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SUMMARY 

This progress report covers me pt riod from 25 I.pril 197 1 to 25 October 1971; the work is 
being performed mddr Contract NASw-2093 with Mr. Bernard G. Achhammer a s  Program 
Monitor. 

The purpose of the program is to identify hidamental failure mechanisms in carbon-.epoxy 
composites a s  a basis for =ore reliakle prediction of the performance of these materials. 
Following the approach established under a previous contract (NASw-1543) and building on 
the progress made lsst year, singie and multiple fiber specimens were tested under tensile 
loads and the sequence of failure events was observed. Parameters such as resin crack 
sensitivity, fiber surface treatment and y,.ariations in fibers from batch to batch a re  being 
 evaluate^!. This year's effort also incl~ides the analysis of bulk composite fracture processes 
using acoustic 3misgion techniques in .?11 attempt to correlate microscopic observations with 
bdk  composite behavior. 

Other aspects of the program includc attempts to control the fracture process through matrix 
and interface modilicatioi: and +he study of failure processes in composite/metal specimens. 
Although most of the effort described here involved DEN 438 epoxy novolac a s  the matrix, 
some experiments a re  now underway using the higher temperature resin ERLA 4617. 

By carefully examining fiber/matrix interactions during the failure process we hope to gain 
the insight necessary to reconstruct the entire failure process in bulk composites, thus 
improving over ability to design more efficiently with these materials. 

vii 



SECTION 1 

INTRODUCTION 

The research described herein is an outgrowth of efforts initiated under NASw-1543 where 
failure mechanisms in boron/epoxy were investigated. In the f i rs t  year of the current efforts 
emphasis was shifted to carbon fibers with the major focus on matrix and interface response 
to fiber fracture. Comparisons were made between different fibers, various fiber surface 
t r e t  .lents and different degrees of matrix crack sensitivity. In each case the approach was 
to f i r s t  identify basic fracture mechanisms in single and multiple fiber specimens and then 
to explore means for controlling the failure process to prevent sudden catastrophic failure. 
The validity of such an approach depends on how translatable a re  the observations to the 
case of a heavily reinforced composite. Therefore bulk composite specimens have been 
fabricated and tested to evaluate the more significant differences in behavior observed in the 
microscopic studies. Unfortunately, there a re  few characterization techniques which allow 
the systematic and detailed monitoring of the basic elements in the failure process in such 
specimens. This need has led to the monitoring and analysis of acoustic emissions from the 
bulk composites during the entire load history. Although the use of acoustic emission equip- 
ment to  monitor structurai behavior under load is well known, the use clf the technique in this 
study is more fundmental  to understanding material performance. Specific failure mech- 
anisms and sequences of events in the failure process which can be controlled and identified 
a c ~ u s  tically a re  of primary concern. 

A part of the current effort will also be applied to the study of failure mechanisms in com- 
posite/metal specimens because of their increased use. Both flat sandwich specimens and 
tubes of carbon/epoxy bonded to  aluminum alloy a re  now being fabricated for  this phase of 
the program. Preliminary efforts and specimen descriptions will be included in this report. 

The research described here is fundamental in  nature but essential to  the accurate prediction 
of composite mate rial performance. Only through an understanding of the failure ~ r o c e s s  
can we hope to design reliably with fiber- reinforced composites. Further, this understand- 
ing will contribute to improved inspectability through a knmvledge of the sequence of events 
which presage final failure of a composite part. 



SECTION 2 

MATE RIALS CONSIDERATIONS 

2.1  FUNDAMENTAL FAILURE MECHANISMS 

In the past, twr modes of local failure have been observed in the fracture surfaces of com- 
posites: fiber fracture and fiber pullout. The f irs t  mode is essentially fiber limited while 
the second suggests that insufficient bonding was available to fracture the fiber. Unfortun- 
ately, in a densely packed composite the degree to which the two modes are discernible 
depends on how tortuous the failure process is and the nature of the fibers themselves. 

This points up the desirability of observing the local failure process in very si-,iple speci- 
mens. Since carbon fibers are used in tow form, the interaction between individual filaments 
within the tow and the overall response of the twl are both of major concern in establishing 
basic failure mechanisms, We are concerned here with the first evidence of failure in the 
fibers and the role which the matrix plays in propagation of tliese initiated cracks. 

First  experiments [ 1 ] were performed on boron/epoxy specimens and three distinct failure 
scurces were observed to occur in the matrix at the fiber fracture site. These are illus- 
trated in Figure 1 and can be summarized as follows: 

1. In the upper picture the filament has remained strongly bonded to the matrix on 
either side of the break, This results in the disk-shaped crack nwmbi KO the 
fiber which grows suddenly; i ts sizs is determined by the magnitude oi the strain 
energy released when the fiber faiis. 

2. When the filament is not so strongly bonded to the matrix, the high shear stress 
concentrations at the interface adjacent to the fiber break can cause unbending 
to occur. This is illustrated in the center photo cf Figure 1 where the boron 
filaments had been coated to obtain such behavior. 

3. If the bond strength is sufficient but the matrix is weak in tension, a tensile 
crack may propagate in the high shear transfer region beginning at the interface 
and growing at about 45' to the fiber axis at its source as  shown in the lower 
photo of Figure 1. Note that this crack becomes nearly normal to the flber axis 
a s  it propagates. This is  consistent with the nature of the tensile s tress  field 
around the fiber break a s  determined photoelastically by several earlier studied 
(2, 3). 

Analysis of such failure mechanisms can help to discern whether a particular fiber/matrix 
combination is fiber, matrix o r  interface limited. However, because only isolated fibers 
are being observed, we have, at best, only an indication of the elements which contribute to 
the failure of bulk composites. Therefore the approach is to examine both single and multiple 
fiber interactions in simple specimens and then to correlate these data with the fracture 
process in heavily reiniorced specimens. In this way the effects of matrix modification, 
fiber surface treatment, and the like on composite performance can be more readily under- 
s bod. 

2 



HIGH ENERGY RADIAL 
CRACK NORMAL TO FIBER 

INTERFACE UNBOND ING DUE TO HIGH 
SHEAR STRESS AT NEWLY FORMED 
ENDS 

LOW ENERGY RESOiVED SHEAR 
STRESS INDUCED TENSILE 
CRACKS IN THE MATR l X  

Figure I. Diagrams and Photographs of Failure Kechanisms in Boron-E poxy 

3 



2 . 2  NATlJRE OF THE FIBERS 

2 . 2 . 1  MECHANICAL PROPERTIES 

Of the various commercially available high-strength, high-modulus carbon fibers, treated 
and untreated Type A ,and HT fibers were selected for study in this phase of the program. 
Type HM fibers - treated and untreated - a re  on hand for futiire work. It was felt that these 
three carbon fibers a re  most commonly used and cover a range of ct.reng:h and stiffness 
characteristics. Besides the fund~mental properties of the :*hers, there a re  the additional 
considcratims of surface chemistry and morpholog> which can dfec t  the wetting and bonding 
characteristics and, therefore, the bond strength. In every instance experiments were 
undertaken on a comparative basis :- an attempt to isolate the effects of a single variable. 

During the past year major emphasis was focused on evaluating untreated fibers because i t  
was planned to modify the interfacial bond strength in order to control the fracture process. 
The untreated fibers provide an excellent reference base for  this purpose. Even though 
interlaniii~as shear strength values have been im prwed by oxidative surfa.ce t r e a h e n t s ,  the 
effects on other properties a re  still not completely understood. Conlposites r n a k  with 
treated fibers have shown some strength deterioration after a period of time and this problem 
is of major concern. Thei-efore, a comparisoll of the mechanical response of treated and 
untreated fibers represented a significant part of the work reported here a s  did fiber variation 
from m e  batch to another. 

Advanced fibers come in muiti-fiber tow form ranging from 48 inches to 3,000 leet long with- 
out splices. Tows contain approximately 10,000 individual fibers which average about 8 
microns in diameter. The number of fibers, varying lengths aiid their extremely small 
diameter present some hmdling difficu;$ as  far  a s  fiber spacing and orientatim a re  con- 
cerned. Tows of Type A and HT fibers !.wed during the course of this work were reduced to 
small numbers in simple specimens. In this instance, fiber handling and specimen prepi;ra- 
tion was made more difficult because the fibers, being extremely lightweight, )rave a tend- 
ency to move about freely when placed in a heiitel resin matrix during processing. This 
fiber movement sometimes results in specimens ranging from a loose distribution of fihers 
to  a compacted bundle with some fiber crossover. 

The properties af the Type A and HT fibers used in this work, along with those to  be used 
la ter  in the program, a re  shown in Table 1. 

2 . 2 . 2  SUF ZACE CHARACTERISTICS 

Since the time of their discwery, tke structure of high-strengih ~ a r b m  fibers has  received 
much attention. Some of the areas  studied by others were surface morphology, porosity, 
and wetting characteristics. The physical structure of carbon fiber sui-faces is of cont;ider*- 
able importance in determining the interi':L;,.*al a rea  available for bonding between fiber 2nd 
matrix in a composite. Estimates of pore size and shape in carbon fibers can be obtained 
from x-ray scattering; data (4, Sj ari2 electrcn microscopy (4). The technique used in the pre- 
sent program is electron microscopy. The surfaces and structures of PAN-based and a- 
cellulose-Lased fibers, covering a wide range of moduli and strength, were examined. The 
ser ies  of figures following is presented to show a comparison betweer two lots af untrezted 
HT fibers; designated original and new, and untreated versus treated HT and Type A fibers, 



Table 1. Manufacturer's Fiber Test Data 

*Used to date 
**To be used later in the program 

I 

Fiber Type 
& Batch No. 

