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Proceszing induced residual stresses are often responsible for cauzing warping, undesired distortion, dimensional
inztability, and delaminations in composite structures. Monitoring the evolution of rezidual stresses throughout
the cure is essential to understand their effect on the mechanical behavior of the composites. In the present work,
a novel in-zsitu experimental approach iz vzed to measure the dimenzional changes in the laminates during cure
and combined with temperature-dependent moduli obtained from Dynamic Mechanical Analyziz (DMA) to
caleulate the continuous evoluton of rezidual stresses during composite processing. Five symmetric and asym-

metric layup configurations are analyzed to investigate the effect of ply orientation on the residual stress evo-
lotion. The maximum average residual smess of 110 MPa in the longitndinal direction iz observed for symmetric
crozs-ply [0,90]; configuration and the maximum average warpage of 1.46 mm iz obzerved for balanced un-
symmetric [30/—-30/60/—60] layup configuration.

1. Introduction

Residual stresses which anse during composite manufacturing are
gelf-balanced stresses that exist in the abeence of external loads. They
typically reduce the mechanical properties of the composite and lead to
defects like warpage. Processing iIndueed residual stresses are caused
because of the directional properties of plies [1], polymerization
shrinkage of the matrix during curing, and due to the dissimilar ther-
momechanical response of matrix and fibers dunng thermal eyeling [2].
The magmitude of residual stresses 15 an important consideration in
designing load-bearing structures as they cause warping [3], undezsired
distortion [4], and dimensicnal instability [5]. They can prestress the
structure and affect the overall strength by causing microcracks in the
matrix [6], which can lead to further environmental degradation. [t 1=
therefore, mmytnfactmmﬂ::rcsuiua]strmmﬂ::p{m
and design of composite structures.

Researchers have developed a wide range of approaches to measure
the residual stresses through destructive and non-destructive expen-
mental methods, az well az modeling techniques. Chapman et al. used
the layer removal method by placing separation filme within a laminate
during cure [7]. Cowley et al. created unsymmetric or unbalanced
layupe by milling cuter plies of the laminate and then measure the
resulting changes in curvature [£]. The optical methods such as Moire
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interferometry [2] and fiber-optic Bragg gratings [10] have been used
for messuring residual stresses In a composite laminate by using a
modified hole dnlling method. Transverse residual stresses in cross-ply
laminates have been estimated using the first ply failure method [11].
In addition to these destructive techmiques, non-destructive methods
like X-ray diffraction [12], neontron diffraction [13], photoeclasticity
[14], acoustic waves [15], and Raman spectroscopy [16] have also been
used for measuring the residual stresses. However, requirements hike
erystallimity limit the application of x-ray diffraction and neutron
diffraction methods for carbon fiber composites [17]. Ifu et al. used the
cure referencing method (CRM) to measure the processing induced
gtrains in laminated compoeites by incorporating moire interferometry
and replication of diffrachion grating on the surface of the laminate
during autoclave cure [12]. The residual stresses are then caleulated
using the laminate theory and strains measured by the Moire interfer-
ometry after cure. Croom et al. used digital image correlation (DIC) az a
method for in-situ probing of the residual stresses in air plasma spray
[APS) coatings through curvature measurements [12]. DIC has aleo been
used in additive manufacturing to evaluate the effect of build direction
on residual stresses in stainless steel specimens [20]. In addition, several
modeling methods including energy methods [21], elasticity solution
22], CLT based macro-mechanics approaches [8] and umit ecell finite
element models [23] have been used to model and predict the residual
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stresses.

Monitoring the evolution of residual stresses throughout the cure
cyele will help in developing a deeper undemstanding of the
process that lower the residual stresses and thereby mitizate the asso-
ciated processing defects and strength-reduction. Most of the studies
that measured the residual stresses from the hterature are lmated to
post-cure measurements. In-zitu approaches that use sensors like
embedded strain gauges and fiber optics introduce a foreizn body into
the laminate which changes the material properties. Approaches for the
evaluation of residual stresses continuously during cure are limited due
to the experimental requirements of incorporating the monitoring setup
inside an autoclave. The objective of thiz study iz to address these con-
strainte and develop an experimental approach to continuously evaluate
the processing induced residual stresses in composite laminates. A non-
was developed by the authors and uhilized to study wrinkle formation
[24]. That approach iz adapted to measure the dimensional changes
during curing in thiz study and 1= combined with temperature-dependent
moduli obtained from Dynamic Mechanieal Analysiz (DMA) to calculate
the continuous evolution of residual stresses during composite pro-
cessing. Purther, the effect of layup configuration on the residual stress
evaluation is examined by analyzing and comparing several symmetric
and asymmetric layup confisurations.

