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Abstract: Carbon fiber reinforced plastics (CFRPs) gained high interest in industrial applications
because of their excellent strength and low specific weight. The stacking sequence of the unidirec-
tional plies forming a CFRP laminate, and their thicknesses, primarily determine the mechanical
performance. However, during manufacturing, defects, e.g., pores and residual stresses, are induced,
both affecting the mechanical properties. The objective of the present work is to accurately measure
residual stresses in CFRPs as well as to investigate the effects of stacking sequence, overall laminate
thickness, and the presence of pores on the residual stress state. Residual stresses were measured
through the incremental hole-drilling method (HDM). Adequate procedures have been applied to
evaluate the residual stresses for orthotropic materials, including calculating the calibration coef-
ficients through finite element analysis (FEA) based on stacking sequence, laminate thickness and
mechanical properties. Using optical microscopy (OM) and computed tomography (CT), profound
insights into the cross-sectional and three-dimensional microstructure, e.g., location and shape of
process-induced pores, were obtained. This microstructural information allowed for a comprehen-
sive understanding of the experimentally determined strain and stress results, particularly at the
transition zone between the individual plies. The effect of pores on residual stresses was investigated
by considering pores to calculate the calibration coefficients at a depth of 0.06 mm to 0.12 mm in
the model and utilizing these results for residual stress evaluation. A maximum difference of 46%
in stress between defect-free and porous material sample conditions was observed at a hole depth
of 0.65 mm. The significance of employing correctly calculated coefficients for the residual stress
evaluation is highlighted by mechanical validation tests.

Keywords: residual stresses; incremental hole-drilling method; CFRP; stacking sequence; laminate
thickness; defect population

1. Introduction

Carbon fiber reinforced plastics (CFRPs), i.e., carbon fiber used as reinforcement
elements in a polymer matrix, have found extensive use in the aviation and automotive
industries because of their outstanding properties, such as high strength and stiffness, low
density, high fatigue resistance as well as low thermal expansion coefficient [1]. However,
the laminate characteristics, i.e., the thickness of each ply, fiber orientation, as well as the
number of layers, have to be considered carefully for acquiring these excellent mechanical
properties in a CFRP laminate. By choosing adequate laminate characteristics, the CFRP’s
material properties can be directly tailored. In the past years, a great amount of work has
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been conducted to improve the mechanical performance of CFRP components, e.g., fatigue
resistance [2] and energy absorption capacity [3].

In general, residual stresses are formed in the course of the manufacturing of CFRPs
for various reasons. In particular, the differences in the coefficient of thermal expansion
(CTE) between the carbon fibers and the resin system, the differences in the mechanical
properties arising from variation in the fiber orientation, and the cure shrinkages of the resin
are of utmost importance [4,5]. The process-induced residual stresses, in turn, can cause
fiber waviness, transverse cracking, delamination, and geometric distortion. Moreover,
process-induced pores have to be considered in the CFRPs, as they can have a significant
influence on the mechanical performance of a wide range of composite materials [6].
The formation of pores in the manufacturing of CFRPs is a complex phenomenon, and
some of the involved elementary processes are still not well understood. The underlying
mechanisms vary from manufacturing process to manufacturing process because of the
differences in thermodynamic and rheological phenomena [7]. Taking the pre-preg process
technology as an example, the formation of pores is mainly induced by an insufficient curing
process, air entrapment either during impregnation or during laying up, and moisture
dissolved in the resin [7]. For further details on pore formation mechanisms in different
CFRPs manufacturing processes and the effect on the mechanical performance, the reader
is referred to [7].

The determination of residual stresses in CFRPs using robust experimental approaches
paves the way not only for optimizing the manufacturing parameters in order to reduce
residual stresses but also for a damage-tolerant design by exploiting residual stresses in-
stead of increasing safety margins and overall dimensions (resulting in cost and weight
increase), respectively. In the past years, several methods have been developed for measur-
ing residual stresses in CFRP components [8]. One commonly used method is to estimate
the residual stresses from the experimentally determined curvature of a structure through
a simplified model. However, this method can only be used for unsymmetric CFRP com-
posites. Moreover, this approach cannot provide residual stress values in each individual
ply [9]. The layer-removal method is another common technique for analyzing residual
stresses, involving the measurement of the curvature following the progressive removal of
thin layers from the sample surface [10]. Using this method, evaluation of ply level residual
stresses is feasible. However, the complete and precise removal of thin material layers is
challenging. Furthermore, this method is limited to flat coupons.

Alternatively, the hole-drilling method (HDM) is a well-known approach for mea-
suring the residual stresses in composites, being capable of providing in-depth residual
stress profiles [11]. The HMD has been standardized in ASTM E837-13a [12], specifying
measurement procedure and range, minimum requirements of instrumentation, algorithms,
and coefficients for the computation of uniform and nonuniform stress distributions, as
well as error sources. As described in ASTM E837-13a, the HDM was originally developed
for residual stress measurement in isotropic materials, with the assumption that the relaxed
strain response has a simple trigonometric form. However, this assumption does not
hold true for orthotropic materials. For accurate analysis of the residual stress state in
orthotropic materials, such as CFRPs, the standard model [12] has been adapted, as can be
seen in [1,11,13].

