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A B S T R A C T

Process-induced residual stresses in 3D woven carbon-epoxy composites are studied by blind hole drilling ex-
periments interpreted with finite element (FE) modeling. It is assumed that residual stresses are primarily caused
by the difference in thermal expansion coefficients of the constituents which are modelled as temperature-
dependent linear elastic solids. The impact of residual stresses is quantified by drilling blind holes in the com-
posite panels and mapping the resulting in-plane surface displacements by electronic speckle pattern inter-
ferometry. Mesoscale finite element models are used to correlate these surface displacements with the volu-
metric distribution of the residual stresses in the composite. This is done by determining the effective
temperature drop ΔTeff that results in the same predictions for the surface displacements as experimentally
measured. The effective temperature drop approach allows to use linear elastic models while approximately
accounting for various nonlinear effects occurring in the material during processing. The models are also used to
establish the sensitivity of the predicted results to the exact location of a hole and its depth.

1. Introduction

Manufacturing-induced residual stresses in carbon epoxy compo-
sites can occur due to the difference between coefficients of thermal
expansion (CTE) of the resin and fibers and also chemical shrinkage [1],
compaction of the resin [2], nonlinear distribution of temperature and
degree of cure throughout the part during curing, etc. It has been shown
that the level of residual stresses can substantially affect the quality and
performance of the composite parts including their final shape [3,4]
and strength [5,6].

A significant amount of publications have been devoted to the
manufacturing-induced residual stresses in laminated and 2D woven
composites. For example, Cowley and Beaumont [3] carried out ex-
perimental study on the residual stresses in the laminated fibrous
polymers and modeled the stress state using classical lamination theory.
Golestanian and El-Gizawy [7] simulated the entire curing and cooling
cycle for the woven carbon and fiberglass mats impregnated with epoxy
resin using resin transfer molding (RTM). They obtained values for the
residual stresses in the selected points of the composite plate. Fiedler
et al. [8] investigated the influence of the manufacturing-induced
thermal residual stress on the transverse strength of the unidirectional
CFRP composite material. Agius et al. [9] performed FE simulations to
predict residual stresses in the multidirectional laminates based on the

epoxy resin chemical shrinkage and mismatch in CTEs of the epoxy and
carbon fiber reinforcement. Benavente et al. [10] simulated macro-
scopic residual deformation of a laminate composite part based on the
temperature-dependent viscoelastic epoxy resin behavior.

In 3D woven composites, presence of additional constraints in the
third direction leads to higher residual stresses from mismatch of CTEs
of the fiber and matrix. It has been shown in [11] that for certain re-
inforcement architectures manufacturing-induced residual stresses
might lead to significant levels of residual stresses causing micro-
cracking in the resin pockets between the tows.

Determining the residual stress distribution in 3D woven composites
experimentally is challenging due to their complex microstructure and
the resulting high level of inhomogeneity and anisotropy. One of the
approaches to estimate residual stresses is to utilize hole drilling ex-
periments. In such experiments, the residual stresses are estimated
based on the displacements around a circular hole drilled in the ma-
terial, as described in [12,13]. However, this purely experimental ap-
proach developed for homogeneous materials does not allow to obtain a
detailed distribution of the residual stress in woven composites. There is
a need to numerically interpret the measurement results. For example,
Pisarev et al. [14] proposed to use analytical solutions given in [15] to
correlate residual stresses with the displacements due to the through-
thickness holes drilled in the composite plates. They measured the
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displacements using electronic speckle pattern interferometry (ESPI)
and assumed composite material to be homogeneous and orthotropic.
Akbari et al. [16] obtained residual stress in a filament wound lami-
nated carbon/epoxy ring using incremental hole drilling method. In
their study, they used a combination of strain gage measurements and
finite element simulations to obtain the in-plane residual stresses in the
plies assuming the material of each ply to be homogeneous and or-
thotropic. Wu et al. [17] estimated residual stresses in 2D woven
composite utilizing a combination of FE modeling and Moiré inter-
ferometry. In their study, they assumed a uniform distribution of stress
within the material removed during drilling to produce the values of
residual stress components based on the measured displacements at the
sample points on the composite plate surface around the drilled hole.