2. In-situ experimental procedure & characterization

Unidirectional carbon fiber prepreg procured from Fibre Glast Cor-
poration contarming 12 K tow raw material is pre-impregnated with an
epoxy resin system of density 1.2 g/ce and has a fabrie areal weight of
1393_.-&112. Thiz prepreg iz cured at the manufacturer recommended
curing temperature of 120 “C (248F) with a one hour hold time. The
specimen temperature is measured using a J-type thermocouple inside
the autoclave. The specially designed autoclave from ASC Systems is
instrumented with a 3D digital image correlation (DIC) setup as shown
in Fig. 1. Thiz autoclave iz also equpped with a borosibicate glass
viewport and an interior Light which enables the DIC measurement as
geen in Fig 1(b). The cameras of the DIC system are set up pointing at
the composite layup through the viewport of the autoclave. The VIC-3D
Real-Time DIC System from Correlated Sclutions measures the surface
ply deformations and straine during the composite processing by
extracting full-field nformation from the lugh contrast random speckle
pattern sprayed on the surface ply az seen in Fiz. 2 using high-
temperature spray paint. Composite specimens of dimensions 101.6
mm ¥ 152.4 mm (4-inch » 6-inch) are prepared for fabrication using
four plies of unidirectional carbon fiber prepreg in two symmetric on-
entations of [0,/90],, [0/45]; and two unsymmetric orientatione of [30/
—30/60/—60], [0/30/45,/90] and one anti-symmetric orentation of
[45/—45/45/—43].
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Dvnamic mechanical analyzsie (DMA) using PerkinElmer - DMA 28000
iz performed to characterize temperature-dependent dymamic visco-
elastic properties of the composite material used in this research. A emall
unidirectional four-ply sample of dimensions 50 mm x 7.5 mm was
mounted using a three-point bending setup to obtain both temperature
dependent longitudinal and transverse modulus of the material Daffer-
ential scanning calorimetry (DSC) using DSC-3 from Mettler Toledo is
performed to measure the degree of cure for the prepreg resin used in
thiz research. Resin samples of weight 25 mg to 35 mg extracted by
seraping from the prepreg were placed and sealed in 40 pl alumanum
cruciblez. The experimental procedure iz carnied out in two steps, dy-
namic and isothermal First, the seamples are heated at a constant rate of
10 *C/min between — 25 “C to 250 “C (dynamic) and the temperature
wae held constant at 120 “C (1zothermal) for a time of 0 min to 60 min
with 10 min intervals. The degree of cure of the sample at these 10 min
intervals was calculated and plotted by companng the isothermal heat of
reaction to the total heat of reaction until complete cure.

3. Results and discussion

3.1. Temperature-Dependent elastic properties

The results from the DMA are analyzed during the hold and eool-
down phasez of the cure ecycle. Temperature-dependent Young's
modulus (B (T} & BEr{T}) values are experimentally extracted through
the DMA of the sample and are plotted against temperature. The average
change in modulus during the cool-down phase for four different zam-
ples can be seen in Fig. 3. The rate of change in longitudinal modulue 1=
lower during the imitial cool-down phase and then inereases to an
average of 272 GPa at room temperature. On the other hand, the
transverse modulus inereases sharply and then gradually levels off to-
wards the end to 7.9 GPa at room temperature. The manufacturer pro-
vided tensile modulus for the prepreg is 275.8 GPa [25]. A similar trend
of change in modulus iz aleo observed by Li et al. in their theoretical
model [26] and the expernmental measurements of Kim et al. [27]. The
error bars denote the standard deviation from four different samples.

3.2 Cure kinetics

The cure kinetics of the resin was analyzed using the DSC and the
degree of cure (DOC) (@) 1= calculated azs the ratio of change in heat of
reaction (AH,) and total heat of reachion (AH;us) as shown mm Eq. (1)
[28].

