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In the aerospace industry, values as sustainability and social impact have become nowadays
as relevant as the product direct cost, demonstrating the companies’ operation footprint. Within
this framework, two main challenges - operational and environment costs - have a common root
cause: fossil fuel consumption. One way to address this is through aircraft weight reduction. In
this regard, CFRPs, due to their high strength to weight ratio, have found a growing presence in
aerostructures. This increased use has brought new challenges to the industry, namely those of
properties degradation during out-time exposure affecting the pre-impregnated variety of composites
(prepregs).
With the aim to improve resources usage regarding the use of prepregs in an industrial scenery,
the purpose of this project is to characterize prepreg material during out-time aging and propose
an optimized suitable testing methodology to evaluate it in this condition. This will be accomplished
through evaluation of mechanical, physical-chemical and processability tests.
The testing and specimens production were addressed following standardized methods to ensure
data reliability and repeatability. Epoxy impregnated prepreg samples were aged to a maximum of
60 days and, with a periodicity of 6 days, they were submitted to tack, drape, solubility, flow, void,
ILSS, tensile, impact, CAI and DMA tests.
The DMA and flow proved to be the most advantageous tests and a proposal for an optimized
evaluation methodology was made. Although processability degradation was noticed, the material withstood the aging with minor changes in other properties, raising the possibility of future reutilization.
keywords: Prepreg, Epoxy, Out-time, Aging, Testing methodology, Resources optimization.

1 Literature review

money" is when making decisions. Among others,
sustainability and associated cost reduction issues

Nowadays, mainly due to globalization and inter-

have become huge concerns. Within this scope, one

national regulatory authorities together with popular

of the biggest challenges tackled by the industry is

organizations, additional factors have compounded

the reduction of fuel consumption. This, besides en-

the ways companies ascertain where the "value for

vironment considerations, also represents a substan-
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tial part of the airliners operating cost. Apart from

prepreg life and safeguard its short usable time pe-

new, more efficient engines or energy sources, an-

riod, stage B, for the production processes, prepregs

other way to lower fuel consumption is by aircraft

are normally stored under freezing conditions, -18ºC,

weight reduction. In this regard, the use of composite

where the resin cure reaction is slowed down to resid-

materials, especially carbon based reinforced plastics

ual levels. The time that the material stays at expo-

(CFRP), is one of the most promising because of their

sure above -18ºC and, therefore, accelerating cure

higher strength-to-weight ratio.

reactions, is known as out-time. e. This period of

Composites consist, usually, in a reinforcement,

exposure is known as out-time. If the cure reactions

fiber, which is the main responsible for the material

run their full course the material can no longer be

mechanical properties, and a matrix, resin, which has

used for production and it is scraped. [15, 1] The

poorer mechanical properties but joins the fibers into

cure reactions development is highly dependent on

a solid material and transfers possible applied loads

the exposure time and temperature. The out-time ex-

to the fibers. According to the matrix nature, fiber re-

posure could be understood as a pre-cure at room-

inforced composites can be classified as thermoplas-

temperature before the material be properly cured in

tics or thermosets. Thermoplastics can be molded

the autoclave. The exposure at room temperature

under high temperature and solidify at ambient tem-

during long periods of time will promote polymeriza-

perature. Thermosets are moldable at ambient con-

tion and, at the same time but with much lower rates,

dition and become solid when cured under tempera-

cross-linking, affecting molecular mobility. Depend-

ture. Besides the opposite relation with the temper-

ing on the out-time period, cross-linking can increase

ature, another major difference is that thermoplastics

beyond limits that will hamper the molecular mobility

can be reprocessed several times while thermosets,

during the final cure process and isolate active groups

once cured, never return to their original state, i.e., the

without any connection. In this case, the degree of

cure reaction is irreversible. F. Lucas and B.G.S.E.M.

cure will decay and the material properties will be af-

[12] This disadvantage is, however, balanced by their

fected. Ratna [16], Bilyeu et al. [2, 3]
The limits on out-time for CFRP prepreg material

superior properties which lead to their dominance in

frames the motivation for this work with a twofold

aerostructures. [4]

purpose:

