three 
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110 N. R. SOTTOS, L. LI AND G. AGRAWAL 

coating) and no reduction in IFSS for type I11 (higher T, coating) samples. At 
intermediate temperatures (80-85°C), the value of IFSS decreased by 22% for type 
I1 samples and 15% for type I, while the value for type I11 samples only decreased 
about 4%. Heating to 100°C caused nearly a 26% reduction in IFSS for both type 
I and type I1 samples. Only a 10% decrease in IFSS was recorded for type I11 
samples. The reversal in curvature observed for type I1 (low T, coating) samples 
is consistent with the results of Wimolkiatisak and Bell" suggesting that the failure 
in these samples is more interphase/matrix dominated than interface dominated. 

The observed decrease in IFSS with increasing temperature for type I and I1 
samples is consistent with the results of previous studies.'-15 Ohsawa et al. found 
the critical length of a glass fiber in epoxy resin significantly increased with tempera- 
ture, causing a corresponding decrease in IFSS. The authors concluded that the 
decreasing values could not be explained solely by thermal stresses between the fiber 
and matrix and suggested that this phenomenon was brought about by a decrease in 
the shear strength of the matrix. The Ohsawa tests were performed in a range from 
4O0C-1O0"C, while the glass transition temperature of the epoxy matrix was 60°C. 
In other in~es t iga t ions , '~~~ '~  the single fiber fragmentation tests were performed at 
temperatures below the T, of the neat matrix. Reductions in IFSS were observed 
at temperatures far below the T, of the neat resin where no appreciable softening 
of the resin should have occurred. 

In the current work, a comparison of the T, measured for the coatings and resin 
listed in Table I with the reductions in IFSS observed in Figure 1, provides consider- 
able insight into the nature of interphase glass transition. As the interphase passes 
through its glass transition, there is an order of magnitude drop in elastic modulus 
and a sudden drop in the ability to transfer load. Also, a large decrease in the radial, 
compressive residual stresses around the fiber occurs due to the very low interphase 
modulus. Both of these factors are reflected by an increase in critical length and an 
associated drop in IFSS at temperatures near the interphase Tg. 

Only small reductions in IFSS were measured for type I11 samples which had 
a tailored interphase with a T, of 150°C. Large reductions in IFSS (15%) were 
recorded at 60°C for type I1 samples which had a tailored interphase with a T, of 
approximately 80°C. The behavior of these two sample types is somewhat intuitive 
given the relationship of their known interphase Tg in relation to the test tempera- 
ture. The behavior of the uncoated type I samples is less intuitive and has interesting 
implications. Significant reductions in IFSS were observed around 80°C, far from 
the glass transition temperature of the neat resin (160°C). These results tend to 
support the existence of an interphase in the untreated sample, which has a reduced 
glass transition temperature. Previous interferometric studies by sot to^'^,^^ also 
support this conclusion. The existence of a lower T, region near the fiber surface 
could have a significant effect on the thermal stability and toughness of the overall 
composite. 

3. THEORETICAL PREDICTIONS 

The single fiber critical length test results demonstrated that the properties of the 
interphase, in particular T,, have a significant effect on IFSS. In order to interpret 
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EFFECTS OF INTERPHASE PROPERTIES 111 

these results and to understand better the influence of the interphase, a three-phase 
composite cylinder elasticity solution was developed to predict the stress transfer 
for a single fiber embedded in a polymer matrix under thermo-mechanical loading. 

3.1 Problem Formulation 

A schematic of the three-phase composite cylinder used for the analysis is shown in 
Figure 2. This axially-symmetric, thermoelastic problem is analyzed by using linear 
thermoelasticity theory. The interphase is treated as a region with uniform material 
properties, different from those of the matrix or the fiber. 