AH,  AHuw— AHg
t) = =
at AH . AH, o

Where, AHp, is the residual heat of reaction for the isothermally cured

sample at 120 °C for ttme (t). The total heat of reaction 1z measured

through dynamic scanning test form —25 °C to 250 °C at a predefined
heating rate of 10 °C/min as the resin iz completely cured. The degree of
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Flg. 1. (a) Schematic of the autoclave with viewports; (b) DIC monitoring setup.
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Flg. 2. [45/—45/45,/—45] laminate: (a) under vacuum bagging; (b) speckle pattern after cure; (¢) DIC uncertainty of speckle partern.
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Flg. 3. Change in Young's Modulus (B and Ef) to temperature.

cure for the hold-phase and cool-down phase of the cure evele can be
geen in Fiz. 4. The AHg after the ramp-up with zero isothermal hold time
corresponds to a degree of cure of 20%. Therefore, the B-stage resin in
the prepreg is 209 cross-linked as-procured. The epoxy reaches vitrifi-
cation, the point at which resin iz converted from a rubbery state to a
glassy state at 70 min Comparing the mobility in the vitrified state
before and after 70 min, the mobility after 70 min iz much lower to
permit further reaction, henee this point 1= considered as vitrification
point [29]. This corresponds to 94% cross-linking as seen in Fiz. 4. The
rezin ie 97% cured at the end of the cure.
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Flg. 4. Degree of cure curve correlated with autoclave cure profile.
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3.3 In-situ strain data and analysiz

DIC iz employed to measure the surface strains of all the layup
configurations used in this research. The DIC system used in this work
has a minimum in-plane strain measurement capability of 0.005%
[S0E—6), with a resolution of 10E—6 [30]. The uncertainty in the
displacement and strain measurement depends on several factors
including focus, lighting, glare, F-stop, subset size, and the speckle
pattern quality [31]. Fer the typical experimental conditions and the
speckle pattern used here, VIC 3D software computes a mean uncer-
tainty of about 0.00049 pixels for every pixel ag shown in Fiz. 2 (c). For
the strain measuremente in the range of SE—3, typically observed in this
work, thiz leads to a possible measurement error of around + 1%.

For a unidirectional single-ply laminate, the average surface strains
(Bunidirectional) are correlated with the cure cyele of the composite as
shown in Fig. 5 (a). During the ramp-up phase of the cure, the composite
expands in both longitudinal and transverse directions, primarily due to
the thermal expansion of the matrix and fibers. At this etage, there 1 no
contribution of cure shrinkage. This expansion is higher for transverse
than lengitudinal direction (3E—3 for T ve 1.7E—3 for L). In the
izothermal stage, cure shrinkage and thermal effects are both respon-
gible for the strain. A maximum strain of 3.76E—3 iz observed in the
transverse direction during the hold-phase at 50 min into the cure. After
primarily due to thermal effects. At the end of the cure, it can be seen
that the longitudinal strain (1.2E—3) 15 higher than the transverse strain
[2E—4) because the thermal effects are more prominent in the transverse
direction both during ramp-up and cool-down. Figz. 5 (b) shows the
contour plot of the spatial distribution of the transverse strain at the end
of the cure.

The measured surface strains (Elaminate) for the other ply confizura-
tions in longitudinal and transverse directions are chown in Fige. 6 and 7
respectively. Although strain measurements using DIC are alwaye on the
top ply, the ability of the inner plies to restrict the motion of the top ply
can be observed in these figures. Particularly three out of the five layup
configurations adopted in this research have 0° ply as top ply but the
difference in the evolution of strain throughout the hold phaze and cool-
down phase among these four layups 1= evident. Since thiz paper’s focus
iz on residual etresses, these figures are plotted from the 20 min point to
forus on strain and stress build-up from the stress-free point. Also, the
reference state of the strain (zero strain} is chifted from the imtial state
to the etress-free point as the load transfer goes to zero at the stress-free
point at the beginning of the isothermal stage and starts again as the
croes-linking of the resin beging during the isothermal stage and con-
tinues through the cool-down

