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Introduction 

The proper t~sting of composite materials has been a topic of 

continuing emphasis for more than 25 years. Early work was with glass 

fiber reinforcements; and the problem was not altered significantly when 

the high modulus fibers such a bo~on and graphitn were introduced in the 

IDid- _960 IS• The principal problems continue to be the ability to 

introduce the load into the highly anisotropic composite material in a 

uniform manner, and to accurately measure the small strains developed. 

Both problems do become somewhat more difficult to overcome when testing 

carbon fiber-reit~forced plastics (CFRP), because of the relatively low 

shear strengths of these ~omposites relative to their axia 1 tensile 

strengths, and the fact that Ci higher stiffness for a given tensile 

strength translates into an even smaller axial strain to be measured. 

An additional compli~ation when testing CFRP is associated with the 

negative coefficient of thermal expansion of the carbon fiber itself. 

When these fibers are combined with a polymer matrix material o~ limited 

stiffness but very high thermal expar.sion, a composite of extremely low 

thermal expansion can result. While this is often a very attractive 

attribute of CFRP, e.g., in its use in dimensionally stable structures, 

the adequate measurement of these very small strains creates special 

problems. 

5ince most structural polymers absorb considerable amounts of 

moisture (5 to 10 percent by weight) and swell in the process, while 

carbor. fibers do not, 1 t is also necessary to characterize the moi.~::.ure 

expansion properties of CFRP. Unlike thermal expansion, which occurs 

rapidly with tempei:ature change and quickly stabilizes, moisture 

expansion is associated with the very slow diffusion of water molecules 
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through the polymer. Even in a relatively thi~ composite, e.g., 1 DID 

thick, this process can take many weeks. Since very accurate 

mea.>urer.ients must be made over long periods of time, special data 

acquisition problems are encountered. 

A variety of other unique measurement problems also exist when 

testing CFRP, associated with their low thermal and electrical 

conductivities (which are also anisotropic), high damping properties, 

low impact resistance, low delaaination resistance, etc. 

Thus, it is not difficult to understand why CFRP testing continues 

to be a topic of major interest within the composite materials 

community. 

Test Methods 

Test methods covers a- broad range of technologies. Particular 

emphasis will therefore be concentrated here on test ~ethods prima~ily 

measuring static mechanical properties. In terms of most properties of 

composite materials, these pr~perties are most difficult to measure for 

unidirectionally-reinforced materials, since the degree of anisotropy is 

highest in this configuration. Unidirectional composite, or lamina or 

ply, properties are of primary importance, of course, since the 

unidirectional ply is the buildlng block of most actual composite 

structures. Thus, test methols developments are usw.lly focused on 

unidirectional composites. 

To characterize a unidir~ctional composite, it is desired to 

measure the strength and stiffness both parallel and perpendicular to 

the ".iirection of fiber reinforcement, i.e.. both axial and transverse 

properties. Since different failure mechani811l8 govern, both tensile and 

compressive properties must be measured. Shear properties parallel to 



the fiL~rs must also be determined. Shear properties perpendicular to 

the fibers, i.e., through the thickness of the unidirectional ply, have 

not historically been of primary interest, and are not usually easy to 

measure. However, with increasing concern for free edge (delamination) 

effects associated with induced interlaminar stresses (both normal and 

shear), these stresses can no longer be automatically neglected. 

In summary, primary static structural properties of the 

unidirectional ply include: 

a
1

Yt, a
1
yc - axial yield strengths in tension and compression 

Ut UC a1 a1 - axial ultimate strengths in tension and 

compression 

yt 
02 ' 02 

ye - transverse yield strengths 

ut UC 
02 02 - transverse ultimate strengths 

y u 
Tl2 t 

1 12 - longitudinal shear strengths, yield and ultimate 

t 
EU ' EU 

c - axial modulus, tension and compression 

t 
E22 • E2_2 

c - transverse modulus, tension and compression 

t c 
vl2 vl2 - major Poisson's ratio, tension and compression 

Gl2 - longitudinal shear aodulus 

all' a22 - coefficients of thermal expansion, axial and 

transverse 

- coefficients of moisture expansion, axial and 

transverse 

It ls recognized that a and 8 are physical rather than mechanical 

properties, but they are typically also requ1.red for complete analysis. 