Original HI' 

HT-U (New) 
(PPH 42/124) 

HT-S (Xew) 

I 
(PT117/201 Z) 

Type A 
(Original) 
(PPC53/733) 

TSW A (New) 
(PA1 j l9) 

Type A-S (New) 

HhX (Original) 
Courtauld:~ 
T5pe 

HM-S (New) 
iQ31123j306W) 

The original untreated HT fiber surface is shown in Figure 2a at 30, OOUx. -4t this magnifi- 
cation the surface appears only slightly rough with occasional pit marks and irregular edges. 
By comparison -he new antreated TIT fiber surface show in Figure 2b at 30, OOOx appears to 
be somewhat smoothzr, with no marks but some irregularity along the fine edges. In gen- 
era:, however, there is do significant difference in surface characteristics. 

The treated HT fiber surface, on the other hand, shown in Figure 3 at 30, OOOx appears to 
have marly mow surfsce i~ rcgui.~rities and imperfections along the fiber surface than the 
untreated fibers. 

Date 
Rec'd 

7-63 

7-71 

9-71 

1-71 

7-71 

7-7: 

None 

9-71 

Ten. Mod., 
x lo6  psi 

37.1 

39.1 

36.0 

29.5 

28.5 

28.9 

55 

62.5 

Ten. Str., 
x lo3 psi 

387 

37 9 

364 

346 

315 

326 

375 

296 

Filament 
Dia. 

rn 

7.4* 

8.1" 

3.3* 

8.1" 

8.4** 

8.6* 

8.2* 

7.4** 

. 



a) Original iintrezted ET Carbon Fiber Surface - 30,000 X \'h:ag. 

b) New Untreated HT Carbon Fiber Surface - 30,000 X Mag. 

Figure 2. Ccmparison of Surface Characterisncs of Two Batches 
of Untreated Carbon Fibers 



FIB E 
AXIS 



A third comparison i s  made between Type A untreated and treated fibers. It can be observed 
in Figure 4a that the su~facd appears smooth and possesses a well-oriented graphitized 
structure with the main fiber axis. The treated T y x  A fiber surface shown in Figure 4b at 
30, OOOx is rough and pitted along the edges of the fibrils. 

In summary, electron micrographs of the fiber surfaces indicate a smoother surface on the 
untreated fibers (botb HT ~ n d  Type A) campaled to the treated fjbers. Comparing HT i 'bers 
from two separate batches (original and new) we see no appreciable difference. It appears 
tht,n that besides anv chemical changes that might occur a s  a result of surface treating the 
fibers. there are some physical ch,.mges which might enhance bonding. However, these 
changes are not ex~remc?. 

2 . 3  MATRIX CI'AUC'.rERISTICS 

The principal functio .IS of the matrix in any composite system is to transfer s tress  to the 
fibers and isolate fiber fractures. When the matrix is capable of beins modified without 
degrading its load transfer function, one can develop the toughness and flexibility tc revent 
rapid and catastroplii- crack propagation. 

2 . 3 . 1  MECHANICAL PROPERTIES 

Considering toughness and flexibility to be importaiit control parameters, two epoxy systems 
were selected for study. The first is DEN-438, an epoxy--novolac resin produced by Dow 
Chemical Company. It is onc of the first and widely used epoxy-type resins having good 
strength and modulus. rnd it  can be easily modified to provide improved toughness and elon- 
gp.tion. The second is a cycloaliphatic epoxy resin designated EHL4617, which has 20% 
higher strength and 100% higher modulus than most other epoxies. 

The DEN-438 system is cured with NMA (Nadic Methylanhydride) and BDMA (Benzyl Dirneth- 
ylamine) i s  used as the accelerator. PPG-425 (Polypropylene Glycol) is used as the flexi- 
billzer to impart additional toughness and elongation. Shortcomings of the flexibility are 
that the Anhydride curing ageat and PPG flexibilizer significantly reduce the elevated tem- 
perature mechanical properties, and the PPG, although a Co-reactant, is hygroscopic 
causing reduced strength under high humidity conditions. However, for structural applica- 
tions at ambient temperatures, the system is excellent. The properties of the epoxy-novolac 
fortnulations - unmodified and modified - are shown in Table 2. Note that the toughness of 
the modified resin is higher by a factor of three, while elongation is greater by an order of 
m ~ n i t u d e .  Tensile strength and modulus suffer greatly from modification, and this can be 
expected to have a more significant effect on transverse properties. 

The unmodified DEN 438 matrix system, being an inherently brittle system, can be extremely , 

crack sensitive in uniaxial tension in siryle ar.4 multi-filament composites depending on the 
fiber strength, bond strength and load rate. In some cases incremental uniaxial tensile load- 
ing shows no cracking o r  dsbonding until the ultimate load is reached. At this point a single * .  

L. 
crack may appear, and will often cause catastrophic failure. On the other hand, the modified 
formulation allows small cracks to accumulate at lower load levels. The ductility of the 
resin in the modified sense is therefore beneficial to absorbing energy released when each 



I a) Untreated Type "A" Carbon Fiber Surface - 30,000 x Mag, 



fiber breaks, and containing the crack with each occurrence until r ross  damage occurs. 
Arridge (6) has shown that toughness is an important parameter in f ihr  reinforced compo- 
sites but suggests that in a real composite the flexible o r  toughened matrix acts like a rigid 
system because of fiber constraint. 

Table 2. Properties of Epoxy-Novolac Formulation 

Another consideration is the difference in modulus between the matrix system and fibers. 
The ratio of fiber modulus to that of the matrix is so great (100:l) that modulus is not an 
important matrix parameter in uniaxial tension compared to toughness and total elongation. 
In transverse tension the situation is not the same however. Undei this load condition high 
matrix strength and modulus a= often required. The problem of mLachanical compatibility 
is immediately evident under different loading conditions, and suggests that a great deal 
sFll  has to be done to optimize a combinatioll of matrix properties in order to achieve greater 
composite performance. 

Properties of the ERL 4617 system are shown in Table 3. Here the difference in properties 
relate to the different curing agects used with each formulation. ERLA/m-PDA and ERLB, 
MDA have quite different toughness and elongation properties but only slight difference in 
rr,odulus. This system is more opaque than the epoxy novolac system but with careful con- 
trol of lighting clear pictures of the local fracture patterns can be obtained. 

Modified 

DEN 438 - 100 PB\V 
MNA - 72 PBW 
PPG 425 - 60 PBW 
BDMA - 2 PBW 

- 3 . 7  - 4.5 

- 0 . 2 0  - 0.25 

- 1 5 -  25 

- 650 - 700 

- 1 .21  
rn 

FORMULATION: 

PROPERTY: 

Ultimate Tensile Strength, x lo3  psi 

Modulus of Elasticity, x lo6 psi 

Elongation, % 

Toughness, in. lb/in? 

2.3.2 SHRINKAGE CHARACTERISTICS 

Unmodified 

DEN 438 - 100 PBU' 

MNA - 72 PBW 

BDMA - 2PBW 

- 6 . 5  - 10 

- 0 . 4 0  - 0.45 

- 2 . 5  

- 150 - 250 

- 1 . 2 2  

All  resins systems, regardless of chemical s t~uc ture  or  molecular configuration, shrink 
during the cure and post-cura cycle as well a s  upon cooling to room temperature. Post- I 

cure shrinkage is caused by molecules rearranging into a compact struature o r  in the particu- 
l a r  case of condensation resins,by the evolution cif lower molecular components during cure. 
Cool-down shrinkage is simply due to the effects of temperature on atom spacing. Our 



concern is in the former case in working witn epoxies during the preparation of single and 
multiple fiber specimens. Non-uniform shrinkage places single strands and individual fibers 
in a stressed condition which can result in fiber crimping and/or debonding. There is greater 
chance of shrinkage In the flexibilized system and, therefore, different curing techniques have 
t o  be used to  miilimize this condition. A modification of the mold setup was made in  order to 
reduce shrinkage and fiber crimping. This is outlined in the next section. 

Table 3. Properties of Cycloaliphatic Epoxy Formulations 

ERLA 4617-114. 0 PBW ERLB 4617-114.0 PBW 
FORMULATION: M-PDA-Curing Agent 27.0 (PBW) MDA Curing Agent 43.0 (PBUr) 

PROPERTY: 

Ultimate Tensile 20 16-20 
Strength 
x 103 psi 

Modulus of 
Elasticity 
x lo6  psi 

Elongation, ?6 

Toughness, 
in. lb/in? 

Specific Gravity, 1 .27  1.26 
gms/cc 

b 

2.4  SPECIMEN PREPARATION AND TESTING 

2.4.1 SINGLE AXD MULTIPLE SPECIMENS 

In the case of the epoxy-novolac resin the cure cycle and mold configuration were the main 
parameters to consider for achieving uniform matrix properties and good fiber orientation 
from specimen to specimen. The single and multiple fiber composite specimens were ere- 
pared according to the following procedure. 

