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Abstract

In this work, a constitutive model is developed and used to predict matrix cracking and fiber damage
evolution in all the plies of symmetric laminates when both mechanic and thermal loads are applied. A
model previously developed is modified to take into account the thermal stresses that appear in each ply
when the temperature is reduced below the Stress Free Temperature. Data of matrix damage initiation and
evolution due to thermomechanical loads for four materials and six laminate lay-ups taken from the
scientific literature are used to validate the model. A good correlation between the predictions and the
experimental results is found. The model is used to analyze the thermomechanical damage in laminates
containing a centered hole subjected to in-plane tensile loads. It is observed that the thermal load alone
does not produce a stress concentration around the hole but the thermal residual stress accelerates damage

accumulation during mechanical load.

Keywords: Open-hole laminates; Thermomechanical; Transverse cracking; Finite element analysis;
Discrete damage mechanics

1. INTRODUCTION

Composite laminates are widely used in aerospace and aircraft industries, in structural applications such
as pressure vessels, aircraft fuselage, etc. These structures are subjected to in-plane loads [1] and
temperatures between -250° and 120°C [2]. Sometimes, these components contain thousands of holes for
joining purpose or cut-outs for opening accesses. The presence of a hole on a laminate produces a stress
gradient that increases the stress field in its proximity. This phenomenon changes the failure mechanisms
of the laminate and produces a reduction of the failure strength of the structure compared to that with no

hole.
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When a composite laminate subjected to thermal and/or mechanical loading is stressed, several damage
mechanisms such as matrix microcracking, delamination, and fiber breakage are observed before final
failure [3]. Matrix cracking is usually the first failure mechanism in appear, and occurs at load levels
below the failure load of the laminate [4, 5]. When a thermal load is applied to the laminate, cracks
appear mainly due to the mismatch in the Poisson’s ratio and/or coefficient of thermal expansion between
adjacent plies of different orientation. Usually, this damage mode does not lead to overall failure of the
composite laminate. However, matrix cracking is an important failure mechanism because it induces other
damage modes, degrades the mechanical properties, and increases the permeability of the laminate to
gases and liquids [3-7]. Matrix cracking can also occur in some laminates only due to thermal effects. As
the temperature decreases from the stress-free temperature, residual stresses appear in the material. When
these stresses become large enough, matrix cracking and delamination may appear [8-9]. Depending on
the laminate stacking sequence, ply clustering, and the presence or absence of free edges, either matrix
cracking of delamination may be predominant. This study focuses on laminates where matrix cracking
and fiber breakage are predominant and delamination is negligible.

Many authors have studied the degradation of the mechanical properties in laminates due to evolution of
the matrix cracking [5, 6, 10--13], fiber damage [6,23,39], which may be studied by models based on
Continuum Damage Mechanics (CDM) [5, 10, 11, 39], Crack Opening Displacement (COD) models [14-
22], Discrete Damage Mechanics (DDM) [6, 12, 13] and so on. The DDM [12] model has been evaluated
for open-hole laminates subjected to mechanical loads [6,23] but the effect of thermal loads and thermal
residual stresses have not been studied.

In general, the problem of intralaminar cracking in composite laminates subjected to mechanical in-plane
loads (static and fatigue) is extensively studied [6, 12, 15-25], but only a few studies are focused on
laminates subjected to thermal loads. Few works about the behavior of an open-hole laminate subjected to
thermal or thermo-mechanical loads are available in the scientific literature [7, 26-30]. Therefore, more
work is needed to understand the behavior of laminates subjected to thermomechanical loads, especially
in those cases where stress gradients are present, as those caused by open holes. Particularly useful is the
development of numerical models to predict the cracking evolution in laminates subjected to
thermomechanical loads, which can be used as design tools for composite structures.

In this work, the evolution of the matrix cracking in open-hole composite laminates subjected to

thermomechanical loads is studied. For that purpose, the DDM model of Barbero-Cortes is modified to


http://dx.doi.org/10.1016/j.compstruct.2017.05.059

Composite Structures, 183 (1) 510-520 (2018)
http://dx.doi.org/10.1016/j.compstruct.2017.05.059