In the longitudinal direction, the strain in [0/90]; layup increases
continuously throughout the cure to 0.91E-3 by the end of the cure. A
maximum stram of 0.17E-3 15 obeerved for [0/45]  layup due to the
effect of 45° ply in the layup. The strain deereases to —1.0E—3 at the end
of the cure. The longitudinal strain development in the unsymmetric
layupe iz shown in the lower half of Fiz. 6. A maximum strain of 0.38E—3



5. Chava and 8. Namilae

Vitrification

Compasites Part A 145 (2021} 106368

0.000:4

000033

4 iase | .| . Phase 14D
. N Ty
351 - — 120
3 4 . Ima
— 25 - g
s
& 2 . 80 E-
5 15 e TN o0 §
I 40 4
- - - £ {Longimdinal} -
05 4 & e & (Transverss) E‘lf -
d —F‘HIL‘ Profile . . p
0 20 40 60
Time (min)

0.0003
5 000025
0.0002
00001s
0.00a1
D.00005

0.0

{a)

(b

Flg. 5. {a) Unidirectional zingle-ply average strains; (b) Longitudinal single-ply strain contour at the end of the cure.
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Fig. 6. Laminate strainz in the longitodinal direction.

ie observed for the [30/-30/60/-60] layup and gradually decreazes to
—0.96E—3 at the end of the cure due to the balanced nature of the layup.
For the unsymmetric [0/30/45/90] layup, the strain increases to a
maximum during the hold phase and then slightly decreases to 0.05E-3
at the end.

In the transverse direction, as seen in Fig. 7, for [0/90]; configura-
tion, a maximum strain of 0.71E-3 iz obeerved and then reduces to
—0.13E—3 at the end of the cure. Due to the cross-ply nature of this
configuration, the change in strain during cocling is relatively low. In
the caze of [0/45]; layup, a maximum strain iz obeerved at the start of
the hold-phase and gradually the strain decreases to —1.53E—3 at the
end of the cure. For asymmetric layups, [45/—45/45/—45] exhibited
neglimble changes throughout hold and after cool-down, it reduced to
—0.45E—3. Initially, a maximum strain of 0.81E—3 iz obeerved for the
[30/— 30,60/ —60] layup and the strain gradually decrease to —1.39E3
at the end of the cure due to the balaneed nature of the layup. For [0./30/

45,90] layup with strain gradually decreasing from 1.05E-3 to
—1.68E-3 during the hold and cool-down phases of the cure due to
distinet ply orientations.

Although these are surface strain measurements, any significant
movement in the mnterior plies due to thermomechanical loads during
cure as well as residual stresses generated due to the erosslinking of the
polymer bonde will be reflected on the surface due to the relatively low
thickness of the scample.

3.4, Residual stress calculation

Rezidual etresses within a ply are caleulated by using the liberated
strain approach. This iz the strain difference between what a ply 1=
experniencing during the cure and what the ply would experience if it 1z
not constrained by the neighboring plies. The liberated stramn 1z caleu-
lated based on the assumption that strain measured at the surface
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Fig. 7. Laminate strains in the transverse direction.

through DIC matches the strain at any point in the interior of a thin
plate. The four-ply laminate configuration adopted in this research is
considered to be a thin structure. The residual strain for each ply was
calculated as a difference between a ply s unidirectional strain and the
strain within a laminate transformed by the transformation matrix ; as
shown in Eq. (2). The angle * in Eq. (3) is the angle between the global
coordinate x-axis and the direction of the fiber in the considered ply.
This residual strain is a function of ply orientation and includes the
thermal expansion/contraction as well as cure shrinkage.

@

2 2 2

Here, 2 c? 2cs  ,¢C

cs ¢ & s

The temperature-dependent elastic compliance matrix S T , which
is the inverse of the stiffness matrix, can be calculated using the
temperature-dependent material properties E; T Er T obtained from
DMA, the manufacturer provided Poisson s ratio of 0.35 and in-plane
shear modulus of 5 GPa through Eq. (4). While the material is ex-
pected to exhibit linear-elasticity for small strains after vitrification, this
behavior is also assumed before vitrification from the stress-free point.
This assumption enables the computation of a rough magnitude of re-
sidual stress during the hold phase. From the compliance matrix, the

cos ands sin (3)

stiffness matrix is simply calculated as Q s L

— @

The residual stress for each ply is calculated using the residual strain
determined from Eq. (2) and the temperature-dependent stiffness matrix
[Q] of the composite panel as shown in Eq. (5). The continuous

evolution of this residual stress in each ply for all sample configurations
can be seen in Figs. 8-13.

