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G. Maier, F. Hofmann 

Wehrwissenschaftliches Institut für Werk- Explosiv- und Betriebsstoffe, Erding, 

Germany 

Abstract 

Manufacturing induced residual stresses of polymer-matrix composites (PMC) re-

duce the tensile load at which first ply failure occurs. Thermomechanical treat-

ments offer the potential to change these residual strains, but their application is 

hindered because the shape stability of PMC components is limited at treatment 

temperatures, which must be above the glass transition temperature of matrix. 

This study describes successful localized treatments performed on a stress con-

centration induced by a circular hole in a laminate. Localization of the treatment 

allows significant property improvements at much lower treatments loads. Investi-

gation of the influence of moisture pick up on treatment effectiveness revealed it 

reduces the benefits of treatment to a large extent. Calculations of local stresses 

between single fibres and predictions of laminate properties based on laminate 

plate theory using a quadratic failure criterion confirm the experimental results and 

provide confidence in the physical explanations offered for the measured effects. 

Keywords: A. Polymer-matrix composites; B. Hygrothermal effect, Mechanical 

properties; C. Residual stress, Thermomechanical treatment 

Introduction 

Most of applied polymer-matrix composites (PMC) designs consist of many plies, 

which are dictated by the stiffness and strength requirements of the component or 

product. The single ply is characterized by anisotropic behaviour and very large 

property differences such as stiffness and thermal expansion between the fibre 

and the matrix. In high performance PMCs, these characteristics give rise to large 

internal residual stresses even immediately after manufacture, in the unloaded 

case at room temperature [1-5]. These stresses are fundamentally due to curing 

at elevated temperature. When injection technology is used instead of Prepreg 

technology, there is an additional source of residual stresses: matrix shrinkage [6]. 

During usage of a laminate, these internal stresses are changed by moisture 

pickup and the resulting volumetric expansion of the matrix. These effects depend 
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on environmental conditions, time of exposure, diffusion coefficient and geometric 

parameters [5,7]. Finally, the loading itself can induce additional inhomogeneities 

in the stress/strain distribution, particularly in those plies with reinforcement-

oriented transverse to the primary loading direction [5]. The superposition of all of 

these spatially varying stresses results in a very inhomogeneous stress distribu-

tion and creates local stress concentrations in the matrix throughout the whole 

laminate. These stress concentrations in turn result in a much lower tensile load 

sustained at first ply failure stress/strain than the load sustained at final failure 

stress/strain [8-10]. This fact prevents a designer from fully exploiting the potential 

weight savings of PMCs, because in many applications, the components should 

be designed so as to preclude ply failure at any location. First ply failure makes 

the components more vulnerable to subsequent degradation, for example accel-

erating environmental effects (e.g. moisture pick up) as well as fatigue crack 

growth [11-16]. 

In the past this problem has been accepted, due to the lack of a simple solution. 

Approaches to change the internal stresses of PMC by applying thermomechani-

cal treatment have been very successfully applied to laboratory scale specimens 

or simple components [17-26]. However, applications to large or complex compo-

nents have been limited, primarily due to problems concerning components` 

shape stability during relatively high stress loading at temperatures above glass 

transition. This is a fundamental step in the application of thermomechanical 

treatments.  

In this study, thermomechanical treatments were performed so as to localize the 

treatment to failure critical areas, thereby reducing the overall load on a compo-

nent during treatment. Additionally, the influence of residual stress change by 

moisture pick up on untreated and differently treated specimens was investigated. 

The intent was to get a real view of potential property improvements under various 

service conditions by alteration of residual stresses. The results of this study 

should also provide insight into the potential property improvements which may 

result from future modification of matrix materials to contain nanoparticles [27-30]. 