incorporate the effect of thermal loads. The modified model is then validated for different materials and
laminates under thermal-only, mechanical-only, and combined thermo-mechanical loads. The effect of
thermal load (without mechanical load) and mechanical load in the stress concentration and damage
evolution in open-hole laminates are analyzed.
2. NUMERICAL MODEL DESCRIPTION
The Discrete Damage Mechanic (DDM) model used in this work was originally developed by Barbero
and Cortes in 2010 [12]. This model is able to predict the matrix cracking evolution in all the plies of
symmetric laminates subjected to in-plane loads. In a previous work, the fiber failure damage mechanism
was added in order to predict the final failure of the laminate [6,31]. An in depth description of the model
can be found in [12] and [6]. This model has been previously validated with experimental results in terms
of matrix cracking evolution and failure strength without thermal load or residual stresses [6]. In this
work, a new modification is introduced in the model to perform thermomechanical analysis. There are
two issues to deal with this new modification: laminate thermal strain and computation of energy release
rate.
2.1. Laminate thermal strain
When embedded in finite element analysis software such as Abaqus, DDM model calculates the force
vector N as
N = [Al{e + A€} (Eq.1)
where € is the strain from the last converged step, Ae is the increment of strain that the Newton-Raphson
algorithm attempts for the current step and [A] is the plain stiffness matrix. To include thermal effects,
thermal stress is added to the force vector as follows
N = [A]{e + Ae — a°6T} (Eq.2)
where a° is the Coefficient of Thermal Expansion (CTE) of the damaged laminate, and &T is the
temperature variation, and is defined as
6T =T + AT — SFT (Eq.3)
being T the temperature of the last converged step, AT the increment of temperature that the Newton-
Raphson algorithm attempts for the current step, and SFT is the Stress Free Temperature of the material,
which is usually taken to be equal to the curing temperature or the glass transition temperature of the

polymer.
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Note that 5T is always measured with respect to the stress-free temperature of the material. Therefore, to
avoid convergence problems, it is best to set the initial temperature of the whole model to SFT. It is well
know that residual stress has to be calculated from the SFT because that is the only temperature where the
stress can be assumed to be zero [32-35].

The laminate CTE {a°}, is calculated as follows [6.56, 36]. Fist, the thermal stress {NT} is calculated

N7y = ) 1K@ (Eq.4)
k=1

where overbar means the quantity has been transformed to laminate coordinate system (c.s.); [Q] is the
damaged stiffness of the lamina k in laminate c.s; & is the intact CTE of the lamina k in laminate c.s; and
ty is the thickness of lamina k. The CTE is defined as the strain corresponding to AT = 1 and thus
coordinate transformation of CTE is performed as a strain (Eq.5.44 of [36]), i.e.,

a* = [R][T'][R™"]a" (Eq.5)
where [R] is the Reuter matrix, [T ~1] is the inverse of the transformation matrix and a* is the intact CTE
of lamina k in lamina c.s.

Finally, the laminate CTE is computed as [6.62, 36]

{a®} = [A]7H{N"} (Eq.6)
2.2. Energy release rate
The energy release rate G is computed as

_Ua_Ub

G AA

(Eq.7)

where U, and U, are the elastic strain energies of the representative volume element (RVE, Fig. 1) for
crack densities A, and A, = 24,; and AA = [, - t. is the increment of crack area when a new crack
propagates in a lamina with thickness t.. Note that the dimension of the RVE is [; = 1.0 along the fiber
direction of the cracking lamina (k = ¢) and that a new crack propagates unstably (section 7.2.1 of [36])
through the thickness t, and parallel to the fiber direction in lamina c.

The elastic strain energy U must be calculated by adding the individual contributions of each lamina

n
1
U= ﬁz te(e —a®6T) - QO . (e — a®5T) (Eq.8)
k=1

where H = Y}_; t; is the laminate thickness, n is the number of laminas in the laminate, and all the

quantities in (Eq.8) are expressed in the c.s. of the cracking lamina (k=c).
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Fig. 1. Representative Volume Element (RVE).

Note that in (Eq.8) the stress ¢ in each lamina is

where € is the mechanical strain and —a® 8T is the thermal strain in lamina k. Thus, the elastic strain ¢’

in lamina k is
€' =€e—a®gT (Eq.10)
Next, mode decomposition is achieved by splitting the elastic strain energy release rate G between mode |

(crack opening) and mode Il (crack shear) as follows

n
VRVE

U =g ti(e2 — ;®8T) - Q% - (€ — ;6T) (Eq.11)
k=1
V n
U, = _ZR;IE ti(e6 — a6 oT) - Qsj(k) (g — a;®6T) (Eq.12)
k=1

where €, = y,,, and using the coordinate system of the cracking lamina (k = c) so that the 2-component

of strain produces crack opening mode | (crack opening) and the 6-component produces mode Il (crack

shear).

2.3. Damage activation function

In a purely thermal problem of a balanced laminate, including cross ply and quasi-isotropic laminates, the
laminate expands or contracts without shear. Therefore G;; = 0 and G, have no effect. However,

applying mechanical loads on a laminate can cause a state of shear that may dominate the response.