With respect to approaches for determining the calibration coefficients, the integral
method provides more accurate in-depth residual stress results compared with the differen-
tial method [14]. The calibration coefficients need to be calculated through finite element
analysis (FEA) based on the material type and thickness of the sample. The influence of
material properties and thickness of metallic samples on the calculated calibration coeffi-
cients and the resulting residual stress values have been reported in recent years [14-16].
For instance, in [14], the influence of Poisson’s ratio on the calibration coefficients for
the HDM was studied. Depending on the hole depth, it was found that the maximum
difference in calibration coefficients for Poisson’s ratios of 0.2 and 0.4, compared with an
assumed value of 0.3, can be as high as 17% for individual calibration coefficients. However,
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an almost ideally linear behavior of the calibration coefficients can be observed within
Poisson’s ratio range of 0.2 to 0.45. Magnier et al. [15] calculated the calibration coeffi-
cients of metallic sheets featuring different thickness values. Afterward, the coefficients
obtained were used for the evaluation of the residual stresses using the HDM. If the real
thickness of the samples was not accounted for, pronounced errors were found in that
study. In particular, this holds true for thicknesses below 1 mm, while only minor errors
were noticed for thicknesses above 1.6 mm. In the ASTM E837 [17], residual stress mea-
surement by the HDM assumes that the drilled hole has a flat bottom geometry. However,
the commonly employed cutting tools for the HDM are end mills, which usually have
chamfers or fillets on the edges. Therefore, chamfers or fillets are directly transferred to the
blind hole bottom geometry. Blodorn et al. [18] calculated calibration coefficients through
FEA, considered the real hole geometry, and performed residual stress evaluation for A36
steel, AISI304L stainless steel, and AA6061 aluminum alloy. Considerable differences in
residual stresses were found, in particular in the two first hole depth increments with a 50%
deviation. Recently, Kiimmel et al. [19] adopted the HDM to measure the residual stresses
in ultrafine-grained laminated metal composites, where steel layers were positioned at
the top and bottom surface of the sample, and an aluminum layer was positioned in the
middle. When the aluminum core was not considered for the calculation of the calibration
coefficients, assuming that composite is a homogeneous material, the evaluated residual
stresses were overestimated by about 50% compared with the model of the actual struc-
ture. A very limited number of studies are available in the literature detailing this kind
of analysis for composite materials. Sicot et al. [20] measured residual stresses by HDM
in [0,/90,]s and [0g] CFRP laminates fabricated by different cure cycles. The calibration
coefficients were calculated by considering the real ply stacking sequence. It was found
that for unidirectional CFRP laminate, the residual stress level remains low for different
cooling conditions, and the influence of cooling conditions on residual stress values is
small. With respect to cross ply laminates, it was observed that the cooling conditions
have an important effect on the residual stress level, and the stress increases considerably
with the cooling rate. The measured residual stresses were compared to those predicted
by a thermoviscoelastic approach to the classical theory of laminate. Both results were
in good agreement. In other studies [13,21], calibration coefficients for glass/carbon fiber
reinforced plastics (GFRP/CFRPs) were calculated based on their real geometry, thickness,
and stacking sequence. The relation between the coefficients and the residual stresses was
studied. Only when the actual geometry was taken into account the correct calibration
coefficients were obtained, as demonstrated by mechanical bending tests in combination
with FEA.

In high-tech applications requiring high strength and stiffness and, concomitantly,
low weight, thin-walled CFRP laminates with complex stacking sequence are designed
and used. Commonly, the manufacturing of CFRP components and structures leads to
pores and defects. The objective of this work is to provide a comprehensive study on the
residual stress measurement results using HDM, considering the roles of pores, stacking
sequence, and thickness. Focus is given to the determination of calibration coefficients,
taking into account the aforementioned factors, as well as their influence on the subsequent
residual stress estimation. Furthermore, the two- and three-dimensional microstructures
of CFRP laminates are characterized, which allows for a thorough understanding of the
experimentally determined strain and stress results, in particular at the transition zone
between the individual plies. The reliability of the residual stress measurement is validated
by mechanical bending tests in combination with FEA. Potentially, this method can be used
in the majority of cases concerning composite laminate materials.

2. Materials and Methods
2.1. Theory of the Hole-Drilling Method

The HDM is a well-known approach to measure residual stresses by successively
drilling a hole in the surface of a sample. Employing HDM, the residual stresses cannot
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be directly measured but are derived from strains, which are relaxed during the drilling
process and concomitantly measured as a function of depth. A small hole is drilled at
the geometrical center of a strain gauge used for strain measurement. Eventually, the
relationship between residual stress and relaxed strain can be established via calibration
coefficients, which need to be calculated through FEA. Figure 1 illustrates the workflow of
measuring the residual stresses using HDM.