Under this context, the present project will ad-

first, to contribute towards an evalua-

dress thermoset composites pertaining their cure ir-

tion methodology to characterize different out of va-

reversibility and respective consequences in the us-

lidity prepreg samples regarding their mechanical,

age of epoxy prepreg material. In the prepregs the

physical-chemical and processability properties. Sec-

fiber reinforcement is pre-impregnated into the resin

ond, to add information on the out-time behavior and

matrix becoming ready to use in the lay-up of parts.

characteristics of the material tested during the exe-

However, this type of material is no longer in a stabi-

cution of the work.

lized condition, known as stage A, but that the cure

A solid understanding about the relation between

reactions are already in progress, i.e., stage B. When

the material out-time and its specific properties is a

completely cured, the material attains again a stabi-

key aspect in the optimization of use and minimization

lized stage known as stage C. This creates what is

of waste. Thus, several tests will be applied to mate-

called a perishable condition, has the material cannot

rial samples with different out-time exposures and its

be further processed in the stage C. To extend the

effectiveness in detecting material properties modifi-
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cations will be evaluated leading to a suggestion of a

ples while for the cured ones, lay-up, cure and cut-

group of tests to be carried out.

ting processes were needed. These processes had

The battery of tests to be studied includes not only

to be harmonized within the factory environment so

those covering mechanical and physical-chemical

to cause a minimum impact possible in the produc-

properties but also those of processability, an equally

tion rates.
The lay-up was made by hand, hand lay-up, using

critical aspect for the successful use of the material.

a steel plate as mold. During this process several

2 Material sample

parameters were controlled in order to minimize the
differences between laminates and consequent influ-

The material used in this project was prepreg car-

ences in the tests results. Between others, orienta-

bon fiber tape with an 8552 epoxy matrix. An artifi-

tion, stacking, foreign objects intrusion, compaction,

cial and controlled aging plan was developed that on

etc..

one hand, had sufficient resolution to detect a change

The laminates were autoclave cured according to

in the material but on the other hand, allowed a suf-

the cure cycle stated by the NCAMP material qualifi-

ficient aging level for that change to occur. All the

cation standard. [14] After cure, the parts were de-

aging process was promoted in the clean room envi-

molded, inspected through ultrasonic imaging and,

ronment with a temperature average within 20.4ºC -

without any compromising defect, sent for trimming.

23.4ºC and 25% - 67% of relative humidity.

To ensure the necessary dimensional tolerance

Not knowing in advance the material behavior, it

and faces smooth finishing, it was decided to cut

was decided to define an equal time interval between

all the specimens using a CNC water jet machine.

the samples of six days. This interval was chosen

This decision implied the learning of CNC program-

by considering approximately half of the standardized

ing skills but due to the number of specimens needed

material out time limit, 11 days [13], as a sufficient

it was the most sensible option.

period for the detection of properties variation. The
linear sampling allows to get homogeneous data over

3 Testing

the time that may be taken as a start base for future
adjustments accordingly to the future needs. The six

The testing program was conducted by interna-

days intervals lead to a total aging time of 30 days

tional standards and supported by the Embraer in-

which, added to the five days that came with the ma-

dustrial know-how. The standardization of the results,

terial when received, result in 35 days of out-time for

besides mandatory in any certification procedure, be-

the last sample to be tested.

comes a focal point to ensure results reliability and
repeatability.

According with the testing standards and the available resources, the sampling of the material was

Known that the matrix is the most affected compo-

made and six samples, named “kits”, were stored in-

nent by external aggressions such as the tempera-

dividually in perforated plastic bags. All the material

ture during out-time condition Miracle et al. [15], the

initiated its aging process simultaneously and then,

methodology of work was oriented to conduct tests

with a periodicity of six days, the required quantity for

where the results are more dependent from the ma-

one kit was stored in the freezer, stopping its aging.

trix than from the fiber properties.

Regarding the specimens for testing, the uncured

In order to completely characterize the material,

specimens were directly cut from the material sam-

besides mechanical and physical-chemical tests, pro-
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ence between the cured and uncured weight of a sim-

cessability tests were performed.

ple laminate.