In the present paper, we estimate residual stresses in 3D woven
composites using measurements of displacements on the surface of the
composite panels caused by drilling of circular blind holes in various
locations. The displacements can be measured utilizing either ESPI or
digital image correlation (DIC) techniques. In our previous studies we
determined that ESPI provided better resolution of the displacement
gradients [18] so it was selected for the present work. The displace-
ments are correlated to the residual stress by mesoscale finite element
models of the composites. These models assume that the primary me-
chanism of the residual stress formation is the mismatch in CTE of fiber
and matrix as the composite cools from curing to room temperature.

The rest of the paper is organized as follows. Section 2 provides a
description of the experimental techniques utilized in this work. Section
3 describes the numerical modeling procedure and also includes in-
formation on mechanical properties of the composite phases. Section 4
presents the results of numerical parametric studies related to the hole
drilling experiment. Section 5 provides interpretation of the hole dril-
ling experiments by FEA to obtain the full residual stress field in 3D
woven composites. Section 6 contains concluding remarks and com-
ments.

2. Experimental methods

Experimental measurements were conducted on 4 mm thick com-
posite panels fabricated by Albany Engineered Composites using Hexcel
RTM6 resin and Hexcel 12K IM7 PAN-based carbon fibers. Two dif-
ferent levels of through-thickness reinforcement were considered: one-
by-one orthogonal (significant through-thickness reinforcement) and
ply-to-ply (low through-thickness constraint). The materials had an
overall reinforcement volume fraction of 68.96% and 68.74% for ortho-
gonal and ply-to-ply respectively. More detailed information on the
considered reinforcement architectures is shown in Table 1.

The composite sections (of sufficient in-plane dimensions to avoid
boundary effects) were cut from the panels and painted with white,
high heat spray paint. The black speckles were applied using an air-
brush to get speckles that ranged in size from 5 to 10 µm. Then the
surface was covered with a clear matte spray paint to protect the
speckles from drilling debris deposits and prevent the speckles being
removed with the water used for cooling during drilling. The sample
was glued on a block mounted on a Thor Labs kinematic mount to allow
precise repositioning of the “before drilling” and “after drilling” inter-
ferograms. The apparent placement repeatability was on the order of

5 µm or less.
Residual stresses were studied by drilling a 1 mm diameter blind

hole to a depth of 0.5 mm and recording the resulting in-plane dis-
placements on the surface of the specimen. Drilling was done with
UKAM diamond coring tool. The depth was continuously measured
with a dial indicator attached to the drilling head. A continuous flow of
deionized water was manually applied during drilling using a squeeze
bottle. The water was used to minimize the heat generated during
drilling and to carry away the drilling debris. The sample was rinsed
with more water after drilling and dried with a flow of warm air.

The in-plane displacements around the hole were measured using a
custom-built electronic speckle pattern interferometry system similar to
the one described by Dıáz et al. [19]. A 50 mW Melles Griot HeNe laser
with linear polarization was used. The angle between the normal to the
specimen and the illumination beams was 45o which resulted in a
448 nm displacement for a phase difference corresponding to 2π. The
system exhibited phase noise of < /25 which corresponds to a dis-
placement of approximately 9 nm.

3. Numerical models on mesoscale

3.1. Model development. Reinforcement architecture

Due to the periodicity of the woven composites reinforcement, a
numerical model of the smallest repeatable portion of the material – the
unit cell (UC) was created. As described in [20], the modeling process
begins with material reinforcement geometry development. There are
several numerical approaches to obtain a geometrical representation of
the material reinforcement that have been utilized in [21,22,23,24]. In
our research we used Digital Fabric Mechanics Analyzer (DFMA), see
[25]. The selection of the DFMA modelling parameters was informed by
μCT scanning to accurately reproduce the reinforcement shape and
volume fraction, see [26]. Fig. 1 presents FE models of unit cells of the
two reinforcement architectures considered in this paper.