5
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Therefore, the following interaction criterion is used to predict damage initiation and evolution, as it has

been thoroughly validated for not-thermal problems [6, 23].

,g(E,A):(l_r) GI(E"/’{)+rGI(E,,/1)+G”(E,,l)_

1<0 (Eq.13)
GIC Glc GIIC

where g < 0 represents the undamaging domain and r = G,./G,,.. Note that no separate damage
evolution equation and no additional material constants are needed. An increment of damage A causes a
reduction of stiffness, thus a reduction of G, and G;;. Thus, the damage activation function shrinks inside
the no-damage domain, Eq.(13). That means that an increment of strain €’ is needed to activate the
damage again. This algorithm has been thoroughly validated for mechanical loads and it is further
validated for thermo-mechanical loads in this work. The UGENS implementation uses two state variables
(4, g1¢) per ply, where A is the crack density and g, is the highest value of longitudinal effective stress
g1t = 01/(1 — D;), where D, is the damage of the fibers. D; can be calculated in terms of g, so it is not
necessary to store D, as a state variable. A is a function of the elastic strain A(e"). Both A and g,; are
irreversible, so that do not decrease during unloading. The crack density is a function of the elastic strain
€' (Eq.10) and Cauchy stress o through EQq.9.
3. PROBLEM DESCRIPTION
In this work, thermo-mechanically induced damage in open-hole composite laminates is studied. To solve
this problem the new modifications made to DDM model are implemented in Abaqus using a UGENS
user subroutine. The problem is solved using the finite element software ABAQUS/Standard. The
problem definition includes the geometry of the plate, the elastic and strength properties of the material,
and the stacking sequence of the laminate, as well as the temperature range for thermal induced damage
and the mechanical load applied to the laminate for mechanical induced damage. The temperature range
is specified with two predefined fields, one for the Stress Free Temperature (SFT) and another for the
final temperature Tr. The mechanical load can be applied as either force or displacement on the boundary.
Three different types of problem can be performed with DDM depending on the type of load applied to
the laminate.
1. To study a pure cooling thermal problem, the Stress Free Temperature (SFT) and the end
temperature (Tr) of the problem must be specified, where SFT is considered the initial temperature of

the laminate. Both temperatures are introduced in the model as predefined fields applied to the whole
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laminate. This problem set up for Abaqus with a “thermal” step represented as the difference between
SFT and the end temperature Tr.

2. To study a pure mechanical problem the temperature range must be zero and an edge force or
displacement is applied to represent a uniaxial tensile load in the x-direction. This problem is set up
for Abaqus with a “Strain” step.

3. Finally, to study a thermo-mechanical problem, a combination of the last two problems is done.
First the thermal step is applied and then the strain step.

In order to validate the DDM model, several materials with different stacking sequences and different

types of loads are analyzed (Table 1). The validation is done in terms of crack density evolution as a

function of temperature or applied load depending on the case analyzed.

Table.1. Materials and laminates used to validate DDM with thermal, mechanical, and thermo-mechanical
loads: P75/934 [24, 25], P75/ERL1962 [25], AS4/3501-6 [26], and AS4/8552 [4].

Material Laminate Type of Validation

P75/934 [0,/90,] Thermal problem

P75/934 [0/45/90/—45], Thermal problem

P75/ERL1962 [0,/45,/90,/—45,] Thermal problem

AS4/3501-6 [0,/45,/90,/—45,]¢ Thermal problem

AS4/3501-6 [0,/45,/90,/—45,] Mechanical and Thermomechanical problem
AS4/8552 [0,/90,] Mechanical and Thermomechanical problem

The mechanical properties at room temperature and the geometry of the specimens of the different
material analyzed in this work were taken from the literature and are shown in Table 2 and Table 3
respectively [4, 24-26]. For the numerical model, only a portion of the specimen is represented, modelling
the laminate as a square plate with dimensions WxW, where W is the width of the specimen (Table 3).
Once the model is validated (as it is done in section 4), one of the materials in Table 2 is selected to study
the effect of thermo-mechanical loads on notched and unnotched laminates. In fact AS4/3501-6 is
selected because this material is validated for both thermal and mechanical loads. For the notched
laminate, a hole of 2 mm radius is used.

Since unnotched laminates are subjected to a uniform state of strain, they are discretized with only 16
S4R elements (these are quadrilateral shell elements with 4 nodes and reduced integration). On the other
hand, notched laminates that develop a non-uniform state of strain are discretized with 1188 S4R

elements as shown in Fig. 2, with a mesh refinement close to the hole. In both cases, membrane only
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boundary condition is considered and the full plate is modelled. Quarter symmetry cannot be applied
because most of the laminates are quasi-isotropic. Since DDM model was demonstrated to be mesh
independent in a previous work [6, 23], the purpose of using a fine mesh density is only to capture the

stress and strain gradients.