3.1 Processability

Regarding the tests with cured material, the thickThe processability tests were useful to ascertain

ness variation and the void content were evaluated.

the ability of the material to be used during lay-up

The thickness measurements were gathered using

processes. They consisted in a tack and drape test.

a micrometer and ultrasonic inspection. They pre-

Tack testing evaluates the adhesion capacity of the

sented coherent results and both showed that the

prepregs. Without tack the layers will not adhere to

laminates thickness variation was within 5% of the

each other and/or to the mold precluding the lay-up.

theoretical values. The void content is one important

The drape test evaluates the capacity of the prepreg

criteria of the composite material quality. It is esti-

to be molded without filament damage. Tack was

mated by the difference between the material physical

tested attaching two specimens, one over the other,

and theoretical densities and represents point defects

to a vertical steel plate and evaluate it adhesion and

that ruin the material homogeneity and could result in

separator release properties during 30 minutes. For

its failure. The test procedure is covered by the ASTM

the drape, a similar procedure was performed but with

D2734 [5] standard.

only one piece of material and over a 90º mandrel and

3.3 Mechanical

during 15min. Both tests are qualitative and the material evaluation criteria is provided in the NCAMP [13]

The performed mechanical tests were useful to

standard.

characterize the aged material under certain loading

3.2 Physical-chemical

cases. The chosen tests were suitable to evaluate the
resin properties which are the most affected due to

The physical-chemical tests were useful to verify

the aging. Specimens were evaluated with interlam-

the material properties mainly in terms of fiber/resin

inar shear strength (ILSS), tensile +45º/-45º, impact

content and resin condition.

and compression after impact (CAI) tests. Moreover

With uncured material was performed a flow and

a dynamic mechanical analysis (DMA) was also used

solubility test. Both tests evaluate the influence of

to characterize the material properties in function of

the cure degree increase and hence resin viscosity

temperature.

increase, due to the out-time exposure. The solubility

The ILSS test estimates the apparent interlaminar

was done dissolving a piece of material with an ap-

shear strength, which represents the maximum shear

propriate solvent, M.E.K., following the ASTM D3529

stress at half thickness of the specimen, at the mo-

[8]standard. The amount of resin that will be dis-

ment of failure. The specimen is tested with a three-

solved should be proportional to the material degree

point bending where the span is small compared with

of cure since only uncured resin is soluble. F. Lu-

the specimens thickness. This is a geometrical ne-

cas and B.G.S.E.M. [12] By weighing the specimens

cessity since it is responsible for the generation of in-

before and after the solvent application it is possible

terlaminar shear forces that will promote the material

to find the solubility percentage. The flow test evalu-

delamination. The ILSS specimens lay-up was [0]11 .

ates the capacity of the prepreg resin to flow during

The tensile test with +45º/45º lay-up specimens

the cure. The percent flow is covered by the ASTM

combines the usual tensile test characteristics with

D3531 [9] standard and obtained through the differ-

others from the IPS test. The aim of the test is to ob-
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serve the induced shear stress between the laminate
layers that for small strains is governed by the resin
properties. Regarding the test procedure, identical to
the one for the uniaxial tensile test, the test is governed by the ASTM standard D3039 [6]. Moreover,
since the lay-up is the one used for IPS tests, some
information was gathered from the ASTM D3518 [7].
The analysis of the obtained data allowed the determination of the material modulus and ultimate shear
strength.

Figure 4.1: Overall results comparison - physicalchemical and processability properties.

The specimens lay-up for this test was

[+45/ − 45]4s .
The impact and CAI tests were useful to charac-

ASTM 7028 [10] and the lay-up used was identical

terize the material in terms of brittleness or ductility.

to the one of the ILSS, [0]11 .