In cylindrical coordinates, the axially-symmetric state of stress is characterized by 

the conditions ur0 = uzo = 0, - = 0. The general equations of equilibrium, in the 

absence of body force, reduce to the form 

a 
ae 

21 

FIGURE 2 Schematic of the three-phase composite cylinder model. 
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112 N. R. SOTTOS, L. LI AND G. AGRAWAL 

The strain-displacement relations in cylindrical coordinates are 

and the stress-strain-temperature relations are given by 

= @)&) 

where a(') is the coefficient of thermal expansion, T(r,z) is the temperature, 

Substitution'of the stress-strain-temperature relations and the strain-displacement 
relations into the equilibrium gives the governing equations in terms of dis- 
placements 

where 

3.2 Method of Solution 

The solution of the governing equations, Eq. (8), for displacements consists of two 
parts such that g = gp + gc where gp is the particular solution and gc is the complemen- 
tary solution. The particular solution of the governing equations is obtained through 
the use of the displacement potential. The complementary solution is achieved by 
using the Love's stress function. The final solution, the sum of the complementary 
and particular solutions, must satisfy all the necessary boundary conditions. 
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EFFECTS OF INTERPHASE PROPERTIES 113 

3.2.1 Particular Solution The particular solution is obtained by introducing a 
displacement potential function of the form +(i)(r,z) which satisfies the governing 
equation: 

For uniform temperature distribution, T, $(')(r,z) is given by 

The equations relating +(i)(r,z) to the particular components of the displacement 
are well known and given in the Appendix. Substitution of Eq. (11) into Eqs. (Al )  in 
the Appendix yields the following form of the particular displacements and stresses, 

3.2.2 The complementary solution to Eq. (8) is ob- 
tained by using the Love's stress function, provided the stress function F(i)(r,z) 
satisfies the relation 

Complementary Solution 

(13) V2V2F(') = 0 

It can be shown that the following functions satisfy Eq. (13) 

F$)= C sin(Fnz)[DIPL(pnr) + D % F J ~ I ( W )  + D$AKo(Fnr) + D ~ A C L ~ ~ K I ( C I . ~ ~ ) I  
n = l  

where I,, I1 and KO, K,  are the modified Bessel functions of the first and second 
kind, respectively, while A('), B('), C"), DVA, D$A, Dgi and D$i are constants to be 
determined by application of the boundary conditions. The kn's are the eigenvalues 
and determined by 

(15) 
n n  
21 pn=- (n=1,3,5, ...) 
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114 N. R. SO'ITOS, L. LI AND G. AGRAWAL 

The Love's stress function F(i)(r,z) is then made up of F(')=FY)+ F$) which gives the 
complementary displacements and stresses 

The expressions relating Love's function to the complementary displacements and 
stresses are given in the Appendix. Substitution of Fv) into Eqs. (A2) in the Ap- 
pendix yields the first part of the complementary solution 

m 

u:J = 2 cos( pnz)[DvihvA(r) + D&h$i(r) + D$igl'A(r) + DYAg%(r>] 
n = l  I m 

n = l  
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EFFECTS OF INTERPHASE PROPERTIES 115 

al:)c2 = f: sin(pnz)[Dk!hl'In(r) + D!iAh?Jn(r) + D!iAd'In(r) + DkU'Jn(r)I 

where h('A(r)-hvJn(r) are expressions containing r, Io(Fnr) and Il(pnr), 
g('A(r)-g('J,(r> are expressions containing r ,  KO (Fnr) and K1(Fnr). The functions 
h(';(r)-hvdn(r) and gPA(r)-gPJ,,(r) are given in the Appendix. 

3.2.3 Finally, the total stress a= - -  cr, + gc and total displace- 
ments g=gp+gc are required to satisfy the boundary condicons. The boundary 
conditions for the single embedded fiber with interphase shown in Figure 2 are as 
follows : 
(1) At r=O the solution is bounded. 
(2) At z = ? 1 a uniform longitudinal load, m,,, is applied to the matrix domain and 
the shear stresses constitute a system in equilibrium. 

Boundary Conditions 

a;:' = 0 

a;:) = 0 

a;;' = uo 

&dr = 0 

(3) At r = r 3  the surface is traction free, i .e. 

erg' = 0 

a!;) = 0 

For both the fibedinterphase boundary and the interphase/matrix boundary, conti- 
nuity of displacements and traction (perfect adhesion) is assumed. Thus the inter- 
face boundary conditions are expressed as 
(4) At r = r l  

u(l' = u(2) 

(5 )  At r = r 2  
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116 N. R. SO'ITOS, L. LI AND G. AGRAWAL 

Application of the boundary conditions at r = 0 yields 

(23) C(1) = D&) = D6;) = 0 

The remaining boundary conditions generate two sytems of linear equations which 
determine the unknown constants A('), A(2), A(3), B('), B('), B(3), C(2), C(3) and 
DYA, DB, DgA, DVA, respectively. 