Table 2. Mechanical properties at room temperature: P75/934 [24, 25, 37], P75/ERL1962 [24, 25, 38],
AS4/3501-6 [26], and AS4/8552 [4].

Properties Material
P75/934 P75/ERL1962 AS4/3501-6 AS4/8552
E: (GPa) 236 236 142.0 135
E2 (GPa) 6.2 6.60 9.81 9.6
v 0.29 0.29 0.30 0.3
Gi2 (GPa) 438 4.8 6.0 55
Gic (I/m?) 40 104 141 1000
Guc (I/m?) 60 648 458 2000
ou (pe./°C) -1.22 -0.95 -0.36 0.28
a2 (ue./°C) 28.8 39.60 28.8 28.0
SFT (°C) 177 177 177 177
t piy (mm) 0.127 0.127 0.134 0.134
Xt (MPa) 681.2 912.87 1950 2500
Xc(MPa) 306.82 441.26 1480 1531
Yc (MPa) 190.98 57.23 221 128

Table 3. Geometry of the specimens [4, 24, 25, 26].

Material and Laminate Length (mm) Width (mm)
P75/934 [02/90;]s 76.2 12.7
P75/934 [0/45/90/-45]s 76 12
P75/ERL1962 [02/452/902/-452]s 76 12
AS4/3501-6 [04/454/904/-454]s 76.2 254
AS4/8552 [02/904]s 230 10
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Fig. 2. Discretization of the plate. Notched laminate.

4. MODEL VALIDATION

DDM model validation is carried out for each of the types of load applied to the laminate: thermal load,
mechanical load, and thermo-mechanical load.

4.1. Thermal-only loading

The evolution of crack density in laminates subjected to only thermal load (thermal problem) is predicted
and compared with experimental data from [24-26]. Four materials and five different stacking sequences
are studied, as shown in Table 1. The range of temperature variation is from SFT (assumed to be 177 ° for
most carbon fiber epoxy composites) to -184° C.

The matrix cracking growth in a thermal problem is represented by the crack density evolution respect to
the temperature, as shown in Fig. 3 to 6. Good correlation between numerical results and experimental
data is found. Especially accurate is the prediction of damage initiation.

For P75/934 [0./90]s laminate, good agreement between experimental and numerical results is found in
Fig. 3. In this case the crack density evolution is the same in the 0° and 90° plies because when applying
only thermal loads on a balanced cross-ply laminate, both plies behaves in the same way. In other words,
there is no preferred orientation.

The differences between numerical and experimental results in 90° ply of P75/934 [0/45/90/-45]s laminate
(Fig. 4.a) are higher than in the laminate [02/90,]s of the same material (Fig. 3). The authors of these
experimental tests stated that the evolution of crack density in this case are atypical and suggested that
this behavior may be due to damage generated during the specimen preparation [25]. It is also important
to note the scattering of the experimental results for this laminate. These facts could explain the higher
differences observed between model and experiments. Nevertheless, the model matches both initiation

and evolution in 45° ply (Fig. 4.b), considering the large scatter in the experimental data.
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Fig. 3. Matrix cracking evolution with temperature in 0° and 90° plies. Laminate [0./90,]s. Material

P75/934 [24]. Thermal-only problem.
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Fig. 4. Matrix cracking evolution with temperature in laminate [0/45/90/-45]s. Material P75/934 [25]. a)

90° ply, b) 45° ply. Thermal-only problem.

In Fig. 5, the differences observed for +45° plies may be due to the complexity of observing and counting

oblique cracks in £45° plies experimentally. Some assumptions were made by the authors of those

experimental tests in order to determine the presence or absence of a crack. For example, Park and

McManus [25] counted as cracks only those that extend more than half the thickness of the ply; smaller

crack (partial cracks) are not counted. Other authors [4] observed cracks with complex patterns (curved

cracks or tree-type cracks); some of these cracks are counted as two or three straight cracks in order to

draw the curve of crack density evolution. Those assumptions make it difficult to compare with numerical

results because only crack which extend the whole thickness of the ply can be predicted by the model.
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Also, in Fig. 5, experimental crack density was measured on older samples than the samples used to
measure the mechanical properties including CTE [25]. Therefore, the numerical and experimental results
may deviate from each other because the mechanical properties of the damaging specimens are not known
with confidence.

25
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Fig. 5. Matrix cracking evolution with temperature in laminate [02/452/90,/-45,]s, material P75/ERL1962
[25]. 90° ply and -45° ply. Thermal-only problem.