c c Often the compressive stiffn~ss properties E11 and E22 , anrl the major 

Poisson's ratio in compression v12 c, are not mu.sured, heing assumed 

equal to the corresponding tensile properties. 
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The properties listed above are typically adequate for basic design 

purposes, where linearly elastic material response is assumed. However, 

it is often desirable to perform a nonlinear analysis, in which case 

complete stress-strain curves must be documented. Unfortunately, these 

data are often not collected. If temperature and moisture absorption 

are also design parameters, then all of the above properties must be 

generated over a range of temperatures and moisture contents. This 

could result in a prohibitively l~rge test matrix (prohibitive in terms 

of cost, and calendar time required). Thus, often only room 

temperature, dry and elevated temperature, wet conditions are selected, 

"elevated temperature" implying the maximum use temperature expected j n 

the application, and "wet" corresponding to the quasi-equilibrium 

moisture content to be achieved. (A value of approximately one percent 

by weight in CFRP in a typical environment is representative.) If 

practical, tests at all nine combinations of three temperatures and 

three moisture contents should be performed, as a minimum. 

Although not specifically addressed in this brief paper, many other 

properties besides those static properties listed and discussed here 

must often be evaluated in completing a specific design. These include 

fatigue, impact, creep, relaxation, multiaxial loading, and high rate 

load~ng, to name ju~t a few. The proper determination of these material 

characteristics is often more difficult than static properties 

evaluations, and cannot be minLAized, although outside the scope of the 

pre3ent discussion. 

Having defined the static properties to be measured, test methods 

for measuring them can now be discuss~d. 
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Tiie most suitable tensiie test s~ec:llllen has evolved into a 

relatively shiple form over the years. Various dog-bone shapes have 

given away to a simple, straight-sided spe<."imen of constant width and 

thickness. The key is in the tab design, and the adhesive used to bond 

the tabs to the CFRP specimen. Metal tabs (steel or aluminum) have been 

replaced by glass fabric/epoxy tabs (printed circuit board material 

often being used, as being readily available and inexpensive). The tabs 

are generously tapered on one end, to provide a s'IQC>oth transition of the 

applied load into the CFRP specimen. An adhesive which has a very high 

shear strength, and w!1ich forms a thick bond line, is desirable. The 

requirement of high shear strength may require an elevated temperature 

cure under some clamping pressure. Of cour~e axial tensile testing is 

much more difficult than transverse tensile testing, because of the much 

higher forces tc be transferred from tabs to specimen. 

Either strai~ gages or extensometers are usually usP.d to measure 

the strains. A strain measurement in the direction of loading is 

r~quired to measure E, and also in a direction normal to the loading if 

v is to be dt:?termined also. In a transverse tensile test, the strain 

normal to the loading direction is often not measured (needed to measure 

t the ainor Poisson's ratio v21 ), since its value is typically small and 

hence difficult t:o measure accurately. The reciprocal relation [1], 

i.e., 

"21 "12 -----
~2 Ell 

(1) 

states that if v12 and the moduli E11 und E22 are measured, v21 can be 

calculated. The relation also indicates that v21 will be smaller than 



v
12

, in the ratio E
22

/Ell' 9.ence, for a highly anisotropic material 

such as CFRP, where E22tE11 is typically o~ the order of 0.1, v 21 will 

be on the order of 0.1 v12• While v21 is not listed as a property to be 

normally measured, if it is, Eq. (1) can be used as a check of the 

mutual consistency cf the data set. 