1. A shallow 4 inch square mold asscmbly with 1 inch square brass  rods, spaced 
1/4 inch apart, was coated with a thin film of RAM 225 mold release agent. 
The solvent was evaporated out of the RAM at room temperature. The film was 
then baked onto the mold for  one hour a t  2 5 0 ' ~  to plovide a stable film which 
will not diffuse into the matrix during cure. 



2. A thin layer ( 1/16 inch) of epoxy resin was poured into the mold and partially 
cured (effectively "B" staged) as follows: 

1 hour at 1 8 0 ~ ~  for the unmodified system; 2 hours at 1 8 0 ~ ~  for the modified 
system. 

This rendered the resin sufficiently tacky to prevent fiber movement during 
final cure. 

3. After the first cure, the filaments were laid down parallel with one another, at 
the desired spacing. Additional epoxy ( 1/16 inch) was poured over the fila- 
ments. 

4. The composite, regardless of matrix state, was then cured for 2 hours at 1 8 0 ' ~  
followed with a stepwise increase in temperature to 3 5 0 ' ~  a l  which point post- 
cure was carried out for 2 hours. 

5. The specimens were removed from the mold, sanded to desired thickness and 
polished. 

Some work was started during this reporting period with the ERLA 4617 cycloaliphatic epoxy 
resin system cured with MDA (methylenedianiline). Gelatin time ("B" staging) for the first 
1/16 inch layer was carried out for 4 hours at  200'~. The resin was fairly well gelled, but 
i t  was noted that shrinkage began to occur as soon as  the resin began to cool. Fibers were 
placed on this layer immediately, and another 1/16 inch layer of resin was applied over the 
fibers. The assembly was then placed in the oven again for final cure for 4 hours at  2 5 0 ' ~  
plus 16 hours at  325'~. 

The Cycloaliphatic system is more reactive than the epoxy-novolac resin making t-he work- 
ing time shorter and less reproducible from batch to batch. Newer techniques are being 
explored for handling this system in simple low fiber volume specimens. 

Al l  simple specimen tests were canducted at the same strain rate (0. 02 in. /in. /min). To 
obtain a complete picture of the fracture events to ultin1at.e failure it  was necessary to inter- 
n pt the test at regular intervals for thorough microscopic examination. This introduces 
some complications since the interruption of the failure process may in itself introduce 
extraneous effects which would not occur under continuous loading. However, the lack of 
sufficient magni~ication and scanning control on a machine mounted micr~scc?e  dictated this 
approach. All  tests were carried out on an Instron testing machine with complete recording 
of load and deformation. 

Microscopic examination was carried out on a Bausch and Lomb microscope for the most 
part with magnifications tztween 20 and 300x. The details of the failure process for various 
test parameters are  presented in Section 3. 



2.4.2 HIGH VOLUME FRACTION SPECIMENS 

Adc,,ional high fiber volume tensile specimens were prepared and tested, containing a new 
batch of untreated HT carbon fibers to 3btain more information for the unmodified and modi- 
iied epoxy-no.lolac systems. This was done because fundamental differences were observed 
in behavior from the original fibers in single and multiple fiber tests. Since unmodified and 
modified resin was used and the quantity involved was small, wet prepregging and curing 
was done by hand in place of using commercially available prepreg materials. Some speci- 
mens were prepared from the original batch of HT fibers to obtain higher volume fraction 
data since the original bulk composite data had resulted in relatively low fiber volume frac- 
tions and the effect of this difference was a major parameter to be evaluated. 

Briefly, the process used for preparing all high volume fraction specimens with both resin 
systems was to immerse a preweighed amount of fibers in the matrix anc! place the bundle 
in a 9 inch long x 0.5 inch wide mold, then pre-staging in a circulating air  oven for a pre- 
scribed time (45 minutes at 1 8 0 ' ~  for the modified sy-tem and 20 minutes at 1 8 0 ' ~  for the 
unmodified system). This was followed by placing the male section of the mold on the pre- 
preg, placing the assembly in a press and curing for 2 hours at 180°F, followed by a step- 
wise increase in temperature to 350°F and held for 2 hours. 

The specimens were removed from the mold, cleaned of mold flash, tabbed on the ends with 
1 1/2 inch x 0.5 inch Scotchply 1002 tabs and tested in an Instron testing machine at a strain 
rate 0.02 in. /in. /min. The results of these tests are discussed in Section 3.1.2. 



SECTION 3 

EXPERIMENTAL PROC EDUHES AND OBSERVATIONS 

3.1 UNTREATED FIBER FAILURE MECHANISMS 

Because the interfacial bond strength i s  a critical factor in the reinforcing process all  pre- 
vious experiments were performed on untreated fibers. This provided a useful basis for 
coxpar  ison with subsequent interface control studies. Except for comparisons between 
different types of fibers, primary emphasis was placed onthe high performance HT fibers 
obtained from Courtaulds in 1969 and these have the designation "original1' in the following 
discussion. Tn July of 1971 a new batch of untreated HT fibers was obtained from Hercules 
Inc. having the designation l1newl1 with properties essentially the same a s  discussed pre- 
viously. Since the failure mechanisms for these two batches of the same kind of fiber show 
discernible differences in  single and multiple fiber failure mechanisms, this section will be 
devoted to a comparison of both the microscopic observations and bulk conlposite properties 
for the two batches of fibers. 

3.1.1 SINGLE AND MULTIPLE FIBER BEHAVIOR 

Following the procedures established in earlier experiments, tensile specimens wcr2 pre- 
pared with a small number of carbon fibers encapsulated in both modified (15 to 25 percent 
strain to failure), and unmodified resin (2.5 percent strain to failure). The fracture mech- 
anisms observed in the unmodified resin are shown in Figure 5. The upper photo shows 
typical behavior of the original batch of fibers where no accumulation of fiber fractures was 
evident and the f i rs t  fiber fracture resulted in failure of the specimen. There was no evi- 
dence of fiber pullout o r  debonding which indicates that the bond was strong. 

The lower photo in Figure 5 shows the typical behavior of the new batch of untreated HT 
fibers in the unmodified resin system. Although the failure was essentially ths same with 
only one matrix crack, there was evidence of fiber pullout near the fracture. This is evident 
in the lower photo of Figure 5 and suggests some difference in the interfacial bond strength 
between the two batches of fibers when tested in the same resin system. A comparison of 
the two batches of untreated HT fibers in the modified resin system shows even more dra- 
matic differences in the fracture modes. The upper photos in Figure 6 shows how the original 
batch of fibers initiated disk-shaped cracks normal to th2 fibers a s  they failed in ten.c.3~. 
By contrast, the lower photo shows no such cracks even when clear sewrat ion of fibers in- 
dicates that fracture has  occurred. Since the resin tends to rebound aftm loading and close 
these separations, it is difficult to photograph these fiber fractures which don't crack the 
matrix. Their presence is substantiated by the large debonded areas  observed along the 
length of the fibers and the fracture strait1 of the specimen which greatly exceeded that of 
the fibers. 

This difference in interfacial behavior between two batches of the same fiber cannot be 
attributed to surface morphology since microscopic examination at 30,000 X shows no 
visible difference in surface characteristics as shown i n  Figure 2. To determine whether 



(a) Original I-Jntre~terl HT Fibers in  Uonlodified Resin-60 X 

(b) New Untreated HT Fibers in Unmodified Resin - 60 X 

Figure 5. Comparison of Two Batches of Untreated HT Fibers in 
Unmc~dified Resin 
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Original KT Fibers in M o d i f i d  F.esin 

New HT Fibers in Modified Resin 

Figure 6. Comparison of Two Batches of Untreat?d HT Fibers in hlodificd Resin 
(Arrows Indicate I"iber Fracturcs a11rI J l s t c i ~  I '  ~':lr-l;.s 1 



this difference in microscopic behavior would affect bulk composite properties a series 
of tensile specimens were prepared and tested for cornparisor, with the bulk data obtained 
earlier with the original hatch of fibers. The results of these tests a re  discussed in the 
fcllowing section. 

3.1.2 FULK COMPOSITE PROPERTIES 

Tensile specimens of the new batch of untreated HT fibers were prepared and tested using 
the same procedures and specimen geometry as  had been used with the original HT fibers. 
Table 4 5hows the data obtained for each batch of fibers in both modified acd unmodified 
resin. Figure 7 is a plot of tensile strength versus volunle fraction for all data obtained 
on untreated HT fibers. The data from specimens containing the fibers from the original 
batch a re  shcwn as  triangles with open triangles representing modified resin and solid 
trtanglr s representing unmodified resin. Note that there was considerable variation in the 
fiber volume fraction of specimens made from the original batch with values ranging from 
0.21) to 0.55. No obvious effect of matrix modification is evident in the data and the lower 
line represents a reasonable fit. Some of the scatter in these data is due to improvements 
in the specimen preparztion technique with the very low voiume fraction specimens having 
been prepared earlier. It should be note4 here that becacse untreated fibers were being 
studied, specimens were prepared by Impregnating individual tows and hot pressing after 
hand lay-up in a matched metal dye mold, This procedure generally gives less uniformity - 
than the use of prepreg tape wbere Eber orientation and resin coiltent =e much more 
critically controlled. 