Drilling Relaxed Strain
£1
£2
e =
» Strain meaurment Depth

Residual stress

Depth ——-—é -é_v_
Cun Cuzn Cuss

Finite Element Analysis

Figure 1. Framework of measuring the residual stresses by the hole-drilling method.

For establishing the stress—strain relationship in isotropic materials, the relaxed strain
response is assumed to be of simple trigonometric form. However, this assumption is
not valid in anisotropic materials [22]. For analyzing and measuring the residual stress in
CFRPs featuring highly anisotropic characteristics and assuming that the material behaves
elastically the stress—strain relationship can be expressed as follows:

€1 Cnn Cp Ci3 Ox
g3 | =] Cu Cxn Co3 oy | =1[Cl(0) 1)
€ Ca1 C3 Css Tyy

In Equation (1), the directions of strains €1, €2, and €3 and stresses 0y, 0y, and Ty, are
defined as depicted in Figure 2a. Furthermore, matrix C (constituted of the coefficients
Cy) represents the relationship between the residual stresses and the relaxed strains and
depends on the material properties and thickness of the sample, the depth of the hole,
as well as the geometry of the strain gauge. More details on calculating the calibration
coefficients Cy; by separately imposing boundary conditions can be found in [11].

The general stress—strain relation in Equation (1) can only be applied for stresses being
uniformly distributed over the thickness. In order to account for in-depth nonuniform
residual stresses, the incremental HDM can be employed. This method is based on the
measurement of the surface deformation upon a sequence of drilling steps, i.e., a small hole
at the surface of a stressed material is incrementally drilled. For this purpose, Equation (1)
can be adapted by an incremented integral formulation, where i indicates the actual drilling
step and j denotes all steps up to the current one:

€1 Ciu Cr2 Cis Ox
@;={e | =X Ca Co Cu | .| o | =2[Cylo) 1<j<i (2
Ca1i Ca Caz |, \ Ty

i ij j
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(a) (b)

Figure 2. Schematic of (a) a typical three-element strain gauge with corresponding coordinate system
and (b) a special strain gauge rosette with eight grids used for strain measurement in the present work.

For the incremental HDM, the coefficients Cy;; in Equation (2) are determined not only
by the residual stress in the last drill increment i but also by the residual stresses relaxed
in all previous increments j. For clarity, Figure 3 schematically depicts the procedure to
constitute the calibration coefficients matrix [Cy1]j;. In the first drilled layer, Cy111 indicates
the influence of the stress o, (being present in the 1st increment) on the measured strain
€1. When the second layer is drilled, C1121 and Cy1py define the influence of the stress oy
imposed in both the 1st and the 2nd increment on the strain ¢;. The same procedure can be
used to calculate Cq131, C1132/ and Cq133.

Due to the presence of defects in CFRP laminates, unexpected strain measurements
might be observed during the drilling process [13]. In this work, a strain gauge rosette
with 8 gauges is used to provide redundancy and, thus, improve the reliability of the
strain analysis [13]. Figure 2b illustrates the setup of 8-rosette strain gauge already used
in previous works [1,13,23]. Please note that only strain information in three directions is
required for the residual stress evaluation using Equation (2). Eight different combinations
of strain gauge directions are employed in the present work: (1,2,3), (2,34), (3/4,5), (4,5,6),
(5,6,7), (6,7,8), (7,8,1), and (8,1,2).

I
Cun Cuz
- - | N N |
2 - [ ]
3 3 ha
Cun Cus Cuss

Figure 3. Schematic detailing the stress states and hole depths considered to obtain the calibration
coefficients for the three initial drilling increments.

In order to determine the compliance matrices [C];;, the corresponding coefficients
need to be calculated using FEA. In the present work, the commercial software ABAQUS
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was used. A cylinder with 500 mm in diameter (thickness according to the actual thickness
of the sample) was discretized with eight-node solid elements of type C3D8R. Figure 4
shows the finite element model, including local mesh refinement in the direct vicinity of
the drilled hole. The mesh refinement was performed manually by directly specifying
the number of elements based on the partitioning function in ABAQUS. The number of
elements was iteratively increased until changes in the calculated matrix coefficients became
negligible. The mesh in the model remained the same during the entire simulation process.
With respect to the prescribed mechanical boundary conditions, the circular boundaries are
fixed in all directions, while the part of the model below the hole is allowed to deform freely.

Figure 4. Finite element analysis model in ABAQUS software for calculating the calibration coeffi-
cients in orthotropic materials, displaying local mesh refinement in the direct vicinity of the drilled
hole (recompiled from [23]).

In the present work, a hole drilled in 25 increments was considered: 10 steps of 20 pm
and then 15 steps of 40 pm thickness. The calculation time for these 25 increments was about
7 days using a dual-processor Intel Xeon x5660. The step size of 20 pm was not chosen
for the whole simulation in order to avoid high computational cost. In the experiment,
however, a step size of 20 um was employed in the entire drilling procedure, ensuring a
smooth strain profile as a function of the drilling depth, in particular across the interface
between two adjacent layers. The experimentally determined strains were approximated
and smoothed with a polynomial of 6th order for residual stress evaluation. The strains
at a given depth, for which the calibration coefficients were calculated, were chosen for
evaluating the residual stresses.