Commercially available extensometers [usually strain gage 

instrumented, but occasionally Linearly Variable Differential 

Transformer (LVDT) instrumented] are expensive (currently about US $lu00 

each), but are reusable and easily installed. Strain gages cost on the 

order of US $5 per single-element gage, but are not reusable, and 

require more labor to install. Problems can also be encountered when 

strain gages must be used at high temperatures (they tend to reinforce 

the softened matrix surface of the specimen, giving low s~rain readings) 

and moist environments (in addition to the problem of a softened matrix, 

the moisture may weaken the adhesive bond, causing the gage to become 

partially, or even completely, debonded). Hence the present author 

prefers to use extensometers whenever posciole. 

( ye UC ye UC c c c 
_c_o_m_p_r_e_s_s_i_v_e~P_r_op_e_r~t_i_es~_o_1..__'~o~1...__'~o~2.___•~o~2.__~-E~l.l~' E22 , v12 ) 

Although not c0111DOnly recognized as such, c~pressive testing might 

very well be the most difficult to perforc:i properly. The problem is 

that compressive strength is not a uniquely defined proyerty. The mode 

of compressive failure can SLoothly transition from gross buc~aing, to 

local instability, to fiber microbucltling, to shear failure, to end 

crushi~g {brooming). Unfortunately, any one of these failure modes may 

be meaningful in an actual application, and no one measurement is a 

fundamental material property. That is, each depends on the "structure" 

of the cOW1posite. Since there may be as much as an order of magnitude 
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difference in aeasured "strength" frOR one extreme to the other, which 

failure .ode a particular teGt method induces is obviously important. 

Often the test method is selected which is believed to best represent 

the failure llOde of the structure it is to be used in, obviously a 

difficult task. 

As a compromise, the Celanese [ 2] or ITTRI [ 3] test methods have 

been sOlleWhat standardized for use. By using a common test method, the 

failure aode tends to be uniform from one material to the next (although 

not necessarily), and hence at best relative comparisons can be made. 

However• the use of this type of compression test is by no means 

universal today, and with good reason, as stated above. 

Strains in ca.pression are measured using the sane devices 

previously dP.scribed for tensile testing, with the same limitations. 

Although perhaps poor practice, compressive strains are ~ften not even 

measured. The values of E and v in compression are simply assumed to be 

equal to those in tension. Of course, this also means that complete 

stress-strain curves will not be available. 

Shear Properties (T12Y, T12u.~ 
The determination of the shear properties of composite materials 

has perhaps received more attention than any other over the years [4]. 

The probla is a coabination of having many different test methods to 

choose froa, and the fact that many of these tests are either difficult 

to use, or provide only limited data. For example, thin-walled tubes 

are relatively expensive to fabricate, and somewhat delicate to handle. 

Solid rods are an excellent c<>Mpromise, ~eing easily fabricated anJ very 

rugged, but do not produce a uniform state of shear stress. Strength 

and modulus can both be measured, and a complete she.u atress-s":.;:,u 



strain curve can be generated, if a strain gage or rotometer is used. 

In C'>ntrast, aany of the comaonly used sheax tests permit the 

measurement of either strength or aodulus, but not both. For example, 

the short beam shear or interJawinar shear test, and the notched tensile 

test, only provide strength, while the plate twist test only provides 

modulus. Others, such as the 2- and 3-rail shear teats, or the picture 

frame test, while cla:laing to provide both strength and stiffness, are 

suspect in strength detera:ination because of 

concentrations at the attachllent points. 

induced stress 

The Iosipescu shear test has eaerged during the pa.:st few years as a 

very prOllisirag shear t:..!St for composites [ 4, 5 J. The specimen is 

compact, easily fabricated and easily tested, providing both stre'lgth 

and modulus, for any one of·tbe three possible shear loadings, i.e., the 

in-plane and two interlas1nar shear components. Kuch study of this test 

method is currently underway, both analytical and ~xperfmental. 