3.3 Numerical Results 

Using the solution method outlined above, predictions are made of the stress state 
surrounding a single embedded fiber fragment under mechanical loading. Calcula- 
tions are made assuming the fiber and matrix properties listed in Table I11 and 
the following geometrical properties: rI = 4.0 Fm, r3 = lor,, I/rl = 50. Predictions of 
interfacial shear stress and fiber axial stress for the case of no tailored interphase 
region and AT = 0 are plotted in Figure 3 as a function of distance along the em- 
bedded fiber length. The stress values predicted by the current theory are com- 
pared with those calculated using shear lag analysis.I6 The current theory predicts 
a slightly larger value of interfacial shear stress at the fiber end and a lower, constant 
value of fiber stress in the center of the fiber. 

Direct prediction of IFSS from the current theory is not feasible; however, trends 
in the variation of IFSS due to changes in interphase properties can be assessed. The 
critical length measured experimentally in a single fiber fragmentation is inversely 
proportional to the interfacial shear strength and is expressed by rearranging Eq. 
(1) as follows 

Although the theoretical analysis predicts only elastic stresses, the ratio of the 

maximum interfacial shear stress to the maximum fiber axial stress, urz(maxl, is indica- 

tive of the load transfer efficiency from fiber to matrix. Using classical shear lag 
analysis it is easy to show that this ratio of the maximum elastic stresses is inversely 
proportional to the critical length.16,33 Predictions of trends in IFSS are thus made 

by using the current theory to calculate the ratio, w, for the different interphase 

properties being investigated. The maximum shear stress always occurs at the fiber 
ends, z / l =  1.0, while the maximum axial stress occurs at the fiber center, z / l  = 0.0. 

U z z  (max) 

u z z  (rnax) 

TABLE 111 
Material properties for theoretical predictions 

Property Fiber Matrix Interphase 

E (GPa) 221 2.5 varied 
a ( x  10-6/"c) -0.5 68 68 
v .25 .33 .33 
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FIGURE 3 Predictions using the current theory and shear lag analysis of a) interfacial shear stress 
(urzlu0) b) interfacial fiber axial stress (uzz/crJ as a function of distance along the fiber for no interphase 
and AT = 0. 
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FIGURE 3 Predictions using the current theory and shear lag analysis of a) interfacial shear stress 
(urzlu0) b) interfacial fiber axial stress (uzz/crJ as a function of distance along the fiber for no interphase 
and AT = 0. 
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FIGURE 4 

applied load u,, = 50 MPa and AT = 0. 

Variation of LZUUUL with interphase modulus for interphase width, A =0.2 microns, an 
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FIGURE 5 Variation of 

applied load u, = 50 MPa and AT = 0. 

with interphase width, A, for a set interphase modulus E,=E,/5, 
'Jzz(max) 
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EFFECTS OF INTERPHASE PROPERTIES 119 

A parametric study was carried out to assess systematically the influence of inter- 
phase modulus and thickness on the stress state of an embedded fiber fragment. 

The variation of !hh& with changing interphase modulus is shown in Figure 4 for 

an applied load, u, = 50 MPa, and a fixed interphase width, A = r2 - rl = 0.2 microns. 
No thermal loads are considered in these calculations (AT=O), as the effects of 

temperature are discussed in the following section. The ratio of 3z i tuad  decreases 

rapidly with decreasing interphase modulus. Thus, a decrease in IFSS is expected 
in the presence of a more compliant interphase. The influence of interphase width 
is shown in Figure 5 for a fixed interphase modulus of Ei = Em/5, where Ei is the 
interphase modulus and Em is the modulus of the matrix. As the compliant inter- 
phase becomes larger, its effect becomes more pronounced, causing further reduc- 
tions in IFSS. At large enough widths, the interphase behaves as a single matrix 
phase. 

u z z  (max) 

uzz (max) 

4. COMPARISON OF THEORY AND EXPERIMENT 

A one-to-one comparison of theory and experiment is difficult. As discussed in 
the previous section, theoretical comparison can be made with the experimental 

observations of IFSS by calculating the !Tr.zh& for the appropriate interphase prop- 

erties and temperature ranges used in the experiments. The properties of the 
different interphase coatings as well as the neat matrix were carefully measured over 
the necessary range of temperatures using fixed frequency Dynamic Mechanical 
Analysis (DMA). The values of storage modulus for the matrix and the coatings 
are plotted as a function of temperature in Figure 6. For the stress calculations at 
a particular temperature, the properties measured at that temperature for both the 
matrix and the interphase were utilized. Also, a coating thickness (interphase width) 
of one micron was used for the calculations in the type I1 and 111 samples. 