The circles in Figure 7 represent the tensile strength data for the new batch of fibers in both 
the unmodified and modified epoxy resin. Even though the strength data reported by the 
manufacturer is very nearly the same for each batch, the composite strength with the newer 
fibers is noticeably higher than that of the original batch for equal volume fractions of fibers. 
The scatter in the test data for the new batch of fibers is also less than that obtained for the 
specimens made with the original batch. One might expect to obtain greater scatter a t  lowel 
volume frctions but even if we ignore the data below a 0.40 fiber volume fraction, the dif- 
ference in scatter is obvious and cannot be attributed solely to improved processing of 
specimens. In an attempt to gain further insight into the reasons for this difference in 
mechanical behavior, gross fracture modes were studied for all the tensile specimens. 

First we will compare the fracture modes a s  a function of volume fraction in the unmodified 
resin system. In Figure 8 the upper photo shows typical fracture modes obtained with the 
original fibers in first specimens prepared during last year's research efforts. During the 
first  manth of this year's effort more specimens were prepared and tested using the same 
fibers but with higher volume fraction of fibers. These a r e  shown in the lower photo of 
Figure 8. Note that the fracture mode at the lower volume fraction (upper photo) is  
still cleavage but now it occurs on several plmes which a re  linked at final failure by frac- 
ture planes parallel to the load ziis (along the specimens). This latter observation cannot . . 
be attributed to a change in interfacial behavior since the same batch of fibers and resin 
formulation were used in the two sets of specimens. This point is further reinforced by 
by the fact that no fiber pullout was observed and this is consistent with previous results 
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Table 4. Comparison of Tensile Strength Data for ?'wo Batches of Untreated H T  Carbon 
Fibers in Both Unmodified and hIodi fied Epoxy -Novolac Resin 

4 

Unmodified Resin Modified Resin 
(Original Fibers) (Original Fibers) 

Tensile Tensile Tensile Tensile 
Spec. Strength, Mod; Spec. Strength, Mod; 
No. psi x 106 psi f No. psi x 10' psi v f 

HTR-1 41,400 8.23 0.21 HTF-1 138,000 21.6 0.56 
HTR-2 32,000 10.0 0.26 HTF-2 55,100 19.6 0.51 
HTR-3 36,200 9.85 0.25 HTF-3 56,500 12.1 0.31 
HTR-5 55,000 13.0 0.33 HTF-5 60,000 12.0 0.31 
HTR-6 74,000 11.9 0.31 HTF-6 90,000 12.7 0.33 
HTR-7 93,500 15.0 0.39 HTF-7 99,000 18.9 0.49 
HTR-8 111,000 16.2 0.42 HTF-8 114,000 18.0 0.47 
HTR-9 88,700 13.0 0.33 HTF-9 58,500 13.5 0.35 
HTR-10 68,500 14.2 0.37 HTF-10 6 1,600 13.6 0.35 
HTR-11 95,000 19.5 0.50 HTF-11 108,000 15.5 0.40 
HTR-12 130,000 19.5 0.50 HTF-12 87,200 14.5 0.37 

Avg. 75,030 Avg. 84,355 

Unmodified Resin Modified Resin 
(New Fibers) (New Fibers) 

HTUR-1 171,000 21.9 0.55 HTUF-1 149,000 18.5 0.47 
HTUR-2 162,000 19.8 0.50 HTUF-2 120,000 17.5 0.44 
HTUR-3 157,000 22.0 0.56 HTUF-3 130,000 25.0 0.63 
HTUR-4 139,000 19.6 0.50 HTUF-4 139,000 20.0 0.51 
HTUR-5 148,000 19.1 0.48 HTUF-5 143,000 17.8 0.45 
HTUR-6 134,000 18.9 0.42 HTUF-6 140,000 18.4 0.47 

HTUF-7 159,000 22.0 0.56 
HTUF-8 131,000 17.3 0.44 

Abg. 151,530 Avg. 138,875 
A - - - - - - - - - pp 
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Figure 7. Tensile Strength Data Comparison for Two Batches 
of HT Carbon Fibers in Both Modified & Unmodified Epoxy Resin 
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in single fiber specimens. It appears that the more closely packed thz fibers, the less 
the matrix crack sensitivity of the unmodified resin influences the initiation and growth 
of a single critical crack. This would seem to agree with the model proposed by Hedgepeth 
[ ?  1 in which the matrix is assumed to be capabie oniy of carrying shear to adjacent fibers. 

Figure 9 shows a comparison of two different batches of fibers in the same unmodified resin 
system with the upper photo typical of fracture modes with the original batch of fibers. 
Care was taken to compare similar volume fractions and this is the same photo discussed 
previously in Figure 8. The lower photo shows the specimens fabricated from the new 
batch of fibers and considerably less  cleavage with a good deal of transverse separation of 
fibers and fiber pullout. This again i s  consistent with the observations discussed pre- 
viously in single fiber and tow specimens. Note that damage extends over large portion 
of the specimen in most cases. The average strength of the newer batch specimens was 30 
to 50 percent higher than those fabricated from the old batch. This resulted in much more 
energy released at final failure an4 therefore, we must be careful not to confuse post-test 
damage due to stress waves with the basic fracture patterns. 

Figure 1 0  shows a similar comparison in the modified epoxy resin formulation with the 
gross fracture modes quite similar to those shown previously for the unmodified resin. 
Althoirgh the cleavage with the original batch of fibers (upper photo) is not a s  distinct a s  
it was in the unmodified resin, this is still the dominant mode of failure. The new batch of 
fibers on the other hand,behave quite differently with very little cleavage and a good deal of 
fiber pullout and transverse splitting. Tbe most notable difference here is the greater 
scatter which occurs with the original fiber specimens (where cleavage i s  significant) com- 
pared to t hat of the newer fiber specimens (where cleavage is not widespread). Since this 
scatter is evident even between specimens having nearly the same volume fraction of fibers, 
it appears that the cleavage failure mode in either modified o r  unmodified resin is a very 
random failure process. The more tortuous behavior of the specimens made from the newer 
batch of fibers showed less scatter, higher strength and, therefore, more predictable 
behavior. 

3.2  TREATYD FIBER FAILURE MECHANISMS 

A l l  previous discussion has centered on untreated fibers because they provided a convenient 
reference point for further study of interface behavior. The greater volume of fibers used 
in prepreg systems for  structural applications have surface treatment and therefore a ser ies  
of experiments has been undertaken to evaluate the influence of surface treatment on failure 
mechanisms. The following sections will describe xicroscopic failure mechanisms for HT 
and Type A treated fibers inepoxy novolac and some preliminary data in the ERLA 4617 resin 
sysi;em. Properties for each resin system have been presented earlier in Section 11. 

3 . 2 . 1  SURFACE TREATED HT FIBER BEHAVIOR 

The use of a surface treatment is intended to enhance the bond strength between the carbon 
fiber and the matrix. Since the bond strength with untreated fibers was already sufficient 
to break the fibers in  tension, one might expect that only subtle differences in failure 
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mechanisms would be introduced by surface treatmer.t. This is i,ldeed the case with the 
unmodified resin system, as shown in Figure 11. The upger pl 3t9 show: how untreated 
fibers behave with typical fracture at  a single location and no other f i te r  fractures along 
the axis of the specimen. Note that there is some evidence of fiber pullout on either side 
of the fracture with the untreated fibers (upper photo). 

The lower photo shows the behavioi- of the treated HT fibers in the unmodified resin and, 
although the gross failure mode was the same (a single fracture site), there i s  no evidence 
of fiber pullout near the fracture and the fracture plane is almost perfectly planar compared 
to the upper photo. This indicates a very strong bond which results in nearly perfect cleavage 
as opposed to the more tortuous mixed fract- re involving both interface failure and cleavage 
normal to the fibers. It should be noted that although both the treated and untreated HT 
fibers exhibit essentially the same gross response in this kindof very lightly reinforced 
specimen, the subtle differences at the interface may be more significant when a much 
higher volume fraction of fibers is present. 

Figures 12 and 13 show a comparison of untreated and treated HT fibers in the modified 
resin formulation. In the upper photo of Figure 12 we see extensive debonding on the surface 
of the tow and no evidence of large cracks. Pr ior  high magnification photos (Figure 6 )  have 
shown that although many fibers a r e  fractured they a r e  difficult to see  because they have not 
cracked the matrix normal to the fibers but, instead, have separated from the matrix at  
the interface. When ultimate specimen failure did occur, a good deal of fiber pullout was 
observed for the untreated fibers (see lower photo of Figure 12). 

Surface treated HT fibers behave quite differently in the modified resin as shown in Figure 
13. Several cracks are apparent (I  liddle photo), spaced at about 3 to 4 diameters along the 
tow. The upper photo shows one of these cracks at 60X with no obvious debonding. The 
regions of debonding at the left of this photo a r e  probably due to some variations in fiber 
orientation since they dc not appear on the right of the photo where the fibers seem to be 
very straight. Finally, the lower photo illustrates how one of these crack sites r e s ~ l t e d  
eventually in fracture of the specimen. Only a few fibers have been pullea out and these 
are very short, indicating a good bond between matrix and fibers. 