Coefficients of Thenaal. and Moisture Expansion (a11, a 22 s11 , a22 > 

Unttl the past 6-8 years, most applications of CllP were in ambient 

temperature envirOD11ents. Also, moisture absorption effects, while 

known to 1>e a potential problem, were largely ignored. Thus, there had 

been little concern vith aeasuring •echanical properties over a range of 

hygrothermal conditions, and even less concern vi\:h aeasurin@ the 

coefficients of thermal and 110isture expansiQn of the various 

composites. This has nov changed. Elevated temperatures and moist 

environments at'e nov an integral part of the service conditions of 

composite hardware, and aist be accounted for in design and stress 

aralysis. This is particularly true as performance deaaad.e increase and 

the margins of safety decrease. For example, even the curing-induced 



thermal residual stress can no longer be ignored, as once was the case. 

To predict these stresses, and tll account for them in the design 

process, the coefficients of thermal expansion, both parallel to the 

fiber reinforcement, a
11

, and perpendicular to the reinforcement, a
22

, 

must be known. The same can be said for the coefficients of moisture 

expansion, s
11

, and 6
22

, when humidity is present. Since B has the 

units cf etrain per unit moisture absorption (usually expressed as 

weight percent moisture relaLi.ve to the dry composite) , it is also 

necessary to know the moisture absorption rate (moisture: diffusivity) 

and moistur~ saturation level of the composite. 

As previously noted, the axial coefficient of thermal expansion a
11 

of CFRP is difficult to determine sine~ the values are typically very 

~mall (on the order of l0-7/°C, or less). Standard quartz tube 

dilatometers are not !sufficiently sensitive, and some type of 

interferometer is usually required. Thus, the cost of determining a
11 

goes up. On t!le o_ther hand, a
22 

is usually readily measured using a 

dilatometer, since values may be in the 10-S !°C range. One distinct 

advantage of thermal expansion testing is that the specimen can be 

brought to thermal equilibrium relatively quickly. Thus, testing is 

rapid. 

In contrast, moisture equilibrium can be a very slow process; it 

may require one to two months for even a relati~ely thin {l mm) specimen 

to reach equilibrium. Thus, testing is slow, and potentially expensive. 

Also, with limited equipment of this specialized nature available to 

most laboratories, the volume of data generated to date is stHl very 

limited [6]. Although the magnitudes of 6
11 

are small relative to s
22

, 

the problem of measuring s
11 

is not quite as severe as when measuring 

I 
i 
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a
11

• Nevertheless, a standard quartz tube dilatometer (equipped, of 

course, for humidity control) mav he marginally 4dequate. 

Often it is feasible to measure the a and 6 of the nt:at polymer 

matrix itself (more easily achieved .- ince these values are typically 

large), and then use a microm~chanico analysis to predict values of a 11 

and s
11 

(see for example, Ref~rences [6,7)). 

Data Reduc~ion Techniques 

The dayc of reading dials and recording data on clipboards have now 

pa1::Jsed for the most part. Chart rer.orders have become the primary mode 

of data acquisition. Data reduction must still be done manually in this 

mode, hovever. Material modulus is the estimated best-fit slope of the 

stress-strain plot (usually a force-strain plot, suitably converted), 

while yield and ultimate strellgths are points picked off the chart. 

Having only a single hard copy analog plot of the raw data, the tendency 

is to digitize the data manually into these few points of information. 

Thus, much potentially useful information is lost to future users. 

The current trend is to develop computeri~ed data acquisition 

systems. That is, the raw data are stored in digital form on magnetic 

tape or disk, along with information as to specimen identification, 

specimen dimensions, test conditions, etc. While the raw data can be 

immediately reduced to usable forms, e.g., moduli, Poisson's ratios, 

strengths, and etcess-strain curves, and displayed on a CRT, in 

essentially real time as the test progresses, this is not the sole, or 

even the primary, benefit of computerization. The most impcrtant 

advsntage is that the data are permanently on file, available for 

immediate recall at any time. Thus, if at somP. future time (days, 

• 



weeks, or even years later), it is desirable to restudy the data, or 

reduce them in another manner, or compare them with more recently 

acquired data, this can be done almost instantly. No information is 

lost during the lapse of time. This obviously increases the value of 

testing. 