Such matrix materials are thought to have less thermal expansion and/or less 

moisture pick up than conventional ones. 
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Experimental 

Materials and specimens preparations 

All investigations is this study were performed with a composite consisting of con-

tinuous carbon fibres T800 in a thermosetting matrix Cycom 5245C, former trade 

name NARMCO 5245C, (Resin type: Modified cynate ester), because most char-

acteristics of this PMC needed for predicting first ply failure and micromechanical 

calculation of local stresses and for achieving thermomechanical treatment were 

available from previous studies [21,24,25]. The fabricated laminates had a quasi-

isotropic lay-up [(+45°/0°/-45°/90°)2]s. A fraction of them were completely cured 

(curing cycle to manufacturer's specification + post-curing), the remainder were 

produced using a shortened curing cycle (reduction of curing time = 30 %) without 

post-curing. 

From these laminates, specimens of 36 mm by 280 mm were cut. A certain num-

ber of specimens were notched before thermomechanical treatment by drilling a 

central hole of a diameter of 6 mm (notched specimen) while being water-cooled. 

The remaining specimens were similarly notched after thermomechanical treat-

ment. Before thermomechanical treatment and testing in dry condition or storage 

in defined climate, specimens were stored in a dry environment at 70°C for three 

days and than at 90°C until constant mass was reached. A certain number of un-

treated and treated specimens were moisturized by storage in a constant climate 

of 70°C/95% relative humidity for 200 days. The moisture pickup was measured 

by weighing.  

Thermomechanical treatment of specimens 

A load frame designed for uniaxial creep testing at elevated temperatures up to 

250 °C and tensile loads up to 100 kN was used for thermomechanical treat-

ments. In general, these treatments were all based on the following steps, namely 

quick heating up to treatment temperature, uniaxial loading at this temperature, 

cooling down under load and finally releasing from the treatment load. Different 

treatments were applied to completely cured specimens (Treatment A) and to par-

tially cured specimens (Treatment B). In the first case, the treatment loading was 

performed above the glass transition temperature for only a short period of time 

(details in Table 1). In the second case, the specimens were held under reduced 

load at curing or post-curing temperatures until complete cure occurred. The load 
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was then increased to a level higher than that applied in Treatment A (details in 

Table 1). The treatments were applied to both notched and unnotched specimens. 

Unnotched specimens were notched following treatment. The determination of 

proper treatment conditions was described in detail in [21,24,25].  

Determination of properties before and after treatment 

Uniaxial tensile tests were performed according to DIN 65559, in order to deter-

mine the number of transverse cracks as increasing load was applied to the 

specimens. During these tests, specimens were loaded stepwise in increments 

(500 N for untreated and 1000 N for treated specimens) and monitored via acous-

tic emission (AE) measurements until rupture occurred. After receiving the first AE 

signals, the specimens were removed from the load frame and prepared for ra-

diographic examination. The specimens were contrasted by storage in a contrast 

fluid (zinc iodide dilution containing 1200 g zinc iodide, 160 ml H20, 200 ml wetting 

agent Agepon, 200 ml isopropanol) in a vacuum chamber for 4 hours. The con-

trasted specimens were than radiographed and the resulting images examined for 

indication of transverse cracks. The specimens were installed back into the load 

frame and loaded to the next load step, removed and radiographed again. This 

procedure was repeated until delamination occurred. After the onset of delamina-

tion the specimens were loaded up to final rupture and notch strength recorded.  

Results 

Moisture pick up of untreated and treated specimens 

Fig. 1 illustrates the moisture pick up of untreated and different treated specimens 

versus storage time. It can be seen that treated specimens had less moisture pick 

up than the untreated ones, but there is essentially no influence between various 

types of treatment. The continuing moisture pick up over time is typical for the 

type of matrix used.  