From these observations i t  appears that the surface treatment does result in a stronger 
bond between HT fibers and the epoxy novolac system in both the modified and unmodified 
formulation. Since the bond is sufficient to fracture the fibers in the untreated condition, 
one would expect no improvement in tensile strength by applying such a treatment to the 
fibers. Indeed, this seems to be the case if we examine manufacturerls data for tensile 
strength of treated and untreated fibers. The primary reason for the surface treatment 
is to improve the interlaminar shear strength and it has been demanstrated that a 30 to 50 
percent improvement can be realized with the higher bond strength obtained with treated 
fibers. 



Figure 11, Comparison of Tensile Behavior of HT Fibers in 
Unmodified Resin 
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Figure 12. Tensile Behavior of Untreated HT Fibers in Modifxed Resin 
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3.2.2 SURFACE TREAri EL) TYPE A FIBERS IN EPOXY 

Figure 14 ahows a comparison of untreated and surface treated Type A i i k r s  in the un- 
modifl,sd resin system. Although there is some very slight evidence of fiber pullout i the 
upper photo, the fracture modes a r e  essentially the same with the first  fibel fracture 
resulting in specimen failure. No sign of cum!ilative damage was evident and this is con- 
sistent with previous observations in the unmodified resin system. 

Figures 15 and 16 illustrate the behavior of untreated and treater! Type A fibers in the modi- 
fied resin system. The untreated fibers shown i.n Figure 15  ha.ve iraciiured at  regular in- 
tervals along their Zcngth with very little matrix cracking at the fiber sitt:s. The higher 
magnification lower photo shows how local debotiding has occurred near thz fiber fractures 
thus diminishing the energy available to generate matrix cracks norr;lal to the fibers. Piote 
also that only a few of the fiber fracture sites in the upper shot0 exhibit such cracks. This 
indicates a bond-limited failurl: process as had been observed with untreated Type A fibers 
in last year's work. 

Figure 16 shows how treated type A fibers behave in the modified resin system and the 
results a re  rather interesting. The upper photo shows a collection of matrix cracks co-ilesc- 
ing into a major fracture site. Note, however, that these a r e  not disk-shaped high energy 
 crack^ a s  had been observed in all previous specimens but, instead resolved shear cracks 
which initiate at about 45O to the fiber axis forming the familiar. l%ow tie1' patter?. ,his 
means the fiber fractu- es  f i rs t  without generating a sudden high energy (disk-shapeci) crack. 
Then the high shear at  the newly formed ends, instead of causing debomling (as with the dn- 
treated fibers in Figure 15), generates tensile cracks in the matrix on the planes where 
tensile s t ress  is maximum (at 45O to the fiber axis). A s  these cracks g r ~ w  further rrom the 
interface, the s t ress  trajectories become more parallel to the fiber and thus the crack turns 
more o r  less normal to the s t ress  trajectory (and fiber). From that point on the crzck 
grows to a critical size and eventually the specimen fails. Tlae inter,-sting point here is that, 
by surface treating the Type A fibers, an interface limited system has been changed to a 
matrix (tension) limited system b ~ t  without elvidence of high energy cracking normal to the 
fibers. The significance of this chznge on bulk composite properties has not yet been de- 
termined but will be evaluated as the program >regresses. 

3.2.3 PRELIMINARY EXPERIMENTS W I ' H  ERL14 RESIN 

Because of its higher heat distortion properties, the ERLA 4617 resin system has generated a 
a good deal of interest. Further, the system can be modifier3 much the same a s  the DEN 433 
system !l;scussed previouslyr It was therefore selected for study and comparison with the 
DEN 438 system. The oilly cumparison completed thus far with the ERLA 4517 formulation 
i s  the study of treated and rlr~treated Type A fibers in single tow specime~ls, 

Figures 17 and 18 shew that surface treated fibers behave thc same as uatreated fibers in 
this resin. L'hls is not surprinirtg since the mecharlica! properties of ERLA 4617 are 
similar to those of unmodified epoxy, and the single catastrophic crask failure Gccurs in 
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both resin systems. There is no evidence of fiber pullout in either case and the fracture 
surface is quite clean, suggesting a very high energy failure progressing on a single plane. 
Specimens a r e  now being prepared with the E m B  system containing both treated and un- 
treated HT and Type A fibers. 

3.3 ACOUSTIC EMISSION STUDIES 

3.3.1 BACKGROUND 

When metals, polymers, composites, o r  other materials are subjected to a load, local 
failure events such as slip, twinning, fiber fracture, etc:. , results in the sudden release of 
energy. The elastic wave is produced by this energy release is transmitted through the 
material and can be detected by suitable instrumentation. The study of such events, either 
by counting them o r  analyzing by other means, constitutes the a rea  of acoustic emission. 
The f i r s t  systematic work in this area was performed by Kaiser in 1950 8 1, and further 
fundamental work has been conducted by Schofield [ 9 1, Liptai [ I 0  1, and Tatro [ 11 1. 

Acoustic emission techniques have been in use in the Space Sciences Laboratory for about 
two years, and the primary emphasis has been placed on the analysis of the failure modes 
in composite materials and ceramics. The equipment is illustrated in Figure 19 bvith the 
exception of the counting device which will be described later), and a block diagram of the 
instrumentation is given in Figure 20. The transducer used in all cases has  been an Endevco 
Model 2226 accelerometer. The acoustic data is stored on an Ampex tape recorder operating ', 
2.t 15 ips, which allows freqcencies up to about 80 kHz to be re.:orded. An oscilloscope is 
used to monitor both the input and output signals. Depending on how the data is to be treated, 
output read-out devices can be a spectrum analyzer (for frequency analysis), a high speed 
oscillograph, or a counting and summation system for recording acoustic events. 

Initial work on the analysis of failure m e c h a ~ i s m s  in composites involved the use of low 
volume fraction boron epoxy specimens, and an attempt was made to acoustically identify 
the failure modes previously isolated by Mullin, Berry, and Gatti [ 12 1. These fundamen- 
tal modes were filament fracture, matrix cracking, and filament debonding. For  the case 
of single fibers of bcron embedded in a transparent epoxy, it was possible to correlate the 
above failure modes with a characteristic acoustic signature, one of which (fiber fracturs) is 
shown in Figure 21. Furthermore, as discussed by Mullin and Mehan [ 13 1, for the low 
volume fraction boron epo-xy c&se there seemed to be an identifiable frequency associated 
with these events. These were quantitatively measured on a spectrum analyzer. Figure 
22 illustrates the type of data that can be obtained from the analyzer, where the acoustic 
signature of a single filament break in a glass epoxy specimen is broken down into its 
various f r eq~ency  components. 

3.3.2 CARBON EPOXY SPECIMENS 

3.3.2.1 Emerimental Considerations 

When carbon epoxy specimens were f i rs t  tested in tension and their ircoustic emission 
monitored, several facts immed.iately became evident. Firs t ,  the amplitude of individual 
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Figurc 22. Fracture OF a SingIe k'ilament in a 70 v/o 
Glass-Epoxy Specimen During a Tension Test 



events was much lower in the casc: of carbon epoxy specimens as contrasted to boron epoxy. 
For boron epoxy, an amplifier attenuation level of 20 dB was used, while for carbon epoxy 
60 dB was necessary. Secondly, because of these low amplitudes, predominant transducer 
resonant frequencies of 48 kHz were observed. With bcron cwxy, sufficient. energy was 
available to excite lower frequency modes such as specimen vibration, Fically, the number 
of events was much greater than before. Because of these various factors, it became clear 
that, with these fibers, techniques involving counting the acoustic events shoulu be utilized. 

To perform this function, the apparatus shown in Figure 23 was utilized. Gn the top of t.he 
instrument rack i s  shown a Hammer amplifier employed to digitalize the dais, a s  explained 
in more detail below. The lower instrument in the rack i s  a 400-chamei ,lCL analyzer; 
capableof counting and storing data at  the rate of 106 events/second pel channel. The middle 
instrument i s  a digital data stripper, used to electronically integrate rate  data to cumulat iv~ 
data. The top instrument is  a display oscilloscope. To record the data, an X-Y recordcr is 
used to transcribe the data from the analyzer memory bank. 

Most acoustic emission instrumentation records several counts for an individual event such 
as a fiber fracture. This is illustrated in Figure 24. For  smsll  amplitude events, the 
transducer is set  into resonance by the travelling elastic wave as described previously, and 
will produce the damped sinusoidal signal shown in Figurv" 24. The amplifier which converts 
the data to digital form has rn adjustable discriminato-. leve:, below which the data is not 
counted. In the example shown in Figure 24, the discriminator level is set such that the 
particular acoustic event shown is llcountedl' three times, Obviously, higher energetic events 
will result in a higher count, a s  will events which physically occur in the specimen near the 
transducer as contrasted to those occurring a t  some distance from it. These factors must 
be kept in mind when analyzing count data obtained from a particular teat. 

When working at  reasonably high gain levels (greater than, say, 50 dB), considerable care  
must be taken to prevent the introduction of spurious acoustic noise introduced by the gripping 
system. Metal-metal contact produces copious emissiofis under load, presumably because 
3 f  the interaction of surface asperities. Similarly, wedge-type grips using serrated surfaces 
.rre un~aitahle because the deformation introduced by them causes spurious acoustic signals. 
Finally, the adhesive bond between  he tnd tabs and the specimen can produce acoustic signals 
as the bond line is deformed. 