The test is divided into two parts: the first when the
specimens are subjected to a specific impact energy

4 Results and discussion

and the second when the specimens are subjected to
a compression test after a impact. From the first part

4.1 Overall discussion regarding the

of the test it was possible to study the barely visible

material properties results

impact damage (BVID), i.e., the indentation level provoked by a set of impact energies. From the second

Observing the various test trends, figure 4.1 and

part results the material compressive strength after a

4.2, one can easily identify common behaviors that

BVID energy impact. The standard which defines this

suggest relations between the properties being eval-

test is the EN6068 [17]. For the impact and compres-

uated in different tests. The tack decrease, together

sion test the lay-up used was [[0, +45, 90, −45]3 ]s .

with the loss of material flexibility due to residual ma-

Addressing the DMA, it is a testing technique that

trix polymerization and cross-link, contributes to the

can evaluate the behavior of a material when sub-

failure of the drape test. Also at this point the de-

jected to cyclic conditions of stress and temperature.

crease rate of the apparent shear strength in the ILSS

The analysis is made by applying a small deforma-

test is accentuated conducting to a total drop of about

tion to a sample and repeating that condition sinu-

11%.

soidally at a certain frequency. This continuous load

hampers the adherence between the laminate layers

case together with the presence of a temperature pro-

which is reflected in a lower ILSS resistance. More-

file gives a relation between the stiffness and damp-

over, when the tack level drops below 50%, between

ing, respectively reported as storage modulus and

kit 4 and 5, the ILSS failure mode changes, ceasing

tangent delta, with the temperature. When using rel-

of be internal and undetectable through visual inspec-

atively high temperatures for a certain material, the

tion and becoming external with visible delaminations.

DMA test can also give information about the material

A second common trend that can be identified is

transition phases such as the glass transition temper-

the drop relation between the flow and solubility tests.

ature. Dawkins [11], F. Lucas and B.G.S.E.M. [12]

Both rely on the resin viscosity that was increased by

The standard used to conduct this test was the

Apparently, the drop in the tack and drape

the material cure during the aging. In the flow test,
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increases with the material out-time, it was expected
that the impact resistance of the material increases.
The tests results proved so (see figure 4.2).

4.2 Overall discussion regarding the
testing methods
Through the developed analysis of each test, some
trends emerged, directing advice for the most suitable
Figure 4.2: Overall results comparison - mechanical
properties.

test for a certain material condition and available resources. With this in mind, a summary of the performed tests in terms of material and apparatus re-

a decrease is visible beyond kit 5 and it becomes

quirements, temporal demands and results obtained

sharper after kit 7. Likewise, in the solubility test and

was made, figure 4.3.

by the kit 7, this viscosity increase, i.e., the advance-

Starting by the material and apparatus needs, the

ment in the resin polymerization and cross-link, turns

main constrains found were the material quantity and

into a lower wet resin content, about 20% decrease,

the processes that should be applied to it before and

by preventing the resin dissolution.

after testing. In this regard, the most favorable tests

Regarding the material strength tested by mechan-

were the flow, the solubility and the tack tests. The

ical methods, it was observed that the storage modu-

void test was not included in this list since its asso-

lus and the shear stress graph were almost identical.

ciated experimental error could easily return unreli-

The trend similarity could be explained by the depen-

able results. The solubility and flow used a low mate-

dency relation of the shear modulus from the storage

rial quantity and needed a more complete laboratory

modulus. However, in terms of global variation, in the

apparatus when compared with tack and drape. Ad-

DMA the drop was about 10,4% while in the tensile

dressing the temporal resources demand, although

it was about 4,3%. Thus, apparently the tests sup-

the tensile and ILSS tests used a larger material

port each other trends. Besides this, the ILSS results

quantity, they are faster to execute and for that reason

were also coherent with those from DMA and tensile,

were positioned near the flow and solubility. In this

presenting a drop of around 11% in the interlaminar

regard, three main time intervals were distinguished:

shear.

aging time, testing intervals, testing set-up time and

Another interesting fact that combines two com-

testing time. According to the test sensitivity, the ag-

pletely different tests is the relation between the DMA

ing interval can be reduced or increased in order to

test, i.e., secondary relaxation delta tangent peak,

get a better resolution of the material properties vari-

and the impact test. This relation has already been

ation. About the set-up time and testing time, it was

observed in thermoplactics and states that large low-

verified that for mechanical tests the set-up time was

temperature relaxations occur for all polymers with a

in general the higher of the two. For the physical-

high impact strength. [11] In the case of this project

chemical tests the opposite behavior was verified.