Properties required as input include the stacking sequence and the actual material
properties of the unidirectional plies. Note that each unidirectional ply is considered to be
homogeneous and orthotropic, and plies differ only by orientation. The (residual) stresses
are prescribed as the boundary conditions on the hole walls for every actual total hole
depth. The relaxed strains follow from the displacement data. The drilling process is
simulated by removing material (elements) with the “Remove” function, using a Python
script written by the authors. This procedure is repeated until all calibration coefficients
are determined. More information on the calculation of the coefficients using FEA can be
found in [11].

2.2. Sample Manufacturing

One objective of the present work is to compare the residual stresses of samples featur-
ing different stacking sequences and thicknesses. One CFRP sample [0/45/90/135/180/
—135/-90/—-45/0] (9 plies) with dimensions of 300 x 30 x 2 mm?3 was manufactured
by the pre-preg-process technology employing a pressure of 0.5 MPa at a temperature of
200 °C. For further details on the manufacturing process, the reader is referred to [23].
After manufacturing, the sample was cooled down under a laboratory atmosphere with a
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cooling rate of approximately 100 °C/min. The carbon fiber pre-pregs used were of type
C U255-0/NEF-E322/37% (with an epoxy resin content of 37%). In order to investigate
the influence of the stacking sequence on the residual stress state, a unidirectional CFRP
laminate (9 plies) was manufactured with the same process parameters. Furthermore, CFRP
laminates with different thicknesses of 1 mm (4 plies), 2 mm (8 plies), and 3 mm (12 plies)
were fabricated with stacking sequence [0/90]s. Again, the manufacturing and cooling
parameters are the same as detailed before. The mechanical properties of the unidirectional
plies used for fabrication of the different laminates are Ex = 126.15 (GPa), Ey = 7.97 (GPa),
E, =7.97 (GPa), vxy = 0.37, vxz = 0.37, vy, = 0.37, Gxy = 7.11 (GPa), Gy, = 7.11 (GPa), and
Gyz = 2.9 (GPa), experimentally determined according to DIN EN ISO 527 [13]. Figure 5
shows the dimensions and stacking sequence of the multidirectional CFRP sample. As this
sample is symmetrically constructed and, thus, characterized by a self-balanced residual
stress state, pronounced deformation (bending) was not observed after the sample was
removed from the die. Schematics for the other samples are not shown to avoid redundancy.

Ply1: 0°

Ply3: 90°

PlyS: 180°

300mm ‘ Ply7: -90°

Ply9: 0°

2mm ]
1
I

Figure 5. Dimensions and stacking sequence of the multidirectional CFRP [0/45/90/135/180/
—135/—-90/—45/0] laminate.

2.3. Hole-Drilling Process

For the incremental HDM, a small hole at the geometrical center of a strain gauge
rosette featuring eight grids (Hottinger Baldwin Messtechnik, Figure 2b) was incrementally
drilled. The strain gauges were attached to the laminate surface and connected to a bridge
amplifier, using a supply voltage of 1 V. A carbide tungsten tool (ref H2.010, Komet) with a
nominal diameter of 1 mm was used for drilling. An air turbine was used with a drilling
speed of about 300,000 rpm (at 3 bar) and an orbital movement. Using this setup, the
formation of new stresses in the material can be effectively avoided since chips produced
by the side surface of the cutting tool have a shorter and less constrained exit path [13].
Because of the orbital movement, the final hole diameter is around 2 mm, which is in
accordance with the inner diameter of the strain gauge rosette. Small drilling steps of 20 um
were chosen in order to have a smooth strain profile across the piles. In order to ensure
the accuracy of the strain measurement used for residual stress evaluation, it should be
emphasized that some further aspects have to be carefully considered: (1) precise alignment
of the strain gauge alongside the fiber direction (errors induced by misalignment of strain
gauges have been discussed in [13,23]), (2) exact position of the drill to be placed at the
geometric center of the strain gauge rosette [12], (3) adoption of the correct zero-depth
setting (an overestimation of residual stresses was reported for an incorrectly chosen zero-
depth setting [13]), and (4) the measured strains are approximated and smoothed with a
polynomial of 6th order for residual stress evaluation.