Such computerized data a~quisition and reduction systems are 

currently ~xpensive, however, and demand a considerable number of user 

hour& to get familiar with them and their capabilities. Thus, a testing 

l~boratory must be willing and able to expend considerable fuLds to get 

started (perhaps on the order of US $100,000), and designate at !east 

one dedicated user. Presently, such systems are somewhat unique; in 

another decade they will probably be coamonplace, and considerably less 

expensive. 

Property Prediction Techniques 

As emphasized in previous sections, the complete, or even 

reasonably complete, static. material properties characterization of a 

unidirectional CFRP material is a major undertaking, both in terms of 

calendar time and cost. While excessive cost is always a strong 

consideration, calendar time may often be also. If several weeks are 

required to fabricate and test a l8I4inate, little can be done to speed 

the procesq. If a month or two are required ~o moisture precondition a 

spet:.imen, the time scale is set. Even when ti.Ille is not a governing 

factor, the fabrication, instrumentation and testing of hundreds of 

specimens, with sufficient numbers of replicates to ensure a reliahle 

data base, is a very labor intensive process. 

During the past 20 years, work has pcoceeded steadily toward the 

development of so-called micromeclumics analyses for predicting 

unidirectional compotdte properties based upon known constituer.t 
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material (fiber and matrix) properties 3lld the cou;.posite geometry (fiber 

volume fraction, fiber shape and packing array, interface bond 

performance, e.nd thermal and moisture history). While early models were 

crude, and often very empirical in nature (e.g., rule-of-mixtures, 

Halpin-Tsai equations, etc.), subsequent models have become very 

rigorous in tht:ir representation. In particular, the finite element 

method of analysis, which has come into comnon use during this same time 

period, and the growth of large scale digital computers, have combined 

to revolutionize micromechanics analyses. 

It is now possible to model arbitrary constituent material 

stress-strain rP.sponse, Le., both time-independent; and time-dependent 

material nonlinearities, crack initiation and propagation, interface 

debonding, temperature- and moisture-dP.pendent material properties, and 

anisotropic material response, using either a 2D or 3D analysis [8-13]. 

Limited analytical/experiaental correlations available to date 

[6,8,9,14] indicate that bulk propertiu (E, v, G, a. 6) can be 

predicted very accurately using current methods. Work is now proceeding 

toward the improvement of methods to predict point properties 

(strengths), and good progress is being made. 

The realistic goal oi micromechanics analyses is not to replace 

composites testing, but rather to supplement it. That is, the analyses 

would be used to predict those properties not measured experimentally as 

part of a limited test program, using correlations with measured values 

as verification of the predictive ability. In this manner, complete 

data tables could be made available at a fraction of the cost of a fully 

experimental program, since a computer simulation is much less expensive 

than an actual experiment. 

, 

• 

• 
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An important secondary advantage of a demonstrated microaechanics 

analysis capability is .n optimi~ing existing composites, and developing 

new systems. A hypothe~ized combination of existing or proposed fiber 

and .atrix can be analytically "tested" to estliblish its potential. 

Only the most promising systems then need be subjected to the more 

costly and time consuming laboratory testing. This capability currently 

exists; it aay be in ~idespread use in another decade. 

Brasil's Potential Role in CFRP Testing 

With the possible exception of computerized data acquisition, which 

does require sophisticated equipment and exteneive resources, much of 

the needed development of composites test methods and properties 

optillization prbaarily involves careful thought, attention to detail, 

and considerable per.sonal effort. Thus, any composites group is a 

potential contributor to the technology. 

Certainly Centro Tecnico Aerospacial (CTA) in San Jose dos Campos 

is an excellent example of an organization in Brasil which has the 

facilities to do this type of ~ork. Perhaps the weak ele..-ut at present 

is the lack of background knowledge of what has already been done 

elsewhere. Thus, sr.lected personnel must be provided with current 

literature, and have the opportunity to visit other laboratories, and 

talk vitb other investigators. International conferences such as the 

present one are an excellent source of such contacts. 
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