and although we were dealing with thermosets, this

Summing the set-up and testing time contributions,

relation was a priori unknown but apparently was ver-

the mechanical tests were in general, exception for

ified. Thus, since the secondary delta tangent peak

the I+CAI and DMA tests, quicker than the physical-
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that can be related with various material properties at

chemical.
Besides resources constrains, the quantity and

once. The only evident drawback of the method, be-

quality of the results are a major concern, surpass-

sides the testing time that it is function of the material

ing the others in many cases. For the drape and

and test settings, is being dependent from a complex

especially the tack properties, the human influence

testing machine. By contrast, if resources availability

was clear once the results are qualitative and hence,

are a constraining factor, the ILSS test revealed to be

dependency from a subjective judgment is inevitable.

an effective method. Regarding the more tolerant to

On the other hand, the void and solubility were more

the issue at stake and with a higher susceptibility to

influenced by the experimental uncertainty. The me-

experimental uncertainty physical-chemical tests, the

chanical tests, although they were in general less af-

most profitable proved to be the flow.

fected by the experimental uncertainty and human in-

4.3 A methodology proposal for out-time

terference, they were sensible to specimen manufac-

characterization

turing errors such as deviations in the layers orientation, lay–up flaws or inadequate dimensional toler-

During this work, it becomes clear that the material

ances.

properties sensibility to out-time was not uniform. Instead, they appeared to change at different rates and
at different times, suggesting that a more adequate
testing schedule should account different time steps
according to each test and evaluated property. This
leads to consider an un-evenly distribution in time that
should be selected based on the variation of some
specific material properties. Some properties require
larger aging times to be affected so the aging time
should also be long enough for clear and meaningful

Figure 4.3: Tests comparison regarding results versus resources.

results to be obtained.
Due to uncertainty in properties of previously

Regarding the accuracy and nature of the results,

untested materials and even variation in known ma-

four main criteria were evaluated: results type (quali-

terials, a flexible methodology that acts as a general

tative or quantitative), results quantity, correlation with

guideline was proposed, figure 4.4.

the material out-time and tolerance to the material

Six evaluation moments are proposed, i.e., main

aging. Quantitative tests with mathematical relations

evaluations, where specific material properties should

between the results and material aging and that are

be tested. In the first evaluation moment, T0, when

also sensitive to the aging factor, were the best suit-

material revalidation is not allowed anymore, a com-

able for the issue at hands. In this evaluation cate-

plete battery of tests is performed in order to estab-

gory, the more advantageous tests were the DMA and

lish a baseline. In the remaining main evaluation mo-

CAI+I for the mechanical and the flow for the physical-

ments the more resource demanding tests are per-

chemical.

formed, e.g.

DMA, tensile and I+CAI. Doing this,

Overall, the DMA test proved to be the most com-

their use was moderated and restricted to the mo-

plete one, allowing obtaining conclusive sets of data

ment where they would be more profitable. Between
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Figure 4.4: Methodology proposal for prepreg out-time aging study.

each main evaluation moment, a set of less demand-

gathered should be much more reliable since a much

ing tests, e.g., tack, flow and ILSS, should be made to

clear signaling of variation in properties is expected.

ascertain the main evaluations most appropriate time.

5 Concluding Remarks

These "cheaper" tests can be done with a higher periodicity, until the degradation targets are achieved,

First of all, is important to note that there are inher-

triggering then the main evaluations. With this pro-

ent results variations originated by the raw material,

cedure, it is possible to manage resources in an op-

manufacturing process and testing uncertainties that

timized way without disregard any material property

cannot be neglected. In the presented study, some

and obtaining clearer and, consequently, more reli-

of the variation in the results was small enough to

able results.

be affected by those factors. Therefore, to achieve
The last evaluation moment should take place

more reliable results, more tests should be done or a

when the flow test presents a minimum drop of 50%.

higher level of degradation achieved in order to pro-

With less than 50% of flow, the material will hardly be

mote a higher properties variation. Regarding the

consolidated and large drops in its properties are ex-

the degradadion found in mechanical and physical-

pected. Therefore, for materials of this nature, even if

chemical properties of the material employed in this

a lay-up could be performed in this condition, it would

study, it was moderated due to the available exposure

result in laminates with poor interlaminar adherence

time. In spite of this, the use of the aged material is

and its use would be no more profitable. Thus, at this

also conditioned by its processability properties, i.e.,

stage it is proposed the end of the evaluation process.

tack and drape. These were sharply affected by the

However, to establish a last baseline and to verify this

out-time.

condition, a last main evaluation is performed.