Once the reinforcement mesh was created, the epoxy resin phase
finite element representation was obtained by meshing the space be-
tween the tow surfaces and borders of the unit cell. The resulting
models consisted of 558,587 tetrahedral elements for orthogonal and
5,548,316 for ply-to-ply reinforcement architecture. The unit cells in-
cluded the entire thickness of the test panels ( =t mm4 ); their in-plane
dimensions were ×5.08 5.08 mm2 for the orthogonal and

×10.16 8.467 mm2 for the ply-to-ply architectures.
Mesoscale simulations of woven composites are usually conducted

for unit cells with periodic boundary conditions, e.g. [27,22,28].
However, if such conditions are used in the hole drilling modeling, the
displacement fields resulting from the release of the residual stress
around the hole are assumed to be present periodically in the material.
To avoid this periodic boundary effect, the model should include sev-
eral adjacent unit cells. Our parametric studies showed that ×3 3 model
is sufficient even when the hole is located close to the boundary of the
central UC. However, modeling of nine unit cells requires significant
time and computational resources. We compared the results for ×3 3
UC model, two models of a single UC (with and without periodic
boundary conditions), and a model with one unit cell surrounded by the
homogeneous material with effective properties of the composite. Note
that usage of the homogeneous material does not require such a refined
mesh as an actual unit cell while representing the material behavior
around the UC under consideration. The effective material approach
turned out to be the best compromise to analyze the entire composite
specimen described in Section 2 with reasonable computational effort,
see [29].

3.2. Mechanical properties of the composite phases

In our simulations we assumed the matrix to be fully cured and
behaving elastically. The accuracy of this assumption is discussed in

Table 1
Weave architectures under investigation. The Warp Vf and Weft Vf columns list
the volume fractions of the warp and weft reinforcement tows in the composite
estimated using an idealized geometry.

Architecture Filaments
Per Tow

Picks Per
Inch

Pattern Frames Warp Vf Weft Vf

Ply-to-ply 12 K 12 × 10 ply-to-ply 4 36.16% 32.58%
Orthogonal 12 K 10 × 10 orthogonal 2 36.37% 32.58%

K. Vasylevskyi, et al. Composites Part A 130 (2020) 105734

2



Section 5. The matrix (HEXCEL RTM6 epoxy resin) was simulated as an
isotropic material with constant Poisson's ratio = 0.35m and tem-
perature dependent Young's modulus Em and thermal expansion coef-
ficient m:

=
°
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0 C (1)

= +
°

Tm m m
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( C)2 are the material
parameters chosen to reproduce the experimental results reported in
[30]. The tows (12K IM7 carbon fibers impregnated with RTM6 epoxy)
were simulated as transversely isotropic materil with the properties
obtained by micromechanical modeling described in [31]. The nu-
merical values are provided in Table 2. The values are provided as-
suming direction 1 is parallel to the axis of the tow and directions 2 and
3 are transverse to the tow axis. Note that even though the properties of
the matrix in the tows change with temperature as given by formulas
(1) and (2), these changes will result in insignificant variations of the
homogenized properties of the tows (see comparison in [31]), so in the
numerical simulations the properties of the tows were assumed to be
temperature independent.

3.3. Modeling of cooling after curing and hole drilling

The simulations were conducted using MSC Marc FE software (see
http://www.mscsoftware.com/product/marc/) in two steps. First, the
simulation of cooling after complete curing with the temperature drop
from 165 °C (temperature when the resin is fully cured) to room tem-
perature of 25 °C was performed. This simulation resulted in accumu-
lation of the residual stresses. The second step was the drilling simu-
lation which was accomplished as follows: finite elements
corresponding to the material removed by drilling were chosen manu-
ally at the model preprocessing stage and stored as a custom element
set. These elements were deactivated (using MSC Marc “Deactivation”
feature which removes a chosen set of finite elements) after the cooling
loadcase resulting in the displacements due to release of the residual
stress by the removal of the material.

4. Numerical modeling studies using linearly elastic model of
cooling

Even though we neglect viscoelastic and plastic effects that can be
significant, the linear elastic approach allows us to quantitatively in-
vestigate sensitivity of the results to FE meshing, the depth of the hole,
and its location with respect to the composite reinforcement. Note that
a simple and efficient procedure to adjust the results to more realistic
nonlinear estimates of residual stresses is presented in Section 5.