Tensile properties  

Fig. 2 compares average laminate strains at first ply failure measured by AE on 

untreated and differently treated specimens in both dry and wet conditions. It can 

be seen that results depend on the measuring method applied. In dry and un-

treated wet specimens, approximately the same results were obtained by AE and 

radiography. However, a discrepancy is noted for wet treated specimens, particu-

larly after Treatment B. It can be assumed this effect reflects the limited sensitivity 
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of the X-ray method, because cracks initiated at the notch do not extend through 

the whole specimen width. The rapid decay of stress with distance from the notch 

[33] implies that cracks should arrest. Especially at first ply failure, crack length 

and opening displacements should be small, thereby limiting the amount of con-

trast fluid to infiltrate the specimen. Because this assumption is supported by cal-

culations discussed later in this paper, AE results were chosen for evaluation of 

influence of different treatment and moisture pick up on first ply failure strain. As 

Fig. 2 illustrates, the first ply failure of specimens in both wet and dry conditions is 

shifted to higher strains by all types of thermomechanical treatments. The relative 

increases vary from 100 to 179% in the dry condition and from 30 until 49% in the 

wet condition, as compared to untreated specimens. This shows that the im-

provement by thermomechanical treatment is fundamentally diminished by sub-

sequent moisture pick up. Treatment B provides a larger shift of these strains, 

namely 169 to 179% in the dry condition and 44 to 49% after moisture pick up 

compared to Treatment A with 100 to 121% dry and 30 to 41% wet. In spite of the 

approximately 50 % lower treatment load applied, specimens notched before 

treatment tend on average to show more substantial strain shifts (121% to 179% 

dry and 41 to 49% wet) than specimens notched after treatment (100 to 169% dry 

and 30 to 44% wet). These results confirm that localization of treatment to areas 

of stress concentrations allows a fundamental reduction in treatment load. 

Fig. 3 displays the transverse crack formation with increasing strain applied to dry 

specimens. As expected from the nature of such kinds of damage, there is a con-

tinuous increase in the number of transverse cracks with increasing strain. In the 

case of untreated specimens, there is a progressive increase of crack rate mean-

ing that the rate of crack formation is low at low tensile strains and increases with 

increasing strain. A similar trend in crack rate can be seen for all specimens 

notched before treatment. Specimens notched after treatment reveal an approxi-

mately constant crack rate. The average crack rate (slope of the fitted crack num-

ber/tensile strain curve) of specimens notched before treatment is visibly larger 

than that of specimen notched after treatment. It is also significantly smaller in the 

case of Treatment B than in the case of Treatment A, despite much higher test 

strain level for Treatment B specimens.   

The transverse crack formation of wet specimens is illustrated in Fig. 4. It can be 

seen that moisture pick up causes a fundamentally different trend in the crack 
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number vs tensile strain curves. Untreated and Treatment A specimens show a 

decreasing crack rate with tensile strain, meaning that rate of crack formation is 

high at low tensile strains and decreases with increasing strains. In contrast, 

Treatment B specimens show still a progressively increasing crack rate, but the 

average crack rate is clearly higher than that of comparable dry specimens. As a 

consequence of this different crack formation trend, wet Treatment B specimens 

notched after treatment reach higher numbers of cracks at high tensile strains 

than all Treatment A specimens.  

In contrast to transverse crack formation however, no correlation was observed 

between final failure stress and the changes of residual stresses by thermome-

chanical treatment and moisture pick up.  

Calculation of internal stresses/strains 

The fundamentals of thermomechanical treatment, the procedures to calculate in-

ternal stresses and strains before, during and after this treatment and the charac-

teristics of the laminates used have all been previously reported in detail 

[21,24,25]. The following overview should provide a short introduction, to these 

procedures and serve to address the specifics of the new results published in this 

paper. Because of the well-defined relationship between stresses and strains and 

for the sake of clarity, mainly only strains are considered in the following discus-

sion. 

