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This paper   is concerned with  the   investigation of   the effect of anisotropy 
on   the  sorpticn characteristics of benzene by a glass-epoxy   (60^ Epon llS-ttt 
Versamid   ]k0)   composite  systen.     The objective of  this  research   Is  to characterize 
the effect of  the unidirectional   glass  filaments at  various orientations on  the 
rate and mode of  sorption and   to establish the applicability of expressions of 
the  form F.  = D..D..  where  F.   is   the  flux and  D,.   is a  second order diffusion 

coefficient  for describing diffusion   in our composite  system.     A one-dimensional 
diffusion experiment was  performed  to establish  the effect   internal   stresses 
have   in modifying  the Sorption  rate of the homogeneous epoxy matrix material. 
The  research has  revealed   the presence of competing mechanisms which control 
the  rate and mode of  sorption  by  the composite system.     The analysis of stress 
m  the one-dimensional  diffusion specimens using a finite element 'ethod 
(elastic solution)   has  shown an   increase  in  the deviatoric  tensile stress   in  the 
direction of  the  flux   increases   the  rate of sorption. 
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FOREWORD 

The research reported herein was conducted by the staff of 

Honsanto/WasMngton University Association under the sponsorship of 

the Advanced Research Projects Agency, Department of Defense, through 

a contract with the Office of Naval Research, NOOOU-67-C-021B (formerly 

NOOOU-66-C-00'45), ARPA Order No. fi76, ONR contract authority 

NR 356-W»A-13-66, entitled "Development of H'gh Performance Composites". 

The prime contractor Is Monsanto Research Corporation.  The Program 

Manager Is Or. Rolf Bucndahl (Phone Bl^-^A-^Zl) . 

The contract Is funded for $7,000,000 and expires 30 June, 197'». 
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The Effect of w... - D|ffus,on 

In Composite. - r.r.,,„.nta| QI,,,^, ,„„. 

0. C. Ruhmann and E, M. Wu 

Ul.k- 
0epart,^nt "f Nechankal Englneerlno 

Wash,n9,on University, St. Louis.^^ur? 63130 

ABSTRACT 

This paper is concerned with ^ ,„.„, igat ion „ ^ ^ ^ 

-isotrop, on the so.ption chatact.ristics of h=„2ene by a g„S5.epoxy 
(60, Epon |,^ Versam,ö   Uo) _posrt,; ^^^  ^ ^^ ^ 

«Ms reseat „ „ character,?e ^ .^ of ^ ^.^^ 

9lass fiiament, at various orientations on d,, rate and TOde of 

Sorption and ,0 estaMish the app, icahi, ity of egressions of the 

'-^i ■ V.J —, ^ the fiu. and 0,,. is a secono order diffusion 
coefficient for descrih,n9 diffusion in oor c<.posite system  A 

one-dimensionai diffusion experiment -as perform to estahiish the 

effect Interna, stresses have in „v,difyin9 the sorption rate of the 

aeneous epo.y «trIx MterIal.  The research has ^^  ^ 

Presence of competing mechanisms „hich contro, the rate and ^de of 

sorption hy the composite system. ns  anaiys.s of ,tress „ tha 

one-dimensionai diffusion species using a tinite e,a,„.n. „ethod 

(e.as.ic soiution, has shown an increase in the deviatoric tensiie 

stress in the direction of the fiu, increases m  rate of ^^ 
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THE  EFFECT OF  STRESS ON DIFFUSION 

(r IN COMPOSITES  -  EXPERIMENTAL OBSERVATIONS 

I" 

INTRODUCTION   

A research program to Investigate the effect of anlsotropy on the 

sorptlon characteristics of benzene by a glass-epoxy composite material 

»ystem was Initiated.  This program was begun Ir. support of other research 

currently being conducted at Washington University to characterize the 

effect of solvents on the survival life of polymeric composites [I]. The 

purpose of the diffusion studies was to provide a deeper understanding of 

the mechanisms of sorptlon of organic solvents by composite materials and 

to provide Insight 'nto the effect the sorptlon kinetics may have in deter- 

mining stress-rupture llf 

This pape- Is concerned with the results of the above Investigation. 