4.1. Hole edge meshing sensitivity

Since finite elements corresponding to the drilled hole are chosen
manually from the automatically generated mesh, the edge of the hole
in the model might not be smooth due to the fact that the hole location
is unknown at the mesh generation step. This issue can be overcome by
incorporating the location of the hole into mesh generation process so
that the hole edges are modeled as smooth surfaces (see Fig. 2). How-
ever, this causes additional complications in the meshing procedure and
makes the model a single-use for one particular hole. In order to in-
vestigate how the smoothness of the edge affects the results of the si-
mulation, we compared predictions for the ply-to-ply architecture
presented in Fig. 1(b). Two hole locations were chosen for the com-
parison as shown in Fig. 2(a). Both of the holes were modeled using
both automatically and specifically generated meshes, see Fig. 2(b) and
(c). The images (b) and (c) represent the hole edge resulting from au-
tomatic meshing technique (rough) and the edge specifically generated
for a prescribed hole location (smooth).

To compare the results, the displacements after hole drilling were
captured on the surface of the unit cell along the lines shown in
Fig. 2(a). Fig. 3 presents the displacements in the warp (X) direction
plotted along horizontal lines and the displacements in the weft di-
rection (Y) plotted along the vertical lines, correspondingly. In this
figure and all the slice plots thereafter the X and Y coordinates are given
in the local coordinate system with the origin in the center of the hole.
As can be seen, there are no significant differences in the predicted
displacements between two meshing techniques. Slight deviations are
observed only at the very edges of the holes. However, for the purpose
of interpreting the experimental drilling results these deviations are not
critical because in the experimental measurements, the surface of the
specimen near the edge of the hole is within the decorrelated zone
( µm180 around the edge) where the exact experimental results are not

(a) (b)

weft

warp

binder

Fig. 1. FE representation for (a) orthogonal and (b) ply-to-ply reinforcement architectures consisting of weft, warp and binder tows. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Elastic properties of the tows.

Material Combination E1t (GPa) E2t (GPa) G12t (GPa) ν12t ν23t α1t (1/K) α2t (1/K)

IM7 fibers + RTM6 epoxy 221.38 13.18 7.17 0.35 0.35 −2.29E-7 2.23E-5
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available. Thus, there is no need to generate specific meshes for parti-
cular hole locations for the hole drilling interpretation analysis. In the
rest of the presented simulations we used the automatically generated
meshes with “rough” hole edges.

4.2. Hole location influence

Due to the same dimensional orders of the drilled hole and the re-
inforcement features, it is important to understand how the exact lo-
cation of the hole with respect to the reinforcement affects the dis-
placement fields. To estimate the impact of the hole location a set of
simulations was performed. Both orthogonal and ply-to-ply reinforce-
ment architectures were considered. The hole locations were chosen as
shown in Fig. 4. All of the holes are of the same depth =H 0.5 mm and
diameter =D 1 mm. Similarly to the hole edge meshing study, the
displacements along the vertical (Y) and horizontal (X) slice lines
through the center of each hole are plotted.

In the interpretation of the simulation results, we hypothesize that
the residual stresses due to the cooling after curing will mostly be

tensile for the resin as it is prevented from shrinking by the constraints
of carbon fiber tows. For the tows, especially warp and weft, we expect
the stress to be tensile transversely to the tow axis (pulled by adjacent
resin). The distribution in the directions longitudinal to the tow axis is
expected to be more complex as it will be influenced by interaction with
neighboring tows. Most of the warp and weft tows are expected to be in
longitudinal compression. These hypotheses are checked by FEA si-
mulations in this section, and the comparison with experimental ob-
servations presented in Section 5

For each hole location, the cooling of completely cured composite
was simulated with the temperature drop of =T 140 °C (from 165 °C
to 25 °C). Then the finite elements corresponding to the material oc-
cupied by the hole were deactivated to simulate the material removal
due to the drilling and nodal displacements were recorded. The dis-
placements along slice lines for each hole location were superimposed
to evaluate the sensitivity of the results to the hole location. The results
are presented in Figs. 5 and 6 for orthogonal reinforcement and Figs. 7
and 8 for ply-to-ply. Note that some of the presented curves exhibit
rapidly increasing/decreasing behavior near the hole edge. This effect is

(b)

(c)(a)

X

Y

Fig. 2. (a) Locations of the holes chosen to investigate the hole edge meshing sensitivity. Finite element meshes around (b) hole 1 and (c) hole 2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Slice plots of the displacements in warp (ux) and weft (uy) directions for (a) hole location 1 and (b) hole location 2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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numerical and caused by FEA discretization. In our estimate on whether
the hole opens or closes due to release of the residual stress we used the
stable portion of the curves 10–15 finite elements away from the edge.