Laminate ply strains 

Laminate properties like modulus and ply strains caused by manufacture or exter-

nal loading of a laminate were calculated according to Laminate Plate Theory 

(LPT) [5] using the properties of single plies. It has to be kept in mind from previ-

ous papers [21,24,25] that the permanent deformations which occur transverse to 

the reinforcement direction of single plies, govern the property improvement after 

treatment. These deformations can be realized by inducing strains at a tempera-

ture above the glass transition temperature of the matrix, and locking those strains 

in during cool down to a temperature below the glass transition temperature. In 

addition to the mechanical loading itself, temperature changes are a fundamental 

source of induced strains during treatment. They result also in strains mainly per-

pendicular to the ply reinforcement due to anisotropy of the thermal expansion 

and stiffness of the single ply.  
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The simplest condition from which to calculate the internal strains during and after 

thermomechanical treatment is the completely cured laminate at curing tempera-

ture, because it can be assumed to be stress free. In this case the first change of 

internal strains is caused during heating up to treatment temperature. A second 

change of ply strains is given by the mechanical loading while at treatment tem-

perature. During the subsequent cooling down back to curing temperature, the 

first changes of internal strains are reversed. This means that heating up from cur-

ing temperature to treatment temperature and the reverse process have no influ-

ence on internal strains. The subsequent cooling down to test temperature causes 

further changes of ply strains. To enhance the accuracy of the calculation for this 

treatment step, the temperature range should be divided into two parts, from cure 

temperature to glass transition temperature and from glass transition temperature 

to test temperature, because permanent deformations can only be produced 

above the glass transition temperature. The dependence of glass transition tem-

perature on loading condition [31,32] as well as the above mentioned reduced 

stiffness contribution of plies and its effect on single ply strain during loading 

above the glass transition temperature must also be considered. Additionally, 

moisture pick up of a PMC in a humid environment causes swelling of the matrix 

and contributes to its internal strains.  The cumulative resulting residual strain 

components of a ply “i” can be calculated by 

{ε}(i)r = { (ε(i)Th-Mech  + ε(i)Tg-Shift) * Fr  + ε(i)Thermal  + ε(i)Moisture   }   (1) 

where {ε(i)Th-Mech} are the strain components by loading at treatment temperature, 

{ε(i)Tg-Shift} are thermal induced strain components during cooling down from curing 

temperature to shifted glass transition temperature, {ε(i) Thermal} are residual thermal 

induced strain components during cooling down from curing temperature to prop-

erty test temperature, {ε(i) Moisture} are residual strain components caused by mois-

ture pick up and Fr is the quotient of applied strain and permanent deformation of 

a ply.  

All of these strain components can be calculated on the basis of LPT [5].  For cal-

culation of stresses/strains at the notch during treatment and property testing, a 

stress concentration factor of 2.57 was applied, which was calculated as de-

scribed for isotropic materials in [33] using the dimensions of the specimens re-

searched in this study.  
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The accuracy of the ply strain/stress predictions depends on the selecting the 

proper ply characteristics, which in turn depend on load/strain level, temperature 

and moisture content. In Table 2 the best possible choice of ply characteristics 

used for prediction of laminate properties and the alteration of residual 

strains/stresses due to thermomechanical treatment and moisture pick up are 

listed.  

The predicted transverse and shear strain components in untreated and different 

treated laminates in dry and wet conditions are compared in Fig. 5 and 6. Be-

cause the first ply failure is expected to occur between fibres in 90° - and 45° - 

plies, only the transverse strains (in ply axis 2) and shear strains (in ply axis 6) are 

considered. Due to the laminate lay-up used (quasi-isotropic), shear strains are 

induced by treatment loading only. It can be seen that production initiated trans-

verse strains are positive, while those induced by moisture and treatment are 

negative. That means moisture pick up or thermomechanical treatment tend to 

offset the production induced residual strains, depending on the amount of water 

picked up and the effectiveness of treatment (Fig. 5 to 7). A thermomechanical 

treatment and subsequent moisture pick up of the magnitude studied here result 

in an inversion of residual strains induced during production. One consequence of 

this inversion, especially in unloaded wet specimens, is that the compressive ply 

strains/stresses limit the infiltration of contrast fluid, thereby hindering the detec-

tion of cracks by radiography. These compressive stresses explain the discrep-

ancy in first ply failure measurements between AE and radiography, and provide a 

rationale for using only the AE measurements for evaluation of property changes. 