The factors detailed above were not imporbnt wher, working with boron-epo::y composites 
because of the relatively low gain used. However, when carbon epoxy composites wera 
being evaluated, i t  was evident that a different load train and gripping system ha.', tc be used. 
Wedge grips were replaced with pin-loscied grips, and rubber costed pins were used to avoid 
metal-metal contact between the pir and metal end tabs. In addition, teflon tape :r:as wrapped 
around all thread connections i t 1  order to further reduce metal-meal contacL. 

Experimentally, noise produced by the bond line and the deformation introduced by the pins 
bearing against the specimen and en<' tabs proved the most difficult to eliminate. Dunegan, 
et al., [14 2 have described a method of prestressing the pin area to eliminate extraneous 



Figlrrc 23. Photograph of Acoustic Emission 
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noise in metal specimens, but this was found insuflicient for the case of adhesively bonded 
end-Lbs on composites. The procedure used in this investigation to check various ex- 
perimental loading confignrationa was tc load a steel specimen of the same size a s  the 
carbon epoxy ccrnposite with 2nd tabs bo.lded in the same manner. -it  the attenuation level 
used (60 dB), steel did not ~:oduce acoustic emissions, s o  any noise recorded woulti k 
due to the !oading method and end tab attachment used. Using this method, and the pre- 
load procedure described by Dunegan, e t  a1 ' 4  1, it lvas found that the bond still produced 
an unacceptably hlgh noise level ir the f i rs t  loading cycle- Sqbsquent lgading cycles 
eliminated theye spurious signals, so the pro5lem resolved itself into devising a method 
to load the & a d  line without loading the spec' :men. 

The nethod iinally adopted is shown schematically in Figure 25, and the assembly itself 
is shown in Figuue 26. The area between the two loading pins was subjected to a preload, 
while at the same time the upper pin (used to hold the specimen during test)  was firmly 
seated a ~ i d  the are.- around i t  preloaded. Althcugh the area  below the lower loading pin was 
not subjected to load until the specimen was actuzilly tested, the number ol' emisskns  from 
this a rea  (ha:; ~d on t'le steel TTcalibration" specimen previously described) were not large 
and couldbe ig;lored. 

A specimen after preloading and yr iar  to tensile testing is shown in Figure 27 with the 
accelerometer bonded to it. The reduced gage len@h was 3 inches long and 0.175 inches 
wide, and the filet kad s <--inch radius. The end tabs were 2-112 inches long. The entire 
specimen was 9 i n c h e ~  'cng, 1/2 inch wide, and a b u t  1/16 '?ch thick and was made by 
the procedure descrii z l i e r  in this repr,rt. 

The experimen+~! techniques usa l  to load thp spe b i ~ e n  have been described i.n some aetail 
hecause of t! e iinportznce of this subject. Pro?erly desigRed and acoustically quiet loading 
methods are absolutely imperativc if valid acoustic emission data is to be obtained. 

3.3.2.2 Micro Failure h.lechanis~.~s -- 
As disccssed previouslj- in this report,, when a carbon e p o q  specimen is deformed in tension, 
one of severai failure processes may occur. A fiber break can be associated with subse- 
quent debonding, which can occur in incremental steps, or the break can lead to the forma- 
tion of a matrix crack. Al l  of these events will produce an elaslic wave capable of exciting 
the :kcce?erc.meter at i ts  natur'l frequency of about 48 kHz. In addition, mcjre highly ener- 
getic events such a s  groups of fiber fractures a r  gross matr is  cracking ca!~, in addition to 
trarsducer resonar,ce, excite lower f ryuencv components sxch as  specimen vibration. 
At the preseat time with carbon fiber composites, we are unable to discriminate between 
thest* val icus failure modes, and the resulting count rate data includes a'Li failure modes. 
It is h o ~ e d  that subsequent work may allocl the identification. by frequency, of different 
f ~ ~ l u r e  modes. To date, al l  work has heen performed on high volume fraction composites. 





Figuze 27. Photograph -5 a Test Specklen Ready for Test 
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A general idea of the frequency of occcrrence cf events may be obtained from Figure 28. 
Once failure events begin, they occur at an increasing rate. From time to time a burst 
of emission is noted, a s  shown in the tap righthand ph~tograph. This could indicate a 
larger group of fibers failing in close sequence, perhaps in conjunction with incremental de 
debonding. A typical individual event, consisting of an elastic wave exciting the trans- 
ducer, is shown in the lower photograp%. It may be noted that each event would be "counted" 
a number of times, dependingonthe discriminator 'hreshold and the amplitude of the event. 

Data showing the count rate and cumulative counts of acoustic events from three types of 
specimen a re  shown in Figures 29, 30 and 31. Figures 29 and 30 show the behavior of 
Type A fibers in both a modified and unmodified matrix, and Figure 31 shows the acoustic 
emissions emanating from a tension test of a composit~ consisting of HT fibers in ar un- 
modified matrix. From these figures several conclusions may be drawn: 

The acoustic emissions from specimens consisting of Type A fibers In either a 
modified or  unmodified matrix are roughly the same. To a first  approximation, 
this implies that the failure mode is similar in both matrices. \.%'hen it is re- 
membered that in no case was cumuiative damage ever noted in single fiber sl;eci- 
mens with any fikers imbedded into unmodified matrix (the first  crack resulted 
in immediate failure) [ 15 j , i t  is clear that the presence of a number of adjacent 
fibers prevents such behavior. However, the acoustic emission data is consistent 
with the observation made last year [15 ] where the substitution of a modified for 
an unmociified matrix for high volume fraction composites containing Type A fibers 
did nat result in appreciaVe strength change. The implication here is that high 
volume fraction specimens behave differently from single fiber specimens with 
matrix cracks being retarded by adjacent fibers at low to intermediate load levels 
regardless of matrix crack sensitivity. Of course, it must be remembered that the 
acoustic emission can equally well be caused by fiber fracture and subsequent de- 
bonding because the resultant elastic disturbances will excite the transducer in 
the same fashior,. However, it is probable that the t o b l  energy emitted from a 
debonding failure would be lower than a fiber fracture, and htnce result in r, lower 
total number of counts. Because the count rate and btal number of counts a re  
similar in Figures 29 and 30, it seems likzly that the failure mechsnism is similar. 

2. For the case of Type A i'ibers in an epoxy matrix (modified or unmodified), locai 
failure events begin ta be observed about half wav through the test. This is not incon- 
sistent ~ i t h  a statistical variation of fiber  strength.^ and cumulative damzge as 
discussed by Zweben [ 16 3. 

3. By contrast, with HT fibers in an unmodified matrix (Figure 31), indications of 
h i lure  begin earlier, and consist of isolated large amplitude events, the 
total number of events being less than obtained with Type A fibers in either resin. 
Assuming these earlier events are  not spuriocls in nature due ta grip deformation*, 

_I_ - - -  
*The aats represented in Figures 29, 30 and 31 a re  based on only aingle specimens, and 
additional tests on duplicate specimens will have to be psrformed before com~le t e  reliance 
can be pla 8c-l on the data. 
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Figure 28, Typical En,issioias from a Carl~on-Ey~oxy S p ~ ~ i i m e n  Consisting of 
.$-Type Fihcrs in a Modifiecl Matrix 
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it would seem that either large groups of Iibers begin breaking early in the loading 
process o r  matrix cracking begins early. In addition, i t  may be seen that the 
rate of fiber fracture starting a t  about 4% strain increases less  rapidly and does not 
reach a s  high a level as in the case of the Type A fibers. In fact, the test  record 
depicted in Fi,gure 31 can be considered to conoist of the g rad~a l ly  increasing 
accumulation of fiber fractures (less than for the q p e  A fibers), with periodic 
large amplituclt* events superimposed. A t  the present time, the significance of 
these observations is not completely understood. The lower number of e ,  e ~ t s  
observed for the case of HT fibers could be due to a smaller scatter in fiber 
strength. Conversely, if debonding does not occur to a s  great an extent in the 
HT case, and &bonding gives r i s e  to acoustic emiss io?~,  this could account for 
the smaller nt vaber of signals obtained as compared to the case of Type A fibers. 
These and other possible mechanisms will be evaluated for the remainder of the 
contract period. 

3. S. 2.3 Macro Failure Mechanisms 

In addition to the failure events occurring on a fine scale and a t  relatively low amplitudes 
discussed in the previous section, larger and far more energetic events a r e  observed as 
carbon epoxy specimens a r e  tensile tested. These events a r e  sometimes audible, and 
typically a r e  recorded a t  an amplifier attenuation of about 20 dB. The origin of these events - 
is thought to be both surface and sub-surface large scale longitudinal matrix cracking. 
Figure 32 shows such 2 failure, together with its acoustic signature. The specimen was 
unloaded prior to failure and the crack decorai;ed with cha1.k dust to show greater con'irast 
in  the photograph. In some cases, similar acoustic events were observed, but no cracks 
were found, indicating that these failures can occur below the surface of the specimen. 