Theoretical predictions of 0 for the three different interphase conditions are 

shown in Figure 7. The 10% reduction in stress transfer predicted by the theoretical 
analysis for the type I11 (higher T,) samples is in excellent agreement with the 
experimental trends in Figure 1. The theoretical predictions indicate a 45% decrease 
in IFSS for type I1 samples which is in good qualitative agreement with the experi- 
mental results although the value of percent reduction is over predicted. The predic- 
tions for type I samples using the modulus data for the neat resin in Figure 6 do  not 

show any significant decrease in %JMXI as observed experimentally. Due to t'he high 

T, of the neat EPON 828/PACM resin, the measured elastic modulus decreased 
only slightly at the experimental temperatures leading to only a slight reduction of 
the ratio in Figure 7. Consequently, the theoretical predictions in Figure 7 also 
support the existence of an interphase with a reduced glass transition in the uncoated 

uzz(max) 

uzz(max) 

uzz(max) 
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FIGURE 6 Storage modulus as determined by fixed frequency DMA for the matrix and coatings used 
in the experimental study. 
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FIGURE 7 Theoretical predictions of E r z h x ~  for the three types of samples considered 
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fibers. If the predictions for the type I samples are modified to include such an 

interphase, a decrease in Edmz~ at moderate temperature is calculated. 

Recently, P a l m e ~ e ~ ~  has measured changes in glass transition temperature as a 
function of amine concentration for the neat EPON S2S/PACM system using both 
dynamic and thermal mechanical analysis (DMA and TMA). For amine concentra- 
tions both above and below the stoichiometric point, the value of T, was significantly 
reduced. If the fiber surface were to alter the cure chemistry such that a non-stoi- 
chiometric mixture of amine and epoxy occurred, the material in this region would, 
in theory, have a lower glass transition temperature than the neat resin. The results 
obtained in the current study tend to support the existence of such an altered inter- 
phase region. 

Uzz(rnax) 

5. CONCLUSIONS 

The influence of interphase elastic modulus, glass transition temperature, and thick- 
ness on interfacial shear strength of single fiber critical length specimens were inves- 
tigated both experimentally and theoretically. A decrease in IFSS with temperature 
was observed for all three types of samples tested. For the samples with tailored 
interphases, the magnitude of this decrease was found to correlate with the glass 
transition temperature of the coating. Samples with a higher T, fiber coating showed 
only a 10% reduction in IFSS at 100"C, while samples with a low T, coating had a 
26% reduction in IFSS. Uncoated samples (no tailored interphase) showed nearly 
the same reduction in IFSS as the low T, coated samples at 100°C. These results 
implied the formation of an interphase with a reduced glass transition temperature 
in uncoated carbon/epoxy systems. 

A three-phase, axisymmetric elasticity solution was developed to predict the 
sensitivity of the stress state to the interphase material properties and temperatures 
used in the experimental studies. Reductions in the ratio of the maximum interfacial 

shear stress to the maximum fiber axial stress, w, were predicted for decreasing 

values of interphase modulus. Theoretical comparisons were made with the experi- 
Uzz(max) 

mental observations of IFSS by calculating L k a a x ~  for the appropriate interphase 
Uzz(max) 

properties and temperature ranges used in the experiments. Predictions which incor- 
porated the change in modulus of both the matrix and interphase with temperature 
were in good agreement with the experimental trends. The theoretical calculations 
also supported the existence of a reduced glass transition in the uncoated samples. 
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APPENDIX 

The displacements and stresses associated with the particular solution (denoted by 
subscript p) are related to the displacement potential 6") by 
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where F(r,z) is Love's Function and the subscript, c, represents the complementary 
solution. The functions hfi and gii where j = 1,2, ... 12 in Eq. (A2) can be expressed 
in terms of modified Bessel functions of the first and second kind Io, 11, &, K1 and 
the engineering constants, E and u,  as follows: D
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