These residual stresses can be added to the mechanically applied strains previ-

ously described [5] using the following equation: 

 {ε}(i)res     = {ε(i)r + ε(i)m}         (2) 

where {ε}(i)res are the resulting ply strain components and ε(i)m the ply strain com-

ponents caused by mechanical loading both given during property testing.  

For the prediction of failure strain in this study a quadratic failure criterion [5] was 

applied using a normalized interaction term of –0.5 (bounded by the generalized 

von Mises criterion). Fig.8 to 10 show examples of failure envelopes for an artifi-

cial laminate in the absence of residual strains and for untreated and treated lami-

nates in dry and wet conditions tested. The comparison of the envelope of a lami-
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nate without residual strains to that of a dry untreated laminate (Fig.8) illustrates 

that production induced residual strains cause a reduction of the strain space/area 

without first ply failure, which takes place mainly in the tensile strain space. Ther-

momechanical treatment reduces or inverts this effect (Fig.9). It cause an 

enlargement of first ply failure free strain space to higher tensile strains in lami-

nate axis 1 compared to untreated laminates (Fig.8), due to the reduction or in-

version of residual strains in this direction mentioned above. Treatment B effects a 

greater enlargement of this failure free strain space than Treatment A because of 

higher permanent transverse ply deformation (Fig 5 to 7) due to the higher final 

treatment load (Table 1) and the higher degree of permanent retention of treat-

ment strain following this treatment (ratio ”permanent deformation”/”treatment 

strain”, Table 2) (Fig.9). In laminates without residual strains and in all dry lami-

nates (untreated and treated), first ply failure is expected to occur in 90°-plies un-

der uniaxial tensile load in laminate axis 1 (Fig.8 and 9) as applied during property 

testing in this study. Considering only the swelling effect, moisture pick up should 

also lead to an enlargement of first ply failure free strain space, due to the reduc-

tion or inversion of residual strains. But the large decrease of tensile strength in 

ply axis 2 limits this effect in the case of untreated laminates, and negates this ef-

fect in the case of treated laminates in the tensile strain space (Fig. 10). In the first 

case, the line of strain path for uniaxial tensile loading intersects the failure enve-

lope of 90°- and 45°-ply at very similar strain values, which predicts a simultane-

ous ply failure initiation and development in both type of plies. This effect could be 

one reason for the much higher rate of transverse crack formation compared to 

untreated dry laminates (Fig. 3 and 4). The predicted first ply failure of all treated 

laminates shifted from 90°-plies to 45°-plies by moisture pick up. The reason is 

that in the case of a poor transverse tensile loading, a reduction or inversion of re-

sidual tensile strains should contribute directly to the loading capacity to first ply 

failure, because the given internal material change and loading have approxi-

mately the same direction of effectiveness. This is not the case however in 45°-

plies, because an inversion of residual strain transverse to fibre direction does not 

improve the shear loading capacity of 45°-plies. The reason for lower crack forma-

tion rates for specimen notched before treatment compared with specimens 

notched after treatment cannot be derived from the calculations done in this study, 

because the influences of stress gradients around the notch were not investi-
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gated. But it can be assumed this effect is based in similar loading conditions dur-

ing treatment and property testing, which cause a reduction of internal stresses 

similar to cases considered above.  

In Fig.11, predicted and experimental first ply failures are compared. For all con-

sidered cases a nearly perfect correlation of predicted and measured first ply fail-

ure was observed. That means in the dry condition the change of strain at first ply 

failure by thermomechanical treatment goes along with the amount of introduced 

permanent deformation depending on condition of the treatment applied (Treat-

ment A or B, notched before or after treatment). The influence of moisture pick up 

has been already discussed. Essential additional effects on the improvements ob-

tained by thermomechanical treatment cannot be expected from these results. 

Local micromechanical strains between fibres  

A square fibre arrangement model was used to calculate local stresses/strains of 

matrix between single fibres. The smallest single element of volume/area of this 

arrangement, containing quarter segments of 2 fibres in cross section and the ma-

trix filling the space between, was divided in subelements (slices) with very small 

thickness. This model allows an easy illustration and understanding of the cause 

of variation of local strain between two fibres. In principal, the dominant effects 

depend on the length fraction of fibre and matrix within the various subelements. 