The work was conducted In three phases; the first being the characterization 

of the sorptlon of benzene by the homoger cous epoxy matrix; the second, an 

experimental study of the effect of anlsotropy resulting from the unidirec- 

tional glass filaments )n the sorption characteristics; the third, an 

experimental investigation into the role internal stresses generated a, a 

result of the dilatation which accompanies the sorpt on of the organic 

L solvent have In determining the response of the material system to the 

presence of the solvent. 

The samples used in this study were prepared from homogeneous epoxy 

resin (60^ EponR 815 " ^0%  VersamidR by weight) sheets and rods and compos- 

ite sheets having the epoxy resin as the matrix with unidirectional glass 

fiber-relnfor, ment. 

- I iMilr ^c ^-—*-~.-i---   -  -- ■     . - ■ . ^. -  — .  -. -H ^._^, -.. _  .  .  , _   — ■-■—t.  ^ —■   ■ ■■-    ■-  ■-■ -■■■■ 
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EXPERIMENTAL 

Sample Preparation: 

The epoxy resin used In this study consisted of a mixture of 6(tt by 
n 

weight Shell Epon 8IS and «»0» General Mills Versamld \k0.    Chemical 

reaction between the amlno groups of the Versamld resl i and the epcxlde 

groups of the Epon 815 resin results In a cross-linked ;x>lymer. Mixing 

was conducted under vacuum to mlnlmlic the presence of voids. The Isotropie 

«orptlon kinetic specimens were cast between parallel plates spaced 1/8 Inch 

apart which had been treated with A-156 release agent to facilitate sepa- 

ration. The one-dlmenslonal diffusion specimens which were rods of the 

$ame epoxy resin system were vacuum cast Into glass tubes with Inner diam- 

eters ranging from about .07 to .19 inches. The glass tubing was also 

Created with A-156 release agent. After casting, a cure cycle was used 

which Insured complete cross-linking. 

The composite system studied had the above matrix with the reinforce- 

ment being continuous unidirectional glass filaments. Composite specimens 

were made by filament winding twelve layers of PPG 1064 Jb  glass. The 

resulting unidirectionally reinforced epoxy sheet was approximately 

.125 Inches thick. The filament concentration, determined by burn-off, 

was found to be approximately 56!« by volume. The cure cycle used was Iden- 

tlcal to that of the homogeneous material and assured the complete cross- 

i 
linking of the matrix material. 

I• Experimental Procedures; 

A. Sorption Tests: 

The kinetic» of benzene sorptlon by the homogeneous matrix material 

was obtained by submersing rectangular specimens with approximate dimen- 

sions of 1/2" ■ I*' ■ 1/8" and round specimens with diameters of .55" !« 

bentene at room temperature {2k0C).    The depth of penetration and swell 

-   -  -- - -    —   - ------ ■ —■■   ■ ■ ■ i .      «    mmt MIIMII i ill 11   ^MMi I   IMM 
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as defined IT Figure 1 were measured at Increasing time Intervals. The 

measurements were made with a traveling stage optical micrometer with 

accuracy to .0001 Inches. 

The composite specimen sorptIon-kinetics data were obtained by placing 

rectangular specimens with dimensions about I-BM" * 3/8" * 1/8" In benzene 

at room temperature. The specimens had fiber orientations varying from 

0 to 90 degrees at 15 degree Intervals as shown In Figure *  The dllata- 

tlonal measurements were made with both a standard micrometer and the 

optical micrometer discussed above. The gel-core Interface was not a 

sharp, well defined line as was the case with homogeneous material 

tests and this necessitated a cross-sectioning of the specimens at 

Increasing time Intervals. Characterization of the sorption pattern with 

varying filament orientation was d^ne visually, and measurements were made 

with a Stereo-Scan microscope having a vernier eyepiece. 

B. One-dimensional Diffusion Tests: 

The one-dlmen .ional diffusion tests utilized cylindrical specimens 

with very small diameters (.07 - -193 inches). The organic solvent (In 

this case benzer.) was allowed to diffuse Into the rod through one end 

only with the other end being free to move. The rate of diffusion of 

benzene down the length of the rod was measured with the traveling stage 

optical micrometer. Figure 3 Is a schematic of the experimental set-up 

used In this study. As is shown In the schematic, glycerine was used to 

assure the sorption of benzene only at the rod end. The amount of rod end 

exposed to the benzene environment could be accurately set through the use 

of the adjusting screw. These experiments were conducted at room temper- 

ature. 