()

The residual stresses are calculated using Eq. (5) for all the layup
configurations used in this research and are plotted in Figs. 8-13. For [0/
90]; configuration, the change in residual stress is less during the hold-
phase until the vitrification point and then rapidly increases to a
maximum of 110 MPa and 24.21 MPa in longitudinal and transverse
directions for 0 ply as seen in Fig. 8. This is the highest residual stress
observed among the current ply configurations in the longitudinal di-
rection due to the cross-ply nature of the layup. It can also be observed
that the highest residual stress for 0 ply is in the longitudinal direction
and for 90 ply it is observed in the transverse direction as the fibers in
these respective (parallel-to-the-fibers) directions have high modulus
and low thermal expansion coefficient giving rise to the macro stresses
during the cool-down [8].

The residual stresses in [0/45]s along with the rest of the layup
configurations follow a similar trend to [0/90]s changing rapidly after
vitrification during the cool-down phase. In the longitudinal direction,
0 ply exhibited compressive stress of 47 MPa, and 45 ply has residual
stress of 138 MPa at the end of the cure. In the transverse direction,
they exhibit 6.5 MPa and 14.5 MPa respectively. The rate of change in
longitudinal residual stress is higher in 45 ply at vitrification compared
to 0 ply. This particular difference can only be observed through the
continuous evolution of residual stresses as shown in Fig. 9. In the case
of anti-symmetric angle-ply [45/ 45/45/ 45] configuration, as seen in
Fig.10,45 plyand 45 ply exhibit similar stresses in both longitudinal
and transverse direction. The coordinate transformation in the stress
calculations for this layup resulted in a wider range for the error bars.
Note that the error bars for the corresponding longitudinal strain mea-
surements in Fig. 6 are relatively low.

For balanced unsymmetrical [30/ 30/60/ 60] layup configura-
tion, it can be observed from Fig. 11 that in the longitudinal direction
the plies exhibited compressive stresses and in the transverse direction,
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Fig. 8. Ply stresses in [0/90]s laminate for the plies oriented in 0 and 90 : (a) plotted against time; (b) plotted against temperature.
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Fig. 9. Ply stresses in [0/45]; laminate for the plies oriented in 0 and 45

they are in tension. The rate of evolution of stresses in the longitudinal
direction during the hold phase is higher for 60 ply followed by 30 ply,

30 ply, and 60 ply. The ability of 60 to relax stresses during the
cool-down phase is restricted by the 30 plyand 60 ply on top and
bottom respectively. The in-situ ability of the current research approach
to calculate the residual stress evolution of the internal plies can be
clearly observed here. At the end of the cure, 30 ply has maximum
longitudinal compressive stress of 71 MPa followed by 60 ply and

30 plyat 65 MPaand 44.5 MPa respectively. The lowest stress is
exhibited by 60 ply. In the transverse direction, relatively smaller
changes in the evolution of stresses are observed in all four plies in
tension. The highest stress of 13.7 MPa was observed for the 60 ply and

the lowest stress of 9.7 MPa for the 60 ply.

In the unsymmetrical [0/30/45/90] layup, while the O top ply
exhibited 41 MPa stress in tension, both 45 ply and 30 ply exhibit an
increase in the rate of compressive residual stress during the hold phase
and reached maximum longitudinal compressive stress of 53 MPa and

41 MPa respectively at the end of the cure. The highest longitudinal
compressive stress of 132 MPa is observed in 90 ply. This ply also
exhibits the highest stress of 17.9 MPa in the transverse direction. As
seen in Fig. 12, the rate of change in residual stresses is low during the
hold phase until vitrification followed by a rapid increase after vitrifi-
cation. A similar trend can be observed for all the layups adopted in this
research except some plies are in tension and others are in compression.
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The cross-ply [0/90]; layup exhibits the highest residual stress, followed
by the rest of the layup configurations. The amount of stress buildup
during the hold and cool-down phase directly corresponds to the strain
evolution of that particular layup and associated ply stiffness. For
example, in the case of [0/90]; laminate, there is stress buildup in both
0 and 90 plies in the longitudinal direction but not in the transverse
direction. This is because the strain during the isothermal stage in the
longitudinal direction is higher than in the transverse direction for [0/
90] laminate (as seen in Figs. 6 and 7).