For instance, the slices closest to a line joining to fibres’ axes will include most of 

each fibres’ radii, but only a relatively small length of matrix. Those slices further 

from this line would have a correspondingly higher matrix/fibre ratio. By consider-

ing the differences in matrix/fibre ratio between subelements, the magnitude of the 

various factors affecting residual local stress can be determined. These factors in-

clude the different expansion of matrix and fibre by temperature change, perma-

nent deformation of matrix caused by thermomechanical treatment, expansion by 

swelling due to moisture pick up and strains induced by mechanical loading.  Cal-

culations were performed for two cases while respecting the statistical distribution 

of fibres in the matrix. In the first case, all fibres were assumed to have an aver-

age separation. In the second case, single fibres with approximately contact (fibre 

distance/fibre diameter=1.019) were assumed to be surrounded by fibres with av-

erage separation. A detailed description of this model including these extreme 

cases, as well as a simplification used to calculate micromechanical stresses and 

strains are given in [24,25].  



 

 

 

ACCEPTED MANUSCRIPT 

 
11 

The following examples were selected to illustrate the variation of influences on 

residual stresses. Fig.12 and 13 show local stresses transverse to fibre and paral-

lel to the loading direction in unidirectional 90°- laminates (UDL) and 90°-plies of 

quasi-isotropic laminates (QIL), in dry and wet condition calculated with properties 

given in [25] or back calculated from UDL values (e.g. moisture expansion coeffi-

cient = 0.5/%). As already stated in [21,24,25], production of UDL forms funda-

mentally compressive stresses in areas where the fibre surfaces are relatively 

close together (small matrix/fibre ratio), balanced by fundamentally tensile 

stresses areas where the fibre surfaces are further apart (large matrix/fibre ratio) 

(Fig.12). Loading transverse to the fibre direction itself creates an inverted stress 

distribution compared to the production induced one. The superposition of local 

stresses from production and loading up to failure results in approximately uniform 

local stresses between fibres, so that the transverse strength of dry UDLs is very 

close to that of the neat resin.  

In a QIL, production induced stresses are positive and raise the average value of 

local residual stresses, thereby diminishing the load at which first ply failure of the 

laminate occurs (Fig.12). Thermomechanical treatment shifts the local stress 

curves to lower values due to permanent deformation of 90°-plies transverse to fi-

bre direction. The magnitude of this effect depends on the intensity of treatment. 

In the most intensive treatments applied (Type B on specimens notched before 

treatment) predominantly compressive stresses occur, which fundamentally in-

crease the loading capacity of the laminate. It should be noted that the contact of 

single fibres does not influence the maximum local stress. In [24,25], it was al-

ready shown that no significant change of local stress distribution is caused by 

thermomechanical treatment beyond that of the previously described permanent 

deformation. 

Moisture pick up reduces or inverts the production induced local stresses (Fig 13). 

The extent of moisture pick up measured in this study is sufficient to induce ten-

sile stresses in areas where the fibre surface are closer together (fibre centre). 

The contact of single fibres amplifies this effect. Loading transverse to fibre direc-

tion creates a similar change of stress distribution as moisture pick up, which fur-

ther increases the local stress magnification near the fibre centres. These com-

bined effects lower the loading capacity of an UDL and are reflected in a low 

transverse strength of this type of laminate in the wet condition. In an unloaded 
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QIL, the average swelling transverse to fibre direction reduces or inverts average 

production-induced residual stresses. It reduces the stress magnification in areas 

where the fibre surfaces are closer together (above the fibre centre). Subsequent 

loading would cause an increase of stress magnification as before, but compared 

to the situation in a wet UDL, the stresses are reduced somewhat by the previ-

ously mentioned swelling effect. The effect of thermomechanical treatment was al-

ready shown for dry QIL. In the case of subsequently moisturized specimens it 

produces a relatively high level of compressive stresses transverse to fibre direc-

tion. Assuming no compressive failure occurs, it should elevate the tensile load 

capacity up to first ply failure of the laminate partly compensated by moisture re-

duced transverse ply strength. This prediction was confirmed experimentally.   