In Fig. 6, the predictions for AS4/3501-6 [04/454/90./-454]s are reasonably close considering the scatter of
the experimental data. The differences observed between the numerical and experimental data in the 45°

plies can be explained as before.
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Fig. 6. Matrix cracking evolution with temperature in laminate [04/454/904/-454]s. Material AS4/351-06

[26]. a) 45° ply, b) 90° ply, and c) -45 ply. Thermal-only problem.

Considering all these facts, the results of the model can be considered reasonably accurate in thermal

problems, without applying mechanical loads.

4.2. Mechanical and thermomechanical loading

In this section, the evolution of matrix cracking is predicted and compared for laminates subjected to
either mechanical-only or combined thermomechanical load. Two cases are considered; one without
thermal effect included in the model (mechanical problem) and another including the thermal stresses that
appear in each ply (thermomechanical problem). In this validation, two materials and lay-ups are
considered (Table 1).

Lundmark and Varna [4] studied the effect of thermomechanical loads at room temperature (RT) and at
low temperature (LT). Only the results for RT are taken into account in the present work for the
validation of the model because, for the same mechanical applied stress level, delaminations were found
in the LT specimens, and delamination is not implemented in the current form of the DDM model.

The validation of the model when mechanical and thermomechanical loads are applied to the laminate is
represented in Fig. 7 and 8 for AS4/3501-6 [26] and AS4/8552 [4], respectively. Cooling from SFT to
20°C is applied first, followed by mechanical load. In Fig. 7, the thermal load slightly advances the onset

of the damage with respect to mechanical load alone. Marginally higher damage was observed in the
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thermo-mechanical problem compared with a mechanical-only problem for all ply-orientations. In 90°-

plies, higher precision is obtained when the thermal load is included in the model (Fig. 7.b). The

prediction of crack density evolution in £45° plies is less accurate than in the other ply-orientations. The

reason is the same as explained previously for thermal loads, namely the difficulty in seeing and counting

oblique cracks, as noted in [25].
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Fig. 7. Matrix cracking evolution in laminate [04/454/904/-454]s. Experimental results for AS4/351-06

50

[26]. a) 45° ply, b) 90° ply, and c) -45 ply. Mechanical problem vs thermo-mechanical problem, cooled to

room temperature of 20 °C.

13


http://dx.doi.org/10.1016/j.compstruct.2017.05.059

Composite Structures, 183 (1) 510-520 (2018)
http://dx.doi.org/10.1016/j.compstruct.2017.05.059

12

® Experimental Data
Mechanical DDM
Thermo-mechanical DDM

AS4/8552
1.8 Iozlgoll,

A€ Ply

Crack Density (1/mm)

) 100 FAN | M0 400 500 60 700

Applied Stress (MPa)

Fig. 8. Matrix cracking evolution in laminate [02/904]s for 90° ply. Experimental results for AS4/8552 [4].

Mechanical problem with AT = 0°C vs thermo-mechanical problem with AT = —157°C.

In Fig. 8, a similar behaviour was observed for the AS4/8552 material. In this case, residual stress due to
thermal load has a more noticeable effect than in Fig. 7.b, significantly advancing the initiation of damage
with respect to the mechanical-only case. The model can predict the matrix cracking evolution in

laminates subjected to both thermal and mechanical loads in laminates without holes.

5.NOTCHED LAMINATES

In this section, the behavior of quasi-isotropic open-hole laminates subjected to mechanical and
thermomechanical loading is analyzed. From the results shown in the previous section, the material
AS4/3501-6 and the stacking sequence [0,/45,/90,/—45,], is selected because it has been validated
both for thermal and mechanical loads. The influence of thermal and mechanical loads, separately and
simultaneously, over notched and unnotched laminates is analyzed in this section.

For notched laminates, crack density is measured in the element located at the edge of the hole
perpendicular to the load direction (red element in Fig. 2), because this point is where the highest stress
appears. There are no differences in crack density for notched or unnotched laminates as long as they are
subjected to the same thermal load (Fig. 9.a). The hole is not working as a stress concentrator when only
thermal load is applied, and therefore the damage grows in all directions at the same time due to the

quasi-isotropic behavior of this lay-up.
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Once the thermal load has been applied (-184°C in Fig. 9.a) a residual damage (crack density) associated
to the applied thermal load remains on the laminate (starting values shown at 0 kN in Fig. 9.b). If
subsequently a mechanical load is applied on both notched and unnotched laminates, the laminate
containing the hole damages faster compared to the unnotched laminate due to the stress concentration
associated to the hole (Fig. 9.b).