It is to be noted that the DIC surface strain measurements are made in
autoclave conditions i.e. under continuous vacuum and pressure. Hence
the stresses measured are also under the same autoclave conditions.
When the laminates are removed from the autoclave after cure, residual
stresses in certain asymmetric layups are relaxed by developing the
warpage. The effect of the warpage is discussed in section 3.6.

3.5. Laminate normal forces and moments

In this section, the evolution of laminate forces and moments are
calculated using the laminate strains obtained from DIC and the
temperature-dependent stiffness matrix [Q]. The Classical Lamination
Theory (CLT) approach [32] based on the ABD matrix as shown in Eq.
(6) is used for calculating the forces and moments. Here, the strains are
under autoclave conditions of vacuum and pressure, and the laminate
does not exhibit curvature ( ) under these conditions. Once the laminate
is removed from the autoclave, the residual moments at the end of the
cure cause warpage in the asymmetric layups.

(6)

The continuous evolution of normal forces Nyx and Nyy in the lami-
nate are plotted for all sample configurations in Figs. 13 and 14
respectively. The evolution of moments for asymmetric layups are
plotted in Fig. 15. While residual stresses in a laminate are per ply, these
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normal forces and moments provide an overall effect of those residual
stresses on the specimen. Comparing the evolution of residual stresses
and laminate normal forces, both follow similar trends for a given layup.
It can be seen in Fig. 13 that the normal force (Nyx) for cross-ply [0/90]
layup is in tension and the rest of the layup configurations are in
compression. Similarly from Fig. 14, it can be observed that a maximum
compressive normal force (Nyy) of 55 KN/m is observed for balanced
[30/ 30/60/ 60] layup and the lowest compressive normal force of
approx. 0 KN/m is observed for unidirectional single-ply lamina.

The evolution of moments for asymmetric layups can be seen in
Fig. 15. It can be observed that the maximum overall moment at the end
of the cure is observed for balanced unsymmetric [30/ 30/60/ 60]
layup followed by [45/ 45/45/ 45] layup and [0/30/45/90]. This
agrees with the warpage calculations performed on the laminate after
removing it from the autoclave vacuum and pressure as seen in Table 1.

3.6. Discussion

Residual stresses in carbon fiber composites arise during the
manufacturing process due to the thermal and chemical properties of the
material. Thermal residual stresses are primarily due to differential CTE
when the material is heated and the chemical stresses are due to the
matrix shrinkage during cure. The matrix is viscous until it reaches the
gel point which is ~ 120 C for the prepreg used in this research and
becomes rubbery after gelation [24]. This is also the point of stress-free
temperature where the internal stresses present in the material are
liberated [33]. For the manufacturer specified cure cycle, this stress-free
point is achieved at 20 min into the cure, and the vitrification point
occurs at 70 min into the cure as shown in Fig. 4. The combination of the
glassy matrix after vitrification and the thermal relaxation of the matrix
and fibers during the cool-down phase creates residual stresses when the
laminate is cooled to ambient temperatures. This can be observed in the
continuous evolution of stresses analyzed in this research.

Unbalanced residual stresses in asymmetric layups are relaxed by

Unidirectional [0/90], [0745),
100 100 100
50 50 50
0 -
-50 50 -50
£
> 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
<
2 [45/-45/45/-45) [30/-30/60/-60] [0/30/45/90]
= 100
50 50 50
O‘Wﬁ: 0 01
50 -50 L 50
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Time (min)

Fig. 14. Laminate

normal forces (Nyy).
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[45/-45/45/-45] [30/-30/60/-60] s [0/30/45/90]
2 2 2
£ |
g 0 0 0
£
x -2 2 2
>
=
4 4 4
i} g 6
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
[45/-45/45/-45] [30/-30/60/-60] 2 [0/30/45/90]
_ 15 15
E
g 10 10
£
2 5 5
=
0 0
5 5
20 40 60 8 100 20 40 60 80 100 20 40 60 80 100
[45/-45/45/-45] [30/-30/60/-60] [0/30/45/90]
2 )
g 0~ 0 0
=
Z 2 2 2
2
=
4 4 L 4
6 6 6
20 40 60 8 100 20 40 60 80 100 5 40 60 80 100
Time (min)

Fig. 15. Laminate moments for all asymmetric layups.