2.4. Microstructure Characterization

The two-dimensional cross-sectional microstructure was characterized using optical
microscopy (OM). Following manufacturing, samples were cut and embedded in an epoxy
resin. The embedded samples were ground down using 400, 600, 800, and 1500 grit size
silicon carbide abrasive paper and finally polished with 1 um diamond paste. Defect
analysis within the sample volume was carried out using an RX Solutions EasyTom 160-150
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computed tomography (CT) system. For the investigations, samples with dimensions of
2.8 x 2.4 x 2 mm? were cut from the center of the original laminates. CT scans were
conducted at 70 kV and 100 pA. These settings enabled a spatial resolution of smaller than
4 um. A total of 1440 projections were collected at a pixel size of 4.5 pym. The volumetric
(absorption contrast) images were reconstructed using the Feldkamp, Davis, and Kres (FDK)
algorithm [24], cropped to the sample size, and normalized in the greyscale range. For
visualization of the pores, threshold-based segmentation was employed since the contrast
between ambient air and the CRFP samples was high. However, it should be noted that
pores being in size close to the voxel size cannot be detected reliably because of the partial
volume effect and noise. Thus, only pores with at least 9 um in diameter (two voxels) were
retained.

3. Results and Discussion
3.1. Microstructure Characterization

In Figure 6, a cross-sectional optical micrograph of the multidirectional CFRP sample
(c.f. Figure 5) is shown, providing information on the thicknesses of the individual ply.
Beside the stacking sequence, these values are used as input parameters to the FEA model
for calculating the calibration coefficients (cf. Section 2.1). It can be directly seen that the
thickness of each ply is not exactly the same. The cross-sectional microstructures of the
other samples are not shown for brevity.

0°—Ply

ol 15°—Ply

1359—Ply
180°-Ply
-1350—Ply

-90°-Ply

Cnp -450-Ply
0°—Ply

Figure 6. Cross-sectional microstructure characterization of the multidirectional CFRP sample.

Figure 7 shows an example of the cross-sectional microstructure of a drilled hole in
the multidirectional CFRP sample, detailing the quality and the depth of the drilled hole.
The results are representative for the other samples (not shown here) as well. The drilled
hole quality is of utmost importance for the accuracy of the residual stress evaluation.
According to ASTM-E837 [12], a reliable measurement (in the case of nonuniform residual
stresses) can be made up to a maximum depth of 0.4 times the diameter of the hole. Since
the hole diameter is 2 mm in the present work (cf. Section 2.3), a depth limit of around
800 pum is set. The depth of the hole shown in Figure 7, measuring 0.8 mm, is evidence of
the good controllability and high precision of the drilling device used. Moreover, the hole
is orthogonal to the bottom face of the sample, and substantial damage is not observed.
The aforementioned characteristics imply that the drilled hole is of good quality. However,
the used cutting tool is an end cutter with a chamfer on the edges (not shown), and related
effects are potentially enlarged by the air turbine vibration. Consequently, chamfers or
fillets are directly transferred to the blind hole bottom geometry, as can be seen at a depth
of 700 to 800 um, shown in Figure 7. Thus, the results in this depth range are excluded from
the analysis.
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Strain gauge
0°-Ply

45°-Ply
90°-Ply
1350-Ply

180°-Ply

Figure 7. Cross-sectional optical micrographs of a drilled hole in the multidirectional CFRP sample,
embedded in resin.

In this section, the process-induced defect population in the uni- and multidirectional
CFRP samples is characterized, and the effect of stacking sequence on the porosity and
pore morphology is shown. Please be reminded that both samples consisted of nine plies
(same thickness) and were fabricated with the same process parameters (cf. Section 2.2).
The pre-preg technology used for fabrication is known for a variety of phenomena finally
contributing to pore formation [25]. Thus, the porosity and pore morphology are depen-
dent on material properties, reinforcement structure, stacking sequence, thickness, and
processing parameters (temperature, pressure, and curing time). Figure 8 depicts two- and
three-dimensional CT images. On the one hand, it is well-known that two-dimensional
images are section-biased, i.e., dependent on the cutting direction. However, cross-sectional
views can provide clear information on the volume fraction and shape of the pores. With
respect to the pore distribution, three-dimensional images provide additional information.
Therefore, both two- and three-dimensional data are shown.
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Surface 2

Surface 3

4.4mm
Middle-surface 4.4mm

4.4mm

(b)

4.4mm Surface 3

Figure 8. Cont.
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2mm

4.4mm

4. 4mm Surface 1
2mm

(c)

(d)

i e

(e)

Figure 8. CT analysis of the CFRP samples: (a) Sketch of the cut planes for two-dimensional
microstructure characterization. Two-dimensional microstructure of unidirectional (b) and multi-
directional (c¢) CFRP. Three-dimensional microstructure of unidirectional (d) and multidirectional

(e) CFRP with pores shown in color.
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Figure 8a sketches the cut planes for two-dimensional microstructure characterization.
Figure 8b,c show cross sections along the three orthogonal directions for the uni- and multidi-
rectional CFRP, respectively. The section orientations are the same for both samples, and black
areas represent pores. In Figure 8b, it can be seen that many pores are present in the middle
area. This observation can be explained by an inhomogeneous distribution of the temperature
and curing degree in the middle of the sample, as well as by the fact that the trapped pores
in the middle of the sample have more difficulties in migrating to the edge during curing.
In contrast to the unidirectional CFRP, only a few pores are found in the multidirectional
sample. As reported in previous work [7], more pores could be induced in multidirectional
CFRP than in unidirectional CFRP owing to the following reasons: (1) because of the complex
stacking sequence, the air entrapment in multidirectional CFRP is more pronounced, and (2) a
nonuniform distribution of the pressure and temperature leads to a nonuniform curing degree
in multidirectional CFRP. However, the reverse case is observed in the present work, which
can be explained by the employed process parameters not being optimized for both types of
laminates. However, the present work focuses on the residual stress analysis, while process
parameter optimization was out of scope.