If only mechanical loads are applied to the laminate (AT = 0°C in Fig. 9.c) again the notched
laminate damages more than the unnotched laminate, due to the stress concentration generated by the
hole. However, crack density evolution in each ply are similar for both notched and unnotched laminates,
even though the applied load is higher for unnotched laminates. The crack density is the same for notched

and unnotched laminates because they have the same o, thus same €3, thus same A(e3).
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Fig. 9. Matrix cracking evolution for AS4/3501-6 [04/454/904/-454]s laminate [26]. a) Thermal-only
problem with AT = —361°C (mechanical load = zero), b) Mechanical problem for thermal load constant
AT = —361°C carried from (a), and ¢) Mechanical-only problem with AT = 0°C.

When a thermal cooling up to -184°C is applied (AT = —361°C), all plies of the laminate
damage (Fig. 9.a). Plies oriented at 0° and -45° (surface and center ply) evolve in the same way and the
same happen with 45° and 90° plies (interior plies). Under mechanical load, the crack density differs
depending if the laminate has a hole or not. As expected, notched laminates damage faster than unnotched
laminates (Fig. 9.b), and this is due to the stress concentration associated to the hole. However, the value
of the maximum damage (maximum crack density) reached in both cases (notched and unnotched) is the
same, while the applied load is smaller for the notched laminate. Also as per Fig. 9.b and 9.c, notched
laminates damage faster than unnotched laminates, whether a thermal load is applied before the
mechanical load (Fig. 9.b) or not (Fig. 9.c).

For unnotched laminates, the plots in Fig. 9.b and 9.c are terminated when the laminate reaches
the peak load in the applied load vs. strain curve (points A in Fig. 10.a and D in Fig. 10.b); that is when
the applied load reaches 39.873 kN and 40.521 kN for AT = —361°C and AT = 0°C, respectively. It can
be seen that the effect of thermal stresses on predicted peak load is small (1.60% difference). For notched
laminates, plots in Fig. 9.b and 9.c are terminated when the tensile strength of the fiber is reached in the
0° laminas; that is when the applied load reaches 16.116kN and 16.926kN for AT = —361°C (point B in
Fig. 10.a) and AT = 0°C (point D in Fig. 10.b), respectively. In this case also, the effect of thermal
stresses on laminate failure load is small (4.79% difference). This happens even as the stress
concentration factor (SCF) reaches SCF = 2.47 and SCF = 2.40 for AT = —361°Cand AT = 0°C,
respectively. Note that SCF increases only 2.92% when the thermal load is considered. These results
suggest that residual thermal stress have no significant effect on SCF or ultimate load.

Despite residual thermal effect having no significant effect on SCF, the crack densities on 90°
plies at failure are quite different, i.e., A = 2.05mm™t and and 2 = 1.43 mm™! for AT = —361°C and
AT = 0°C, respectively (43.35% increase when thermal load is included). Similar behavior is observed
for the rest of plies. Therefore, it would appear that crack density has no noticeable effect on SCF, at least
for AS4/3501-6 quasi-isotropic. Furthermore, for each condition (thermal load applied or not) and just
prior to laminate ultimate failure, the amount of matrix-damage in the critical element (at the edge of the

hole) is the same as the distributed matrix-damage for the unnotched laminate. In fact the matrix-damage
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are A = 2.05mm~ and 1 = 1.43 mm™* with and without thermal load, respectively, at both the critical
element of the notched laminate and everywhere for the unnotched laminate. In other words, for both,
notched and unnotched laminates, matrix damage has to reach the same value (1 = 2.05 mm™1) for the
laminates with thermal load (AT = —361°C) to fail. Similarly, for both notched and unnotched laminates,
matrix damage has to reach the same value (1 = 1.43 mm™1) for the laminates without thermal load
(AT = 0°C) to fail. This happens despite the fact that the notched laminate has failure load about 2.40--
2.47 times lower than the unnotched laminate. When thermal load is applied, matrix-damage is larger
(43% higher), but laminate failure is still controlled by stress concentration that mostly affects the
longitudinal 0° laminas. In fact the model, which is capable of detecting fiber failure [6,23], indeed
detects that the longitudinal tensile strength F; is reached in the longitudinal (0°) laminas just prior to
laminate failure, and in all cases triggers the failure of the entire laminate. Thus, fiber failure is the final

cause of failure.
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Fig. 10. Applied load vs. strain curves for the mechanical load state in: a) Thermo-mechanical problem

with AT = —361°C and b) Mechanical-only problem (AT = 0°C)

In view of the results shown in Fig. 9, it can be concluded that by applying only thermal loads on notched

or unnotched laminates, the notch does not affect the damage of the laminate. However, when a

mechanical load is applied to a notched laminate, it damages faster than the same laminate without notch.
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In Fig. 9, the thermal load was taken all the way to -184°C before applying the mechanical load. In Fig.
11, Thermo-Mechanical induced damage on open-hole laminates is analyzed on the same laminate but
stopping the thermal loads at 20°C, 0°C and -50°C, respectively. Crack density is shown for the element
situated above the hole (red element in Fig.1). Crack density for the thermal load (at 20°C, 0°C and -50°C)

is presented in Fig. 11.a,c,e, respectively. Crack density while applying mechanical load is shown in Fig.