Summary and Conclusions 

In this paper, different thermomechanical treatments and/or storage in humid envi-

ronment were applied to illustrate the potential for property improvements in 

polymer-matrix composites by alteration of residual stresses. Notched specimens 

were researched, because such stress concentrations are often responsible for 

damage initiation in system components. Additionally, they offer local limited 

changes of residual stresses by thermomechanical treatment.  

The results demonstrate that application of thermomechanical treatments in-

creases the tensile strain at first ply failure at a circular notch in a quasi-isotropic 

laminate by 30% to 179%, depending on treatment type and moisture content. 

Treatments on notched specimens lead on average to noticeably higher increase 

of strain at first ply failure than treatment on unnotched specimens. That means a 

localized treatment is possible and may be more effective than a treatment of a 

whole structure. This knowledge facilitates application of thermomechanical 

treatments to real structures, because the level of load required for treatment is a 

critical parameter and is often limited by the reduced shape stability of composite 

structures at treatment temperature.  

In dry laminates (untreated and treated), first ply failure at a notch in quasi-

isotropic laminates occurs exclusively in 90°- plies. Moisture pick up and its re-

lated matrix swelling reduce or invert residual stresses, but also reduce the trans-

verse ply strength by magnifying the stresses between fibres as well as by weak-

ening of fibre/matrix interface strength. The elongation effect transverse to fibre di-
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rection produces, especially in treated laminates, compressive stresses in 45°- 

plies, which reduce the loading capacity of these plies. This in turn results in a 

shift of first ply failure from 90°- plies to 45°- plies. Moisture pick up therefore re-

duces the potential for property improvement by thermomechanical treatment.  

It can be concluded that moisture pick up in realistic service environment neutral-

izes the property improvement achieved by thermomechanical treatments and 

demonstrated in dry laminates. New developments in polymer matrix materials 

are aimed at reducing moisture pick up, such as by matrix modification with 

nanoparticles. In addition to a general property improvement from reducing local 

strain magnifications, they should allow the designer to more fully exploit potential 

property improvements by altering residual stresses e.g. by thermomechanical 

treatment of laminates used in wet environments.  
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Fig.1:  Influence of thermal treatment on water pick up 
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Fig. 2: Average laminate strain of smallest cross section at first ply failure of un-
treated and treated specimens measured by acoustic emission (AE) and radiog-
raphy (X-ray)  
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Fig.3: Transverse crack formation versus average strain at smallest cross section 
of dry specimens 

 
Fig.4: Transverse crack formation versus average strain at smallest cross section 
of wet specimens  
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Fig.5: Predicted residual transverse strain components of 90°-plies at the speci-
men notch 
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Fig.6: Predicted transverse (2) and shear (6) strain components of 45°-plies at the 
specimen notch 
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Fig.7 Predicted total residual transverse strains of 90° and 45°-plies in untreated 
and treated laminates in dry and wet condition at the specimen notch 
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Fig.8: First ply failure envelopes of a laminate without (left) and with production 
induced residual strains (right) in dry condition, FF = failure free area/space, SP = 
strain path of uniaxial loading 
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Fig.9: First ply failure envelopes of specimens after treatment A (left) and Treat-
ment B (right) with notch in dry condition; FF = failure free area/space, SP = strain 
path of uniaxial loading 
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Fig.10: First ply failure envelopes of untreated specimens (left) and specimen af-
ter Treatment B with notch (right) in wet condition, FF = failure free area/space, 
SP = strain path of uniaxial loading 
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Fig.11: Comparison of predicted and measured strains at first ply failure at the 
specimen notch 
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Fig.12: Micromechanical stresses transverse to fibre and parallel to loading direc-
tion in dry unidirectional 90°-laminates (UDL) and 90°-ply of quasi-isotropic lami-
nates (QIL) in untreated, treated, unloaded and up to failure loaded condition for 
average fibre distance and fibre contact  
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Fig.13: Micromechanical stresses transverse to fibre and parallel to loading direc-
tion in wet unidirectional 90°-laminates (UDL) and 90°-ply of quasi-isotropic lami-
nates (QIL) in untreated, treated, unloaded and up to failure loaded condition for 
average fibre distance and fibre contact 
 