Table 1
Average cup, bow, and twist measurements for asymmetric layups.

Configurations Cup (mm) Bow (mm) Twist (mm) Total Warp (mm)
[45/ 45/45/ 0 0 0.83 0.83
45]
[30/ 30/60/ 0.23 0.6 0.63 1.46
60]
[0/30/45/90] 0.53 0 0.18 0.71

creating a warpage in the laminate after processing. Numerous re-
searchers calculated the residual stresses using the warpage developed
in asymmetrical laminates at the end of the cure using CLT. Wisnom
et al. measured temperature-related change in curvature to study re-
sidual stresses in asymmetric laminates [4]. They observed that curva-
ture due to the residual stresses develop during cool-down after
vitrification. Jain et al. analyzed the curvature of structural components
to estimate residual stresses using modified shell theory [34]. These
methods of calculating residual stresses cannot be applied to symmetric
laminates due to their inability to develop curvature or warpage. A
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destructive method is adopted to calculate residual stresses in symmetric
laminates by milling layers from one side of the laminate to relieve the
residual stresses, thus producing a warped laminate [8]. The measured
curvature after milling and CLT are used to calculate the residual
stresses. The current method of calculating residual stresses is not only
non-destructive but also gives the evolution of the residual stresses
throughout the cure for both symmetric and asymmetric laminates. The
DIC strain measurements obtained in this research are under autoclave
conditions of vacuum and pressure, hence the residual stresses calcu-
lated in this research are the actual stresses in the laminates under
vacuum bagging. In asymmetric laminates, some of these residual
stresses will be relaxed to create a warpage after processing.

Warpage in flat laminates is calculated as a combination of cup, bow,
and twist deviations from its initial flatness as shown in Fig. 16. The
angle ply nature of [45/ 45/45/ 45] layup contributes only to twist
without any cup or bow warp. In the case of balanced [30/ 30/60/

60] layup, while the difference in alternating orientations of 30
and 60 plies creates bow, the angled ply layup leads to the twist
deformation. The combination of both bow and twist in this balanced
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Z
X
Ly o)

Flg. 16. Warpage shown az cup, bow, and twist of the laminate.

layup ereates small cup warpage. The absence of any negative direction
ply eliminates bow warp in [0,/30/45,/90] layup. While the 307 and 45°
plies in the middle contribute to twist, the 0 and 90° plies on top and
bottom contribute to the cupping effect. The average warpage for the
asymmetric layup configurations adopted in this research can be seen in
the table (1). Comparing table (1) and residual moments in Fiz. 15, it 1=
clear that the relaxation of residual moments leads to warpage in
asymmetric lasups after removing from vacuum conditions.

3.7. Conclusion

The growing use of advanced composite laminates in recent vears has
focused attention on processing-induced defects such as delaminations
and matrix eracking which are caused by residual stresses. In the current
work, the continuous evolution of residual stresses during composite
measured using a novel In-situ experimental approach with
temperature-dependent moduli obtained from DMA. The main ressarch

a. The experimental approach developed in this research 1=z effective in

calculating the residual stresses throughout the cure for both sym-

metric and asymmetnc layupe. The pattern of residual stresses
developed after curing in all the layup configurations correlates with
knowledge from hiterature.

cool down lead to a rapid inerease in the residual stresses after

vitrification. Thiz i1z obeerved for all the layups considered in this

research.

c. Among the symmetric layups, [0/90]; cross-ply layup exhibited
maximum resgidual stress of 110 MPa mn the longitudinal direction
followed by [0/45],

d. Among the asymmetric layupe, balanced unsymmetrie [30/—30/60/
—60] layup exhibited maximum residual stresz followed by [45/
—45/45/—45] and [0,/30,/45,/90] layupe.

e Warpage iz developed in all three asymmetrical layups after pro-
with the balanced unsymmetric [30/—30/60/—60] layup exhibiting
an average warp of 1.46 mm.
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