11.b,d,f.
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Fig. 11. Matrix cracking evolution in each ply for notched AS4/3501-6 [04/454/904/-454]s for different

thermal loads (Fig. 11.a,c,e) and subsequent mechanical load (Fig. 11.b,d,f).

When a thermal load equal to 20°C is applied no thermal damage is observed in any of the plies. The
small value observed in the zoom of Fig.11a is equal to the initial value introduced in the model to assure
the convergence (0.02 mm-1). For lower temperatures (0°C and -50°C) a small increment of damage is
observed (Fig. 11 ¢ and 11e) before applying the mechanical load. Then, after that, while applying a
mechanical load, the crack density continues with the value reached for the thermal load.

It can be seen that the thermal damage (nearly zero in Fig. 11.a and non-zero in Fig. 11.c and 11.e)
remains constant for the 0° ply during subsequent mechanical load. Damage in Q° ply stops when the
thermal load stops because mechanical load in x-direction does not increase crack density in 0° ply.
However, fiber damage does occur in 0° ply due to mechanical load. For the other plies, mechanical load
produces more damage. Damage in 0° and -45° plies start earlier because these are exterior and center
plies respectively. Damage in interior plies 45° and 90° (thinner plies) start later but grow faster.

Crack density contour plots are discussed for Tr = -50°C (Fig. 12 left) and Tr = -50°C with full mechanical
load (Fig. 12 right). Left images of Fig. 12 corresponds to the first step of the mechanical load applied to
the laminate after applying a cooling temperature of Tr = -50°C. Right images correspond to the final step
after applying the full mechanical load. State variables SDV1 = 1°, SDV11 = A*5, SDV21 = 21°° and
SDV31 = A~*> are represented from the top to the bottom of the figure corresponding to the crack density

on 0°, 45°, 90° and -45° plies of the laminate, respectively.
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Fig. 12. Crack density contour plots for each ply of the laminate [04/454/904/-454]s. State variables

SDV1 = 2%, SDV11 = A5, SDV21 = 2°° and SDV31 = A1~*° correspond to the crack density on 0°, 45°,
90° and -45° plies of the laminate, respectively. Left images corresponds to the first step of the
mechanical load applied to the laminate after applying a cooling temperature of T = -50°C. Right images

correspond to the final step after applying the full mechanical load.
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Fig. 13. Crack density contour plots for each ply of the laminate [04/454/904/-454]s. State variables

SDV1 = 2%, SDV11 = A*5, SDV21 = 2°° and SDV31 = A~*® correspond to the crack density on 0°, 45°,
90° and -45° plies of the laminate, respectively. Left images corresponds to the first step of the
mechanical load applied to the laminate. Right images correspond to the final step after applying the full

mechanical load.
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When a thermomechanical load is applied to the laminate, before applying the mechanical load, matrix
cracking is uniform in all plies of the laminate, with magnitude A = 0.35,0.32,0.31 and 0.35 1/mm for
0°, 45°, 90° and -45°, respectively (not shown in Fig. 12). After that, when applying the mechanical load,
for the first step (Fig. 12 left) the crack density is almost uniform for each ply, observing a slight
concentration of damage close to the edge of the hole. After applying the full mechanical load, the crack
density at the edge of the hole is much higher due to the stress concentration associated to the hole (Fig.
12 right). The damage in 0° ply is negligible compared to the rest of plies. It can be concluded that the
typical concentration of damage near the hole only appears due to mechanical load. The effect of thermal
load is to precipitate such damage earlier in terms of load and to make it larger in magnitude.

When only a mechanical load is applied to the laminate (Fig. 13), the value of the crack density before
applying the load is 0.02 1/mm in each ply. For the first step of mechanical load (Fig. 13 left) a
concentration of damage is observed around the hole, except for 0° ply which is not damaged. At full
mechanical load (Fig. 13 right), 90° ply is the most damaged while 0° ply is not damaged at all. Also -45°
ply damage earlier than 45° ply because it is a center ply, but at the end of loading the 45° accumulates
more damage because it is a thinner inner ply.