Fig. 5 shows that the warp displacement field around the drilled
hole is sensitive to its location. The highest sensitivity is observed in the
case when the hole is moved along the center line of the binder tow. For
the case depicted in Fig. 5, the horizontal slice lines for hole 1 and hole 2
locations are in the same direction as the binder tow being cut by these
holes. According to the slice plots, hole 1 closes whereas hole 2 slightly
opens and moves to the right towards the crossing weft top tow.

The warp displacements along the slice lines for the holes 3, 4 and 5
are similar to each other. Hole 4, however, shows more pronounced
opening. This phenomenon can be explained by the microstructure of
the reinforcement. All of these three holes cut the top weft tow, but hole
3 and hole 5 are located so that there are crossing warp tows underneath
the weft being cut. Due to the compressive residual stress in the tows
along their central lines, when the tow is cut the hole would close in the
direction along the tow. This phenomenon can explain lower opening of
the hole 3 and hole 5. Hole 4 in contrast is located in a way that there are

no crossing tows underneath the top weft tow and hence its opening is
more pronounced. It is also seen that the displacements are the same for
hole 3 and hole 5 as expected from the reinforcement symmetry.

Fig. 6 shows weft (uy) displacements along the slice line (as in
Fig. 2(a)) for each hole location. Hole 1 and hole 2 open in the direction
Y confirming the assumption that due to the tension stress in the matrix
material, the drilled hole opens transversely to the tow (binder in this
particular case). Three other holes close in Y direction which confirms
the presence of the compressive residual stresses in the tows along their
central lines.

The same numerical study was performed for the ply-to-ply re-
inforcement architecture. Six hole locations were considered, three of
them cut the weft tow and the other three - the warp. Fig. 7 shows warp
(along X-axis) slice displacements. A certain sensitivity to the hole lo-
cation is observed for holes 4–6, whereas the displacements caused by
holes 1–3 are location-insensitive. Holes 4 through 6 cut the warp tow
and show slight closure in X direction. This behavior is dictated by the
compressive residual stress in the tow along its central line. However,
when the hole is located near the crossing weft (such as hole 4), in

1

2

3
4 5 6

1 2 3

4

5

X

Y

X

Y

0

0

(3.05, 5.15)
(4.52, 4.54)

(1.31, 1.83)

(3.81, 2.85)

Fig. 4. Hole locations for the ply-to-ply (left) and orthogonal (right) architectures. Coordinates of hole centers within the unit cell are shown in millimeters. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Slice plots of displacements in warp direction (ux) for the orthogonal reinforcement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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addition to closure it also shifts towards the crossing tow. This phe-
nomenon can be explained by the tensile stress in X direction in the
crossing weft.

Fig. 8 shows displacements in the weft direction. It is seen that these
displacements are sensitive to the location only in the case of hole 1
through hole 3. The same trend is observed here as for the warp di-
rection, namely, holes open transversely to the tows and close in the
direction along their center line.

To summarize, our simulations show that the displacement fields
around the drilled hole due to the residual stresses are noticeably
sensitive to the hole location. Generally, in the direction transverse to
the cut tow’s central line, the hole opens due to the tensile residual
stress in the surrounding resin. In the direction along the central line of
the tow, the hole tends to close due to the prevailing longitudinal
compressive residual stress. In the case when the hole is located at the
intersection of the tows, it closes along the cut tow and shifts towards

the crossing one. Thus, for the purpose of the interpretation of experi-
mental data, the hole locations have to be chosen very accurately so the
proper correlation can be made.