A three-dimensional image of the unidirectional CFRP sample is shown in Figure 8d,
revealing interlaminar and intralaminar pores. Most of the pores are elongated in the adjacent
fiber direction and are quite long (needle-like voids). In line with the two-dimensional images
in Figure 8c, the three-dimensional image of the multidirectional CFRP (Figure 8d) shows
hardly any pores at all, keeping in mind that pores of dimensions similar to the voxel size are
not displayed. Based on the assessment of CT data, the porosity of the uni- and multidirectional
CFRP is 1% and 0.05%, respectively.

3.2. Calibration Coefficients: Relation between Residual Stress and Surface Strain

Details about the calculation of the calibration coefficients have been introduced in
Section 2.1. In the following, the influence of the stacking sequence and the presence of pores
on the calculated calibration coefficients is presented.

3.2.1. Effect of Stacking Sequence

Although strain gauges with eight grids have been employed in the present work in
order to provide redundant strain information during drilling, only three grids are required
for residual stress evaluation. To assess the effect of stacking sequence on the calibration
coefficients, uni- and multidirectional CFRP samples with the same theoretical thickness (nine
plies) were investigated. For clarity, only Cy3;; of Equation (2) will be in focus here. Furthermore,
only grids No. 1 to 3 are considered, featuring angles with respect to the fiber direction of 0°,
45°, and 90°, respectively.

Table 1 shows the calculated calibration coefficients Cyy; for the uni- (a) and multidirec-
tional (b) CFRP, as well as the relative difference between the two samples (c) up to a maximum
hole depth of 400 um. At this depth, two plies are drilled, whereas, in the multidirectional
CFRP sample, the first ply is at 0° fiber direction and the second ply at 45° fiber direction. From
Table 1, it can be seen that the values of the upper triangular matrix are zero (cf. Figure 3 for a
schematic explanation). Moreover, in each row, the absolute values decrease from left to right.
This observation can be rationalized by a smaller deformation induced on the sample surface by
force imposed on the bottom layer relative to an upper layer. Consequently, it can be concluded
that there is a limit to the maximum depth, as also reported in [12]. Furthermore, the absolute
values increase from top to bottom. This tendency is based on the fact that the compliance of
the material is increased when more layers are drilled. Generally speaking, a difference in the
calibration coefficients between uni- and multidirectional CFRP can be observed. Since even
in the first ply, featuring the same fiber orientation in both samples, differences are present, a
significant influence of the stacking sequence is demonstrated. For quantitative analysis, the
percentage deviations are shown in Table 1c, where the values of the unidirectional CFRP are
taken as reference. In the first ply, the highest difference of approximately 45% is at the first
removed increment, as the surface strain response is very sensitive.
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Table 1. Calculated coefficients Cy1;j of the unidirectional (a) and multidirectional (b) CFRP sample

and (c) the relative difference between both samples in percentage.

—242 0 0 0 0 0 0 0 0 0 0 0 0 0 0
—2.74 —2.58 0 0 0 0 0 0 0 0 0 0 0 0 0
-3.02 -290 -2.69 0 0 0 0 0 0 0 0 0 0 0 0
=329 =318 -3.02 -276 0 0 0 0 0 0 0 0 0 0 0
-354 -343 -329 -310 -2.80 0 0 0 0 0 0 0 0 0 0
-378 -3.67 —-354 -337 -315 -281 0 0 0 0 0 0 0 0 0
-4.01 -390 -377 -361 -342 -317 -281 0 0 0 0 0 0 0 0
—423 —-411 -398 -384 -366 —-344 317 278 0 0 0 0 0 0 0
—443 —-431 —-418 —-4.04 -387 -3.67 343 -314 274 0 0 0 0 0 0
—4.62 —450 —-438 —423 —-407 -388 -3.65 -—-340 -310 -—-2.68 0 0 0 0 0
—497 —485 —473 —459 —442 —424 —-404 -382 -357 -329 551 0 0 0 0
-527 -516 —-503 —489 —-473 —-455 —-436 —415 -392 -368 —-654 -5.16 0 0 0
—-555 542 529 515 —499 —483 —464 —443 —422 -398 723 -—614 —4.78 0 0
-577 —-5.65 —-553 —-538 523 505 -—487 —4.67 —446 —424 777 —-678 570 —4.38 0
-597 -585 572 558 543 -526 -5.07 —-487 —467 —445 -823 -728 —-629 -524 398