Table 1:  Conditions of thermomechanical treatments 

Unnotched specimen Notched specimen Type of  
Treatment/Step Tempera-

ture [°C] 
Stress 
[MPa] 

Duration 
[min] 

Temperatur
e [°C] 

Stress1) 
[MPa] 

Duration 
[min] 

Heating up     23 to 
210 

    0 15    23 to 210     0 15 

Loading 210 250 5 210 133 5 
Cooling 
down  

210 to 23 250 15 210 to 23 133 15 

A 

Unloading   23 250 to 0 1   23 133 to 0 1 
Heating up    23 to180     0 15   23 to180     0 15 
Loading 180 222 115 180 117 115 
Heating up   23 to 190 222 5   23 to 190 117 5 
Loading  190 222 115 190 117 120 
Heating up 190 to 200 222 5 190 to 200 117 5 
Loading  200 222 120 200 117 120 
Heating up 200 to 210 222 5 200 to 210 117 5 
Loading  210 222 235 210 117 235 
Loading 210 306 5 210 167 5 
Cooling 
down  

210 to 23 306 15 210 to 23 167 15 

B 
 

Unloading   23 306 to 0 1   23 167 to 0 1 
1) Average stress at the smallest cross section. 
 
 
 



 

 

 

ACCEPTED MANUSCRIPT 

 
22 

 
Table 2: Characteristics of Cycom 5245C/T800 UDL used for calculations 

No. Property Condition Value Source/Remarks 

1 23°C, dry, wet 167.5 [24], at 0.5% strain 
3 Treatment A 169 [24] 
4 

Young Modulus 1, GPa 

Treatment B 172 [24] 
5 23°C, dry 7.897 at 80% failure load 
6 23°C, wet 7.792 at 0.4% strain 
7 Treatment A 0.315 [24] 
8 

Young Modulus 2, GPa 

Treatment B 0.070 [24] 
9 Poisson Ratio 23°C, dry, wet 0.3256 [24] 
8 23°C, dry 4.373 at 80% failure load 
9 23°C, wet 4.315 at 40% failure load 
10 Treatment A 0.105 [24] 
11 

Shear Modulus 12, GPa 

Treatment B 0.023 [24] 
12 Tensile Strength 1, MPa 23°C, dry, wet 2500 [24] 
13 23°C, dry 69.5 [24] 
14 

Tensile Strength 2, MPa 
23°C, wet 19.5 measured 

15 23°C, dry 1730 [24] 
16 

Compr. Strength 1, MPa 
23°C, wet 1590 measured 

17 23°C, dry 246 [24] 
18 

Compr. Strength 2, MPa 
23°C, wet 218 measured 

19 23°C, dry 90.3 [24] 
20 

Shear Strength, MPa 
23°C, wet 74 measured 

21 Thermal Exp. Coef. 1, 1/°C 23°C to 180°C 0.02E-6 [24,25] 
22 23°C to Tg 30.5E-6 [24,25] 
23 

Thermal Exp. Coef. 2, 1/°C 
Tg to 180°C 75.0E-6 [24] 

24 Moisture Exp. Coeff. 1, 1/% 23°C 0 [5] 
25 Moisture Exp. Coeff. 2, 1/% 23°C 0.6 [5] 
26 Treatment A 0.75 [24] 
27 

Permanent Deforma-
tion/Treatment Strain Treatment B 0.83 [24] 

28 Tg, °C  180 °C = Tcuring 
29 Treatment A -47 [31,32] 
30 

Tg-Shift, °C 
Treatment B -56 [31,32]]  

 