6. CONCLUSIONS

In this work, matrix cracking and fiber damage evolution in laminates subjected to thermomechanical
loads are analyzed by using a Discrete Damage Mechanic model. Experimental data for several material
and lay-up are used to validate the model. Model predictions compare reasonably well with thermal-only,
mechanical-only, and thermomechanical predictions if one allows for the scatter and uncertainty of
material properties. For balanced symmetric laminates, including quasi-isotropic and cross-ply, the
residual thermal stresses are not affected by the presence of a hole, because the laminate contracts
uniformly, but mechanical loads are magnified by the SCF introduced by the notch. Thermal load may or
may not initiate damage depending on 8T and material properties, but always precipitates mechanically-
induced damage, that is, it causes mechanically-induced damage to appear earlier and to accumulate at
faster rate. It was found that ultimate load-carrying capacity of the laminate is reduced by the presence of
a notch, and can be described by stress concentration factor. The mechanism of laminate failure is shown
to be stress redistribution from the cracked laminas to the longitudinal laminas until the later reach their
longitudinal tensile strength. This is shown to be the case for both notched and unnotched laminates with

and without thermal loads.
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FIGURE CAPTION

Fig. 1. Representative Volume Element (RVE).

Fig. 2. Discretization of the plate. Notched laminate.

Fig. 3. Matrix cracking evolution with temperature in 0° and 90° plies. Laminate [02/90;]s. Material
P75/934 [24]. Thermal-only problem.

Fig. 4. Matrix cracking evolution with temperature in laminate [0/45/90/-45]s. Material P75/934 [25]. a)
90° ply, b) 45° ply. Thermal-only problem.

Fig. 5. Matrix cracking evolution with temperature in laminate [02/452/90,/-45]s, material P75/ERL1962
[25]. 90° ply and -45° ply. Thermal-only problem.

Fig. 6. Matrix cracking evolution with temperature in laminate [04/454/904/-454]s. Material AS4/351-06
[26]. a) 45° ply, b) 90° ply, and c) -45 ply. Thermal-only problem.

Fig. 7. Matrix cracking evolution in laminate [04/454/904/-454]s. Experimental results for AS4/351-06
[26]. a) 45° ply, b) 90° ply, and c) -45 ply. Mechanical problem vs thermo-mechanical problem, cooled to
room temperature of 20 °C.

Fig. 8. Matrix cracking evolution in laminate [02/904]s for 90° ply. Experimental results for AS4/8552 [4].
Mechanical problem with AT = 0°C vs thermo-mechanical problem with AT = —157°C.

Fig. 9. Matrix cracking evolution for AS4/3501-6 [04/454/904/-454]s laminate [26]. a) Thermal-only
problem with AT = —361°C (mechanical load = zero), b) Mechanical problem for thermal load constant
AT = —361°C carried from (a), and ¢) Mechanical-only problem with AT = 0°C.

Fig. 10. Applied load vs. strain curves for the mechanical load state in: a) Thermo-mechanical problem
with AT = —361°C and b) Mechanical-only problem (AT = 0°C).

Fig. 11. Matrix cracking evolution in each ply for notched AS4/3501-6 [04/454/904/-454]s for different
thermal loads (Fig. 11.a,c,e) and subsequent mechanical load (Fig. 11.b,d,f).

Fig. 12. Crack density contour plots for each ply of the laminate [04/454/904/-454]s. State variables

SDV1 = 2%, SDV11 = A5, SDV21 = 2°° and SDV31 = 15 correspond to the crack density on 0°, 45°,
90° and -45° plies of the laminate, respectively. Left images corresponds to the first step of the
mechanical load applied to the laminate after applying a cooling temperature of T¢ = -50°C. Right images
correspond to the final step after applying the full mechanical load.

Fig. 13. Crack density contour plots for each ply of the laminate [04/454/904/-454]s. State variables

SDV1 = 2%, SDV11 = A*5, SDV21 = 2°° and SDV31 = A1~*5 correspond to the crack density on 0°, 45°,
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90° and -45° plies of the laminate, respectively. Left images corresponds to the first step of the
mechanical load applied to the laminate. Right images correspond to the final step after applying the full

mechanical load.

TABLE CAPTION

Table.1. Materials and laminates used to validate DDM with thermal, mechanical, and thermo-mechanical
loads: P75/934 [24, 25], P75/ERL1962 [25], AS4/3501-6 [26], and AS4/8552 [4].

Table 2. Mechanical properties at room temperature: P75/934 [24, 25, 37], P75/ERL1962 [24,25,38],
AS4/3501-6 [26], and AS4/8552 [4].

Table 3. Geometry of the specimens [4, 24, 25, 26].
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