Concerning the evaluation of the testing methods,

Taking the material previously studied, a particular-

globally the DMA test proved to be the more com-

ization of the methodology proposed is presented in

plete, giving clear results and relating various mate-

figure 4.5.

rial properties at once. If the DMA test apparatus is

The new approach should be able to follow the

unavailable, the ILSS test is a suitable alternative to

material aging from around 22 days of out-time until

characterize the material. For the physical-chemical

around 70 days spending less than 50% of the ma-

tests, the flow test was the most practical and with

terial and, consequently, also saving time resources.

clearer results.
Based on the developed work and regarding

Although these resources optimization, the results
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Figure 4.5: Application of the methodology proposal to the material studied in this thesis.

prepreg material of similar nature, a new methodol-

material for external companies or internally use it in

ogy to study the out-time influence in the material

less controlled and non-critical parts, with simpler ge-

properties was proposed. The implementation of this

ometries and applying tack and drape enhancers or

methodology for the studied case was simulated re-

non-conventional lay-up techniques, could lead to a

sulting in more than 50% resources savings, an ex-

favorable balance by the cost benefit standpoint and

tended evaluation period and more reliable results.

result in a more sustainable and cleaner industry.

5.1 Recommendations for future work

The material proved to be able to maintain reasonable properties that could certainly satisfy non critical applications. However, it must be considered that

A different aging schedule could be made, possibly

the material aging highly degrades its adherence and

considering the proposed methodology or other un-

flexibility abilities preventing their utilization with con-

studied techniques. The influence of the exposition

ventional lay-up methods. Thus, the results suggest

method in the material aging could be evaluated be-

that since only the processability properties are sig-

side a a method to control the moisture absorption

nificantly reduced, after the end of the lay-up process,

effect. The relation between the material properties

the parts could have a limited and controlled time tol-

and its storage-time could also be evaluated.

erance beyond the stated out-time until they enter

Some tack and drape enhancers could be tested,

the autoclave. If confirmed, this would allow higher

both for hand or automated lay-up, to verify their ef-

flexibility and optimization of autoclave scheduling,

fectiveness when dealing with out of validity material

with clear advantages to the company. However, a

and evaluate their influence in the material properties.

more thorough work to implement these practices is

About the cure processes, it would be interesting

needed and should mainly consider larger material

to minimize the specimen’s differences with a unique

samples so to gather a statistically sufficient amount

cure for all the involved specimens and evaluate the

of data to support them.

relation between the room environment curing during

In conclusion, regarding the properties of the ma-

aging versus a corresponding autoclave cure time.

terial addressed and within the project timescale, it

Moreover, a detailed explanation of the reasonable

was shown that the out-time aging did not critically af-

material properties variations, gathered through the

fect the material properties required in terms of part

DMA test, would be a valuable help to better under-

project and design. However, the re-use of this mate-

stand this test and its usefulness in this kind of study.

rial is constrained by industry and international stan-

Following the results suggestion that the physical-

dards and by its processability properties. Overcom-

chemical and mechanical properties are only slightly

ing these two drawbacks by, for instance, supply the

affected by the aging, further tests to ascertain the
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consequences of exceeding the material out-time af-

[8] ASTM D3529. Standard Test Method for Matrix

ter lamination, i.e., during the stand-by to cure time,

Solids Content and Matrix Content of Composite

would be helpful for optimize the autoclave usage.

Prepreg. ASTM International, 1997. 4

Concerning the testing and analysis methodolo-

[9] ASTM D3531. Standard Test Method for Resin

gies, different tests with different lay-ups could be

Flow of Carbon Fiber-Epoxy Prepreg. ASTM In-

made, e.g., 90 º tensile, compressive, flexural, un-

ternational, 1999. 4

cured DMA or DSC, +45º/-45º DMA etc..
[10] ASTM D7028.

Standard Test Method for

Glass Transition Temperature (DMA Tg) of Poly-
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