L 
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RESULTS AND DISCUSSION 

The primary objective of this research was to characterize experimentally 

the sorption of benzene by a unidirectional glass filament-reinforced epoxy 

composite system. The effect that filament orientation has on the rate and 

mode of sorption was of particular importance In the study. The conventional 

Fickean description for diffusion In an anisotropic media Is 

(D 
where Fj Is the flux In the Ith direction; Dj. Is the second order diffusion 

coefficient; and C , is the gradient of t^e concentration In the Jth 

d i rect ion. 

This research program was conducted to determine if the sorption 

kinetics In our composite system could be represented by a formulation such 

as equation (1).  If this were the casu, then principal difluslon coeffi- 

cients could be found which would correspond to the principal au\s  of the 

material.  Knowing the principal coefficients, the coefficient In any 

arbitrary direction can be expressed as 

0N • ^D, ♦ m2D2 I n2D3 (2) 

where Dp D2, and D^ are the n/lnclpal coefficients and I, m, and n are the 

direction cosines relative to the principal axis of diffusion. 

Figure *» Is a schematic which Illustrates the gel-core area distri- 

butions as observed In cross-sections of specimens with varying filament 

orientations taken at Increasing time.  The profound Influence of filament 

orientation on the mode and rate of sorption Is strikirgly evident. 

From the experlmenta?ly observed sorption characteristics of the system 

as shown In Figure '», the existence of two competing phenomena Is clear. 

These two phenomena are:  first, an Increase In the rate of sorption through 

channeling, etc. with decreasing difference In the angle between the flux 

direction and filament direction; second, a reduction In the rate of sorption 
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of benzene which results fro. severe restraint on the matrix dilation by the 

filaments and the corresponding large internal stresses.  The effect of the 

second mechanism increases as the filament direction approaches the flux 

direction.  Summarizing, the sorption of benzene in our composite system 

should be at a maximum at a filament orientation between 0 degrees, which 

should have the fastest rate of sorption but which also has the most 

restraint to swelling, and 90 degrees which has the slowest rate of sorption. 

but also the least restraint to swelling.  Figure %  shows this to be exactly 

the case. 

In Figure (,. both (a) and (b) show no evidence of sorption of benzene 

at the midpoint (y = 0. Figure 2) of the cross sections for filament orien- 

tations 1ess than ^5 degrees at time intervals of 2^ and M hours.  Whereas, 

at orientations of ^5 degrees and greater, evidence of sorption Into the crcc, 

section at the midpoint Is observed at the same time Intervals. 

As the ability to dllatate increases within a specimen, that Is, as we 

move toward the top and bottom of the specimens, an increase In the depth of 

penetration Is observed.  The slope of the gel-core Interface at the corners 

of the cross sections Is an Indication of the interaction between the effects 

of filament orientation on both sorption vul dilatation.  A plot of the angle 

| which Is used to represent the slope versus filament orientation 1$ pre- 

sented In Figure 5.  The extreme dependence of the slope on filament flngle Is 

apparent.  From the above discussion, it can be concluded that formulations 

such as Equation (1) cannot be used to describe macroscopic sorption charac- 

teristics In our composite system.  in other words, a unique second order 

tensor Dfj which describes sorption In our system does not^ exist. 

To further understand the sorption mechanisms resulting In the obser- 

vations discussed above, additional work was conducted to characterize the 
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sorption kinetics of the pure «>poxy resin and to determine the effect internal 

stress would have in modifyinq the rate of sorption. 

The characterization of the sorption kinetics of benzene by the homo- 

geneous epoxy resin has been completed.  The experimental results obtained 

during this phase have been discussed in a previous paper [1], and the type 

of sorption observed where the rate of penetration is constant has been 

designated Case II diffusion by Alfrey et al [2].  Case II is the limiting 

car.e of anomalous diffusion.  TSe observation that the sorpt'on-kinet Ics are 

described in this way (i.e. non-Fickoan) is not surprising in view of the 

fact that the material system is highly cross-linked.  Other workers have 

shown that the amount of variation from classical "Fickean" behaviour 

increases as the degree of cross-linking increases. 