4.3. Hole depth dependence

In this section, we examine how residual-stresses-driven displace-
ments on the surface of the specimen depend on the depth of the hole.
For this purpose, several hole locations were chosen in both orthogonal
and ply-to-ply reinforcement architectures and the hole depths was
increased step by step in order to see how the displacements around the
hole vary.

Simulations were performed for hole locations 3 and 5 in the ply-to-
ply and 1 and 4 in the orthogonal specimens (see Fig. 4). The depths of
each hole was gradually increased with a step of 0.5 mm, and the
displacements were captured at the points located one hole radius away

Fig. 6. Slice plots of displacements in weft direction (uy) for the orthogonal reinforcement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. Slice plots of displacements in warp direction (ux) the ply-to-ply reinforcement. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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from the hole edge. The monitored points are denoted as white circles
with numbers in Figs. 9–12. Each curve corresponds to the displace-
ment of the point as a function of the hole depth.

It is seen in Figs. 9 and 10 that for the orthogonal reinforcement, the
sensitivity to the depth is observed up to the hole depth of 2 mm which
is the middle of the specimen panel thickness. In Fig. 9, it is seen that
the hole opens more as the depth increases. This is dictated by the
tensile residual stress in the epoxy resin in the direction transverse to
the weft tow. The more weft tows are cut, the more pronounced the
opening effect becomes.

In contrast, Fig. 10 shows that when the binder tow is cut
( =H mm0.5 ), the closure of the hole in the direction of the tow and
slight opening in the transverse direction are observed. However, as the
hole depth is increased, more and more weft tows under the binder are
cut and the opening effect described for the previous hole location
becomes dominant. This means that two competing effects compensate
each other with the increasing depth and this can lead to a low level of

displacements around the hole (Fig. 10) which can cause difficulties in
the measurements because of insufficient resolution of an experimental
method.

Figs. 11 and 12 show displacements in warp and weft directions
depending on the hole depth in the ply-to-ply composite. It is seen that
for this particular reinforcement architecture, the dependence on the
hole depth is small comparing to the orthogonal reinforcement. This is
due to the fact that perpendicular warps and wefts are cut sequentially
as the hole depth increases, thus the opening and closing of the hole are
balanced.

5. Interpretation of hole drilling results with FEA

This section describes how we used linear elastic mesoscale FEA
models of drilling experiments to evaluate distributions of the residual
stresses in carbon/epoxy composite panels with different 3D woven
reinforcement architectures. The thermal mismatch stresses may cause

Fig. 8. Slice plots of displacements in weft direction (uy) for the ply-to-ply reinforcement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 9. Displacements in warp (ux) and weft (uy) directions at the points around hole 3 in the orthogonally reinforced composite as functions of the hole depth. In the
plots, white background represents resin matrix, magenta stripes represent weft tows and grey stripes represent binder tows. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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viscoelastic or plastic deformation, so the assumption of linear elasticity
may lead to overestimation of residual stresses. In some extreme cases
the matrix can even microcrack to accommodate the residual stresses,
see [11] To account for those complex effects without overcomplicating
the models, we propose a simple approximate approach to interpret the
experimental measurements. Instead of simulating the actual tem-
perature interval T from the curing to room temperature, we de-
termine the equivalent temperature drop Teff that corresponds to the
surface displacements experimentally observed in the specimens after
hole drilling. This Teff is smaller than T and is different for different
material systems and reinforcement architectures.

The procedure to find Teff is as follows. First, the initial simulation
of cooling after curing is run with the actual T . After that the drilling
process is simulated by removing the corresponding elements and the
displacements of the surface points are observed. Then the values of the
numerically predicted displacements at the points approximately one
radius away from the hole boundary are selected to compare with the
experimental measurements (note that the approach of considering a
set of points at a certain distance from the hole edge is similar to the
one used in [17]). The adjustment coefficient keff is found as the ratio of
the average experimental displacement to the average displacement
from the initial model in the corresponding points. Then the simulation

Fig. 10. Displacements in warp (ux) and weft (uy) directions at the points around hole 1 in the orthogonally reinforced composite as functions of the hole depth. In the
plots, white background represents resin matrix, magenta stripes represent weft tows and grey stripes represent binder tows. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Displacements in warp (ux) and weft (uy) directions at the points around hole 3 in ply-to-ply composite as functions of the hole depth. In the plots, white
background represents resin matrix, magenta stripes represent weft tows and grey stripes represent warp tows. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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of cooling by =T k Teff
eff is performed to produce the approximate

distribution of the cure-induced residual stresses. Note that dependence
of the predicted residual stresses on T is not exactly linear since
thermo-mechanical properties of epoxy are modeled as temperature-
dependent. In the equivalent numerical simulations we assume that the
temperature drop starts from the curing temperature.