The total accumulation of these failures is not large, perhaps consisting of a half dozen 
events during the test  prior to failure. However, near the point of final failure, these 
large scale and audible events occurred with greater frequency. This is illustrated in 
Figure 33. Twelve seconds before final failure seven relatively l ~ r g e  scale cracks ~ c c u r r e d ,  
and then the specimen failed in a catastrophic manner*. The moment of fai'.ure is represented 
in the bottom middle photograph, and the transducer was blown off the sp2ci,nen. No de- 
tailed knowledge of the precise nature of the instant of failure is possible, bc callse the in- 
tense degree of energy release sent a sufficiently large signal to the amplifizr to  saturate 
it. After failure, the transducer was not in contact with the specimen and any signal was 
ciue to the accelerometer striking the testing machine. After failure, as discussed in 
Section 3.1.2, the specimen was badly splintered. This i s  again illustrated in Figure 34, 
whsre several longitudinal matrix cracks were observed prior to failure and the specimen 
was unloaded and photographed. 

*At the same time, of course, the rate  of fiber fracture and other fine scale 
damage was increasing rapidly, as shown in Figure 31. 
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Based on the above observations, the following failure process i s  not unreasonable for 
tensile failure in a uniaxial carbon epoxy composite. Starting at about 50% of the failure 
load, fibers begin to fail and the rate increases with increasing load. Near groups of failed 
fibers, the matrix transmits the load between groups of fibers by shear. A t  intervals, 
the matrix shear s tress  is large enough to cause a local matrix crack, which can then 
propagate longitudinally some distance along the specimen length. This process continues 
until the longitudinal cracks link up by transverse cracks, and the specimen fails. The 
post-fracture shock wave, in the case where sufficient energy is available, then causes 
extensive splintering. This hypothetical reconstructicn of the failure process needs more 
experimental justification, and this will be part of the effort during the remainder of this 
contract. 

3.4 COMPOSITE/METAL SPECIMEN PREPARATION 

In addition to the analysis of fr llure processes in composites there is a great deal of interest 
now in composites combined with metals as aresult of initial efforts generated by NASA- 
Langley. Those efforts were focused on boron-epoxy tape bonded uniaxially to aluminum 
tubes in an effort to improve column strength. This approach offers great advantages for 
truss and strut applicatiorls since the boron-epoxy greatly increases the s .'ffness and 
strength while the aluminum provides an nfficient means for making connections. Certainly 
the bond between the composite and metal is a critical link in this approach and the failure 
process can be limited t y  either of the two constituents or the interface between them. For 
this reason a thorough analysis of the basic failure mechanisms which occur in these com- 
posite-metal elements will be necessary to optimize their performance. The following 
sections outline some of the fundamental considerations in fabricating and characterizing 
these specimens relative to potential failure mechanisms. Both flat and tube-type speci-- 
mens have been prepared and characterized to assure uniformity in the fabrication process. 
No test data is presented in this report since this phase of the program has just begun and 
insufficient data is available for analysis and discussion. 

3.4.1 FLAT SPECIMENS PREPARATION 

The effects of thermal mismatch between fibers and matrix, composite and adhesive, 
adhesive and metal substrate a r e  dependent on both specimen configuration and fiber 
orientation. The problem is greater with carboti fiber composites because of the nearly 
zero thermal expansion coefficient in the fiber direction. To minimize distortions which 
can result from thermal mismatch in flat specimens, alternate layers of composite and 
metal must be used with symmetry through the thickness. 

The two approaches taken in the preparation of composite/metal flat specimens were: 
first, to prepare the complete specimen in one operation using the matrix resin to bond to 
the metal; secondly, to cure the carbon/epoxy composite separately and bond it to the metal 
c.dherends after cure. 



In the first approach there is the problem of obtaining sufficient resin at the bond line 
between the prepreg and the metal. Low prepreg resin content in such an approach can 
result in discontinuities in the bond line or the formation oi  voids l~ea r  the bong iine ill the 
composite. In either case. a weakened region is forveu which is likely to fail ~ n d e r  the 
high shear stresses which develop on cooling back to temperature. Although this 
approach is difficult, it is precisely the kind of process used in some hardwrxe fabrication 
proces:jes for cornposite/metal parts. For this reason it was considered important to 
evaluate in terms of faildre mechanisms. 

The second approach - fabricating the conlposite and then bonding to the metal - requires 
more time and is limited to ccrtai;~ configurations but provides better control of the bonding 
process. There a re  several sdvantages to this approach. First, better control of resin 
flow was possible when the composite material was cured alone. The cure cycle was less 
likely to impair the properties of the resin because the composite was first cured alone, and 
the resin not required to perform a dual function as  in the first approach. Because lower 
temperature cures can be used with certain adhesives and the choice of adhesives is less 
constrained there is much less danger of introducing fabrication stresses. In some cases 
a room temperature curing adhesive can be used which has better chance of survival at 
cryogenic tempei-atures. 

Briefly, the procedure used for preparing flat composite/metal specimens is a s  follows: 

1. Lay up the required number of layers of preparing 0.5 inch wide x 9 inch long 
in the molci. Place the male section of the mold into the cavity. 

0 
2.  Cure in a press for two hours at 350 F; cool slowly to room temperature. 

3. Lightly sand both composite surfaces for better bonding. Degrease surfaces 
with solvent, 

4. Prepare the two adherend metal surfaces by vapor-honing. Degrease surfaces 
with solvent. 

5. Apply room temperature cure adhesive in a thin layer to both prepared composite 
and metal surfaces. 

6. Assemble the composite/metal specimen in the bonding fixture and place under 
clamp pressure. 

7. Allow to stand at room temperature for - 16 hours. Complete cure in an air  
circulating oven for 2 hours at 200'~. 

8. Allow a slow cooldown to room temperature. 



Figure 35 slmws tensile specimens prepared by this process. Note in the top specimen- 
edge view - the individual outside layers of 1/32 inch thick 2024 aluminum and the uniformity 
of the 1/16 inch thick layer of composite material in the center. The lower specimen 
simply shows a top view of the specimen surface width and grips. Tensile testing and 
acoustic analysis was started on some of these specimens but deta is insufficient to draw 
any conclusions at this point. 

3.4.2 TUBE COMPOSITE/METAL SPECIMEN PREPARATION 

The preparation of tube specimens is essentially restricted to the curing in-situ approach 
described in the previous discussi~n of flat specimens. One major difference is the fact 
that the composite is not constrained on both surfaces in the tube specimens as it had been 
when sandwiched between two metal surfaces, Since the composite is external to the tube 
and the specimen is axisymmetric, this does not result in distortion and the composite is 
better able to accommodate to shrinkage during cure. 

The following aeries of pictures shows the procedure followed in achieving a good bond and 
good fiber orientation in the composite. Figure 36a shnws a comparison of adherend surface 
before znd after liquid-honing. The upper tube in the ,~hoto has been liquid-honed as evidenced 
by the satin finish. The surfacs is later degreased with a hexane. After solvent cleaning, 
art epoxy reeiais painted on the surface and staged to a highlytacky condition, Photo b shows 
as-wrapped unidirectionally oriented carbon-epoxy prepreg material, over the tube, before 
w e .  Figure 37 a shows shrink tube being placed over the v a p p e d  assembly before cure, 
Photc b shows the shrink tubing be ing separated from the cured composite after cure, 
Note the shrinkage that occurred in the shrink tubing where it extends past the right end of 
the tube. Finally, Figure 3 8 shows the finished carbon-epoxy/metal tube. 

Figure 35, Typical Flat Carbon-j :poxy/Metal Tensile Specimens 
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a) Comparison of Adherend Surfaces Before and After Liquid Honing 
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b) As -wrapped Unidirectioaally Oriented Carbon-Epoxy Prepreg 

Figure 36, Processing Carbon-Epow/Metal Tube SpeeimensSteps 1 and 2 



a) Shrink Tubing Being Placed Over Wrapped Prepreg Material Before Cure 
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b) Shrink n b i n g  Being Removed After Cure 

Figure 37, Processing Carbon-Epo~iMetal Tube Specimens - Steps 3 and 4 



Figure 38, Finished Carbon-Epoxy/Metd Tube - Ground, Machined and Polished 

0 
Final curing took place in an air circulating oven at 350 to 360'~ for 4 hours, followed 
by a slow cooZdown to room temperature, During the coofdown time the shrink tube re- 
mained in place over the specimen. 

3.4.3 CHARACTERIZATION 

The first step in characterizing the tube was to remove a one inch segment (Figure 39a) 
.*-om the en4 section it, and examine the interface microscopically. Photos b and c show 
good bonding at the interface and also excellent fiber orientation in the composite at 60X 
*ramification, 

After microscopic examination, solvent was permitted to flow ever the interface to further 
determine whether there was any debonding abng the interface not visible under the micro- 
scope, Acetone was used in this test, and it evaporated uniformly along the complete inter- 
face length indicating no penetration into cracks. If minv+.e cracks were present, evaporation 
would have been delayed at the crack sites. 

End view examination, both visually and tnicroscopically, indicated no delamination between 
plies, nor interfacial debonding around the periphery. Solvent wiping confirmed this also. 



composite 

a) HT Carbon-Epoxy-Aluminum Tube 

b) Gross  Section of C J E J A l  Tube 60X c )  Edge of C/E/Al  Tube 60 X 

Figure 3 9, Composite/Metal Tube Showing Unidirectional Orientation of Fibers 



From this preliminary evaluation, it appears that the technique is entirely satisfactory 
for producing good quality carbon-epoxy/metal tubes in short lengths. Tubes of greater 
length may require a different approach to compensate for the flexibility and bending during 
the material wrapping step. 