—
o
~

—1.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-1.59 -1.47 0 0 0 0 0 0 0 0 0 0 0 0 0
-1.83 -174 -1.57 0 0 0 0 0 0 0 0 0 0 0 0
—-2.06 —-197 -184 -1.63 0 0 0 0 0 0 0 0 0 0 0
—-228 —-22 208 -192 -1.69 0 0 0 0 0 0 0 0 0 0
-25 =241 -23 =216 -198 -1.72 0 0 0 0 0 0 0 0 0
—-272 =263 —-252 -238 -223 -—-203 -1.76 0 0 0 0 0 0 0 0
—293 -283 -273 —-26 —245 -—-228 208 -—18 0 0 0 0 0 0 0
-314 -3.05 -294 -282 -268 -—-252 -234 -214 -187 0 0 0 0 0 0
-338 -33 -32 308 -—-295 -28 264 —-248 -229 -205 0 0 0 0 0
-353 -344 -334 -322 -308 -294 -278 262 246 227 -3.69 0 0 0 0
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0373 0380 0.390 0.409 0 0 0 0 0 0 0 0 0 0 0
0.355 0.358 0.367 0.380 0.396 0 0 0 0 0 0 0 0 0 0
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3.2.2. Effect of Pores

The underlying mechanisms for the formation of pores in CFRP have been detailed in
Section 3.1. As will be shown in the present section, the process-induced pores significantly
affect the residual stress measurement results obtained by HDM if they appear in high
density and large size in the direct vicinity of the drilled hole. In order to estimate this effect,
the FEA has been modified as follows: the elements to be drilled at a depth between 60 and
120 um were set as pores, assigning Young’s modulus of 1 MPa and a Poisson’s ratio of 0.
Afterwards, the FEA was conducted with boundary conditions as previously described.
Since the multidirectional CFRP laminate is characterized by a very low degree of porosity
(Figure 8a,b), only coefficients for the unidirectional laminate have been calculated.

Table 2 shows the calculated coefficients Cyy;j for the unidirectional CFRP being char-
acterized by pronounced porosity at a depth between 60 and 120 um. It is obvious that the
coefficients in the items of the matrix defined as pores (marked in red) have constant values.
In the incremental HDM, the coefficients are not only a function of the current drilling step
but also of all previous increments. Therefore, the coefficients of a porous sample are not
the same as in the case without pores. The influence of pores on the estimated residual
stresses will be shown in a subsequent section.

Table 2. Calculated coefficients Cyy; of unidirectional CFRP under consideration of pores.

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

—-1.32 0 0 0 0 0 0 0

-193 —-176 —-155 —1.27 0 0 0 0 0 0

—244 -234 -222 -208 -191 -172 -150 -1.22 0 0 0 0 0 0 0

—257 247 -234 -220 -204 -186 -166 —-144 -—1.16 0 0 0 0 0 0

—269 —-258 -246 -232 -216 -199 -180 -159 -137 -1.09 0 0 0 0 0

—-2.89 -278 -—-266 —253 -237 -—-220 -2.02 -183 -1.63 —-143 -218 0 0 0 0

-3.06 —-296 —-283 -—-269 -—-253 -237 -219 -201 -182 -—-164 —-272 —-1.90 0 0 0

-321 -3.09 -29 -282 -267 -250 -233 -215 -197 -179 -3.06 -237 -1.63 0 0

-332 -320 -3.08 -294 -278 -—-261 —-244 -226 -208 —-191 -331 -—-266 -—-2.04 -1.39 0
-341 -329 -317 -303 -287 -270 -253 -235 -218 -200 -351 -288 -230 -175 -1.18

3.2.3. Strain Results by HDM

Figure 9a and b show the strain-depth results for the uni- and multidirectional CFRP
samples, respectively. The absolute strain values increase with increasing drilling depth
because of the relief of the residual stresses. Here, strain gauges 1 and 5 of the strain
rosette employed (cf. Figure 2b) were aligned parallel with the fiber direction (of the top
ply), whereas strain gauges 3 and 7 were aligned orthogonal to the fiber. Theoretically,
strain values obtained by strain gauges 1 and 5 should be the same. However, a difference
is present, which can be explained by local defects or heterogeneity. This phenomenon
shows the significance of using the special strain gauge rosette to obtain sufficient strain
information in all directions. Figure 9b depicts the strain results of the multidirectional
CFRP sample up to a depth of 700 um, crossing the first three plies with fiber directions of
0°, 45°, and 90°, respectively. For clarity, the positions of the transition zones between the
neighboring plies are highlighted in the figure. At the first ply with the fiber direction of
0°, the strain values obtained by strain gauges 1 and 5, i.e., in fiber direction, increase with
increasing depth, while strains decrease in other directions. This strain—depth behavior is
different from that in the unidirectional CFRP (Figure 9a) and is supposed to result from
the more complex stress state induced by the complex stacking sequence. In the second
ply with a fiber direction of 45°, it is seen that the strains of strain gauges 1 and 5 start
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to decrease. Moreover, a change from compressive to tensile strain components can be
deduced from strain gauges 3 and 7. Consequently, the strong influence of a change in
the fiber direction, i.e., the stacking sequence, on the strain—depth response and, thus, the
internal stress state of CFRP laminates is seen.
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Figure 9. Measured surface strains in 8 directions as a function of drilling depth for (a) the unidirec-
tional and (b) multidirectional (b) CFRP.