Th» measurement of depth of penetration with time was simplified as a 

result of the presence of a Ciarp gel-core interface.  This sharp interface 

has been observed previously In other systems such as epoxy-benzene by Kwe! 

[3] and 5^ DVB/955: Styrene-MEK by Alfrey [?] .  An important fact which will 

be used later in this paper is that th? concentration gradient for a sharp 

gel-core interface system and Case II diffusion has been found to be very 

steep.  The eguilibrium swell ratio, i.e. the ratio of the eguillbrium gel 

dimension to the unexposed resin dimension, has bem determined to be 1.17- 

The extreme importance that restraining the matrix swelling (inducing 

internal stresses) hac in reducina the amount of sorption has been discussed 

above.  The one-dimensional diffusion experiment discussed earlier was con- 

ducted to characterize guant i tat Ively the effect of stress on »ihe sorption 

kinetics.  The results of the experimental aspect of this phase are shown In 

Figure 6 where the depth of benzene penetration down the rod is plotted as a 

function of time for five different rod diameters.  The rate of penetration 

was found to increase as rod diameter increased.  For comparison, the rate of 

—^^  , ...  --^ --._ ..-  ■ -■ - 
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penetrat ion observed in the two-dimensional experiment is also plotted.  It 

should be noted that the use of the one-dimensional experiment approach allows 

Sorption studies to be conducted for extended periods of time (>3000 hours) 

without the presence of cracking.  With the conventional two-dimensional spec- 

imen geometry, the swelling stresses generated result in stress cracking after 

short periods of time. 

As analysis of the stress state within the .07, .131, and .19' diameter 

rods was made for one finite time after exposure.  This analysis was conducted 

to verify the assumption that th^ underlying cause for the differexes in 

sorption rate was that of the effect of stress.  It should be noted that the 

analysis of stress is for the elastic solution and this fact may introduce 

some error.  Work is currently being conducted to obtain a plastic solution. 

The method of analysis used to determine the stress state was that of the 

finite element method called Structural Analysis of '^xi symmetric Solids (SAAS 

II) [h].     This program has been used in the aerospace industry to perform the 

stress analysis of complex axisymmetric structures subjected to thermal and 

mechanical loids.  In our analysis, the state of stress (elastic case) in the 

rod in the gel-interface region was assumed identical to that which existed 

in a homogeneous bar subjected to a step thermal gradient.  This assumption 

was partiall/ based on previous work [2,5] which shewed that for Case II 

"anomalous" diffusion, the swollen gel is essentially in an equilibrium state 

of swel1Ing. 

To make the thermal problem analognMS to that cf the one-dimensional 

diffusion case, the material propert'es of the heat'-d and amMent sections of 

rod were matched with those of the ge' and core, respectively.  The computed 

stress - both the hydrostatic and deviatjnc compon-nt in the axial (2) 

direction - in the core at the gel core interface are shown in Figure 7 for 

the elastic solution.  If one looks only at the deviatoric stress component 

  ■     ■ - - ■- —  - - —■ 
 >~^ -^ . -^   ^  
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the rate of diffusion is seen to increase wf^h an increase (less negative) 

stress in the direction of the flux.  It has been noted by other workers that, 

based on experimental observations, stress transverse to the flux direction does 

not appear to modify Case II sorption rates, whereas, tensile stresses in the 

direction of the flux theoretically should increase the rate of transport. 

CONCLUSION 

This research effort has revealed the presence of competing mechanisms 

which control the rate and mode of sorption of benzene by the composite system. 

Therefore, equations similar to equation (1) cannot be used to describe 

sorption of benzene by the composite system.  The importance that internal 

stress has in determining the rate of sorption has been shown through the use 

of the one-dimensional diffusion experiment.  The analysis of stress using a 

finite element method (elastic solution) has shown an increase in deviatoric 

tensile stress in the direction of the fljx increases the rate of sorption. 
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FIGURE 7.  AXIAL STRESS (ELASTIC CASE) IN ONE-DIMENSIONAL DIFFUSION EXPERIMENT. 
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