Mechanical testing has not yet been performed on these tubes. The primary purpose of 
this preliminary effort was to develop a process for preparing good tubes, 



3.5 FIBER CQATING STUDIES (POLYURETHANE1 

Ir the first yeartrj work it was noted that failure mechanisms can be modified by coating 
fibers with either continuous o r  particulate materials. In that work it was found that metal 
coatings of silver and lead are effective in postponing failure fo r  a period of time but do not 
allow gradual interfacial failure by debonding which id a far a o r e  stable failure mechanism. 

Molybdenum disulfide particulate coating did not prevent the single fiber-break failure in 
the unmodified resin but did result in a more tortuous failure mechanism in the modified 
resin because of small tensile cracks near the interface. 

Polyurethane coating was most effective in preventing catastrophic fai;tlre in single fiber 
specimens of unmodified resin. In every instance the polyurethane coa: rng prevented the 
fiber from initiating swcimen fracture which ha< never been possible for  uncoated fibers. 
The polyurethane coating also allowed debonding and fiber fractures to occur before final 
failure. In every case the debonding progressed throughout the load history with the fibers 
breaking into urliform lengths until final fracture occurred. Although such a coating n a y  
reduce transverse tensile and interlamiaar shear strengths, it s:lows great potential for 
preventing premature failure in tension parallel to the fibers. 

During this year's study some work was done on developing a process for  coating fibers 
and preparing tape for bulk specimens. This involved developing z dip process in which 
single tows and bundles were dipped by hand in a 13% solution in acetone, The coated 

0 
fibers were allowed to air dry for 2 hours, followed by oven dryi1:g for 3. hour ~t 200 F. 
Attempts were made at using lower percentages of polyurethane in acetil~le and other less 
volatile solvents, i. e., Isopropanol and xylene. It was found that a 4% po!yurethaw solu- 
tion in acetone was best for  uniform fiber coating. Isopropanol and xylene soivents -vere 
satisfactory, but coating on the fiber was not quite as uniform as with acetone. Micrciscopic 
examination of the fiber surfaces indicate a uniform coating and good fiber wetting. 

The process for coating the fibers with polyurethane and preparing tapes with epoxy-novolac 
is as follows: 

1. Lay short tows (about 12 inches long) of carbon fibers side by side on a thin Mylar 
film (5 tows to 1 inch wide). 

2. Spray the tows with isopropanol to keep fibers straight and more easily workable. 

3. Spread the tows open by rolling with a hard rubber o r  Teflon roller, being careful 
not to allow fibers to cross-over one another. 

4. When tows a r e  sufficiently laid open, remove excess alcohol and allow to stand 
until dry. 

5. Spread each 1 inch wide strip onto a frame and clamp both ends securely. 



6. Spray the strip with a 4% solution of polpret3ane tTkotci~castf' 221 in acetone 
until fibers are +Sloroughly saturated. 

7. Allow to air dry for 2: hours a t  mom teri~perature fol!.uwed by oven dry for 1 hour 
at 200'~. 

8.  Light spray the 1 inch strip with low viscosity epoxy-novdac resin as a first pass 
to coat all fibers. Allol-I t~ air d?y. 

9. Ycavy spray wit.h a second applicatic~n of epoxy-novolac. Allow to air dry u&il 
resin becomes slightly tace .  

0 0 
10. 'lBn stage for 1 hour at 180 M 200 I? in an air circulating oven, 

Figure 40 shows a 1 inch wide by 5.-1/2 inch long ctrip of prepreg material made by this 
proccss. The prepreg is approximately 12 mils thick which is about 4.5 mils thicker than 
commercially available prepregs. This ia  due to the fact that rolling was used instead of the 
pressure-squeeze roIl technique used in commercial processes. Another problem was 
discovered daring the preparation of a single tmsile apecimen made from the pre?reg tape. 
It was observed af'~x!r molding a 9 inch long by 5 inch wide by 0.062 inch thick sp~cimen 
that the resin flash at the ends of the specimen -.$ere a little more porous than normal. After 
reviewing the process it was found that some of the solvent had been left in the polyurethane 
system and had formed voids during the final cure. 

POLYURETHANE CGAtEO FIBERS 
& EPOXY- NOVOiAC RES l N 

P REPREG TAPE 

Figurs 40. Carbon-Epoxy Prepreg Tape with Polyurethane Pre-coat 
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Since the primary purpose of the polyurethane coating was to enhance the performance of 
the original H T  fibers so that higher composite strefigths would r e s d t ,  the discovery that 
the new batch of HT fibers provided greater strength without coating diminished the im- 
portance of this effort. It was decid~cl that before pushing ahead with the polyurethane coat- 
ing approach it was sssential to determine whether the newer H T  fibers (both treated and 
~jntreated) were severely limited by cleavage as the original batch of fibers haa been. Fur- 
ther, the effect of lower fiber volume fractions in the original batch bulk composite data had 
to be determined as discussed previouslv in this sdction. 



SECTION 4 

CONCLUSIONS. ;rB PLAN FOR FUTURE WORK 

Much has been done thus f a r  t3 evaluate fundamental failure mechanis~ms for b t h  MT and 
Type A c a ~ b o n  fibers in the treated and untreated condition. The ultimate goal is t.3 identify 
the evefits which presage ultimate failure as a basis for improving composite performance. 
At the same time a thorough understanding of these faiiure events allows more reliable pre- 
diction of the response of composite structures under load. -4 vital link between these goals 
and the efforts described here i s  the use of acoustic analysis of the failvrc process in bqlk 
composites once a cause and effect relationship has been established. Building on the pro- 
gress  made last  year and the findings reported here, it may be possible u. interrogate com- 
posite structural elements in service to evaluate their integrity. 

The f2llowing specific conclusions can be dr3wn from the observations included in this report: 

1. Two separate batches of untreated HT fibers have been found to exhibit different 
funda ~ e n t a l  failure mechanisms in the same epoxy resin formulation. Although 
t?e drfferences in the unmodified resin formulztion a r e  subtle in single fiber 
specimens, the beta.ior is markedly different in the modified resin system. 
We conclude that either the strength of the original fibers has been degraded o r  
there is a fundamental difference in the bond strength between the two batches of 
fibers. Fiber tensile tests are now being performed to resolve this q~es t ion .  

2. Bulk composite prcperties for the two batches of untreated H T  fibers a r e  also 
different with the newer fibers generally giving higher composite tensile strength 
for  the same volume fraction of fibers. Manufacturer's data is essentially the 
same for eac? batch so we conclude that the differences observed in the single 
fiber specimens have very sigrxicant effect on bulk composite properties. 

Observations of gross  fracture modes in bulk conlposite specimens indicate that, 
for the same untreated fibers, cleavage fractures normal to the fibers a re  more 
likely to occur at  fiber volume fractions on the order of 30% while predominantly 
longitudinal cracks are evident at fiber volume fraction on the order of 50%. This 
behavior suggests that because there i s  a larger sheath of resin surrounding each 
fiber in the lower volume fraction c o m p ~ ~ i t e s ,  there is more trznsfer of direct 
tension to the na t r ix ,  when the fiber fails, resulting in local cleavage. In a more 
heavily reinforced composite a broken fiber transmits load ts adjacent fibers pri- 
marily through shear in the matrix with more likelihood of local shear cracks o r  
debonding. These local shear fractures are widespread a ld  eventually link up to 
form the longituai=?S cracks. 

4. A comparison of fundamental fracture mechanisms between treated and untreated 
. . 

fibers in the same resin ., JWS that a stronger borid i s  achieved with the treated 
fibers. This is particularly evident in the T y ~ e  A fibers where r ~ t r e a t e d  fibers 
failed and debonded for the most part, while surface treated Type A fibers generated 
matrix tensile cracks due to high shear concentrations a t  the newly formed ends. 



5. Individual zarbon fiber fractures a r e  not sufficiently energetic: to induce lower 
frequency signals a s  observed with boron filzment specimens. Thesc lower frs- 
quency events were believed to be due to specimen vibration but zarbon fiber 
fractures result in acaustic signals having frequencies closer to the resonant 
frequency of the transducer. 

6. Acoustic emissions show that specific failure events begin a t  approximately 
50% of ultimate load for both HT and Type A fibers regardless of the epoxy 
resin formulation used. Since the crack sensitivity of h e  two resin formula- 
tions is quits different and the interfacial behavior of the t~vo fibers is different, 
we conclude that these emissions must be primarily fiber f r a c t ~ r e s .  

7. The acoustic emission rate is essentially the same for Type A fibzrs in both the 
modified and unmodifed epoxy resin. This leads to the tentative conclusion that 
the failure process in these equivalent volume fraction composites is ale same 
in each system. 

During the remainder of this  year additional acoustic smission d a b  will be obtained for HT 
fibers in both modified and unmodified epoxy. Comparisons will also bc made bet .veen 
acoustic emizsions from high and low volume fraction composites to correlate with bulk 
strength data. Finally, failure processes will be analyzed in the composite,'metal speci- 
mens which are now being prepared. 
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