Figs. 13–15 present examples of the experimentally observed and
numerically predicted displacements due to blind hole drilling in 3
particular locations of the orthogonally reinforced composite: in the
weft tow, in the binder tow, and in the matrix. Table 3 provides

coordinates of the hole centers in the corresponding unit cell coordinate
systems. The hole depth is mm0.5 so that it penetrates up to 2 tows,
depending on the location. All of the simulations for this particular
architecture were performed with the same adjustment coefficient

=k 0.214eff resulting in =T 30eff °C. As can be seen, the Teff ap-
proach shows good correspondence between numerical and experi-
mental data for the displacements perpendicular to the tow direction
and for the hole in the matrix. The correspondence for the displace-
ments along the tow is not as good. We observe significant differences
between the warp-direction displacements due to the hole in the binder

Fig. 12. Displacements in warp (ux) and weft (uy) directions at the points around hole 5 in ply-to-ply composite as functions of the hole depth. The curve for point 1
coincides with the curve for point 3. In the plots, white background represents resin matrix, magenta stripes represent weft tows and grey stripes represent warp tows.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Displacement in warp (ux) and weft (uy) directions around the hole cutting the weft tow in the orthogonally reinforced composite. =T 30eff °C. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Displacement in warp (ux) and weft (uy) directions around the hole cutting the binder tow in the orthogonally reinforced composite. =T 30eff °C. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and the weft-direction displacements around the hole cutting the weft
tow. Most likely, these discrepancies are due to the local interactions of
the reinforcing tows that are difficult to capture both experimentally

(small values or large gradients in the displacements) and numerically
(numerical model requires a layer of resin material between tows). The
second possible reason is that the nonlinear effects (plasticity, etc.)
which we approximate by the adjustment coefficient in =T k Teff

eff
can have different intensity in different directions and locations of the
unit cell. Yet another possible reason is the inhomogeneity of the
temperature distribution and degree of cure during the curing process.

The influence of local interactions can be seen in the predicted
displacements uy when cutting the weft tow, Fig. 13. The portion of the
displacement field captured above the hole shows good agreement with
the experiment whereas the portion from below the hole is noticeably
different. This can be explained by the fact that the hole cuts the weft
tow near the crossing binder (above the hole). The behavior of the

Fig. 15. Displacement in warp (ux) and weft (uy) directions around the hole drilled in the epoxy resin matrix for the orthogonally reinforced composite. =T 30eff

°C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Coordinates of the centers of the holes drilled in the weft, warp, binder and
resin constituents of the composites.

Orthogonal reinforcement Ply-to-ply reinforcement

Weft Binder Resin Warp Weft

X, mm 3.81 1.71 2.54 5.52 2.83
Y, mm 3.22 1.95 3.15 4.54 2.65

Fig. 16. Manufacturing-induced residual stress distribution in the orthogonally reinforced composite for =T 30eff °C. (a) Normal stress xx in the warp direction
accumulated in the tows, (b) normal stress yy in the weft direction in the tows, (c) hydrostatic stress in the epoxy, and (d) Von Mises stress in the epoxy. All values are
in MPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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material on top of the binder tow in the weft direction would have a
greater impact from the tensile residual stress in the resin and also from
the binder tow. The weft (Y) direction of the specimen is collinear with
the transverse direction of the crossing binder tow above the hole and
as stated previously, the transverse residual stresses in the tows are
tensile so the upper portion of the hole edge is subjected to the tensile
residual stress. This observation proves that the model predicts the
behavior of the material with good accuracy when it is governed by the
tensile stress in the resin. On the other hand, when the local behavior of
the material is dictated by the residual longitudinal compressive stress
in the tow, there are deviations between predictions and experimental
measurements.

Figs. 14 and 15 also confirm that the model correlates with the
experiments well when the behavior is governed by tensile residual
stress in the epoxy including the displacement uy for the hole in the
binder and both displacements for the hole in the resin. The warp
displacement curves in Fig. 14, both numerical and experimental, show
the hole shifting towards a resin rich region to the right of the hole
illustrating the ability of the proposed approach to capture the me-
chanics of the material deformation.

Overall, it appears that most of the experimentally observed surface
displacements caused by drilling of blind mm0.5 holes in the considered
composite are well predicted (both qualitatively and quantitatively) by
the simulations of the residual stresses due to cooling by an effective
temperature drop Teff . This observation allows us to obtain an ap-
proximate prediction of the distribution of residual stresses in the entire
unit cell of the composite. As an illustration, Fig. 16 presents distribu-
tion of the warp-direction and weft-direction components of the stress

in the tows, and hydrostatic and Von Mises equivalent stresses in the
matrix. The actual ranges of the stresses are

158 MPa 50 MPa,xx 112 MPa 26 MPayy in the tows,
and 4.5 MPa 25 MPa,H 25 MPaVM in the matrix, however
the stress concentrations are very localized so different bounds were
selected in the plots for better presentation of stress distribution. Note
that concentrations of hydrostatic residual stresses in the resin of or-
thogonally reinforced woven composites have been shown to correlate
with the manufacturing-induced microcracking, see [31].

Similar analysis was performed for the ply-to-ply reinforced com-
posite. The holes of 0.5 mm depths were drilled in two locations on the
surface of the specimen: cutting a warp tow (Fig. 17) and cutting a weft
tow (Fig. 18), see Table 3. For this particular material reinforcement
architecture the adjustment coefficient keff was found to be equal to
0.286 leading to T 40eff °C regardless of the hole location.

Figs. 17 and 18 show similar trends in the predictions as in the case
of orthogonal reinforcement. The model with T 40eff °C provides
accurate estimates for the displacements perpendicularly to the tow
while showing significant deviations for the displacements in the di-
rection of the tow. The resulting prediction for distributions of the re-
sidual stresses in the entire unit cell are presented in Fig. 19. The range
of the predicted stresses is 48 MPa 15 MPa,xx

65 MPa 15 MPayy in the tows, and
0.3 MPa 17 MPa,H 2.4 MPa 16 MPaVM in the matrix.

As expected the manufacturing-induced residual stresses in the ply-to-
ply reinforced composites are lower than in the case of orthogonal re-
inforcement, since their residual stresses can be released by deforma-
tion in the through-thickness direction.

Fig. 17. Displacement in warp (ux) and weft (uy) directions around the hole cutting the warp tow of the ply-to-ply composite. =T 40eff °C. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Displacement in warp (ux) and weft (uy) directions around the hole cutting the weft tow of the ply-to-ply composite. =T 40eff °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

Mesoscale FE models can be used to interpret hole drilling experi-
mental data and obtain spatial distribution of curing-induced residual
stresses in 3D woven carbon/epoxy composites. It has been shown that
the surface displacements around the hole are sensitive to the hole lo-
cation with respect to the composite reinforcement. It has also been
observed that the residual-stress-release related displacements depend
on the hole depth and can become too small and difficult to measure for
certain hole depth values. This phenomenon can be explained by the
competing residual stresses in the composite material, namely the
tensile residual stress in the epoxy resin matrix and the longitudinal
compressive stress in the tows. The interaction between the tows and
resin contribute to the complexity of the local residual stress distribu-
tion.

Nonlinear behavior of the resin during cooling after curing is in-
cluded in the linear elastic models by selecting an adjusted temperature
drop Teff determined from the processing of experimental ESPI data.
The Teff was found to have the same value for different hole locations
in the same material but different values for different material re-
inforcement architectures. The consistency of the value for the same
architecture suggests that the proposed simplified approach can be used
as a good first-order estimate for the residual stress distribution. The
observation that different materials have different consistent values of

Teff shows that the level of nonlinearity in the material behavior
during manufacturing varies for different composite reinforcement ar-
chitectures.
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