3.2.4. Effect of the Stacking Sequence on the Residual Stresses

The residual stresses ox and oy of the uni- and multidirectional CFRP samples are
shown in Figure 10. Eight different combinations of strain gauges (c.f. Section 2.1) were used
for assessment. The residual stresses were evaluated using the experimentally determined
strains shown in Figure 9, and the calibration coefficients were calculated based on ply
elastic parameters, stacking sequence, and thickness of the samples. As can be seen from
the in-depth residual stress ox of the unidirectional CFRP (Figure 10a), at the surface
of the sample, a tensile residual stress of around 13 MPa is present. All strain gauge
combinations show the same results, except the combinations 2 and 6 (cf. Figure 2b), as
those do not contain the strain information in the fiber direction. With increasing depth,
the residual stress component continually decreases to about 0 MPa. When the depth
reaches 0.7 mm, the stress value starts to diverge strongly as the surface strain response
becomes insensitive. In direct comparison to oy, oy features a tensile value of around
4 MPa at the surface (Figure 10b), which is smaller than o, With increasing depth, however,
oy steadily increases to around 8 MPa. Note that the positions of the interfaces between
plies in different samples are slightly different. After the residual stress measurement, the
position of the interfaces between plies was carefully characterized.

Figure 10c shows the depth profile of the residual stress component oy in the multidi-
rectional CFRP. At the surface, oy is characterized by tensile stress with a value of around
10 MPa. With increasing depth, then, the stress component switches several times from
tension to compression and vice versa. This is mainly induced by the variation of the
fiber orientation. Reaching the third ply with a fiber direction of 90°, tensile stress is seen,
and this value increases with depth. In comparison, Figure 10d shows the residual stress
component oy in the multidirectional CFRP sample. Close to the surface, the residual stress
features a tensile value of around 25 MPa, decreasing then with depth. At the transition
zone between the first and second ply, oy starts to increase. Close to the transition zone be-
tween the second and third ply, oy changes from tensile to compressive. A smooth change
across the interface is obtained, which can be related to the following reasons: (1) small
drilling increments, (2) the measured strains are smoothed with a polynomial of sixth-order,
and the approximated strains are used for residual stress evaluation, (3) the step size in the
calculation of the coefficients is consistent with the one used in the measurement, (4) an
advanced formalism to evaluate the in-depth residual stresses for orthotropic materials, and
(5) high-quality manufacturing of the sample with only a few defects near the interfaces.
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Figure 10. Depth-dependent residual stresses ox (a,c) and oy (b,d) of uni- (a,b) and multidirectional
(c,d) CFRP, respectively, for 8 different combinations of strain gage directions.

Comparing the residual stress profiles between the uni- (a,b) and multidirectional (c,d)
CFRPs in Figure 10, it is found that the course of oy of the two samples is quite different.
Furthermore, absolute values of oy in the multidirectional CFRP sample are higher than
in the unidirectional sample. These differences can be explained by the following reasons:
(1) the complex stacking sequence in multidirectional CFRP increases the mechanical
strength in multiple directions, (2) the complex stacking sequence leads to the increase in
internal self-constraint force and, thus, promotes the evolution of higher residual stresses,
and (3) the nonuniform distribution of the curing degree results in a more complex stress
profile. In particular, the transition zones seem to have a significant influence only on the
stress profile in the multidirectional laminate.

3.2.5. Effect of the Laminate Thickness on the Residual Stresses

As will be discussed in the following, the thickness of a CFRP laminate has a signifi-
cant influence on the formation of residual stresses because of differences in temperature
gradient and curing degree. In the present work, CFRP laminate samples with a stacking
sequence of [0/90]s and with thicknesses of 1 mm, 2 mm, and 3 mm were investigated.
More details of the samples can be found in Section 2.2. Note that all calibration coefficients
were calculated based on the actual thickness and stacking sequence. Figure 11 shows the
stress components ox and oy experimentally determined for the CFRP samples investigated.
Regarding the samples with thicknesses of 2 mm and 3 mm (Figure 11c,d and Figure 11a,b,
respectively), the stresses are characterized by similar profiles. At both sample surfaces,
a tensile stress with a similar absolute value for ox can be seen. In contrast, for oy it is
seen that the stress in the sample with a thickness of 3 mm is larger than in the sample of
2 mm. Possible explanations are (a) complex temperature gradients and degree of cure,
which prevail in the thickness direction of the laminate during the curing process; these
local differences induce a spatially resolved material response and a viscoelastic stress
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development, and (b) the effect of chemical shrinkage on residual stress development is
increased with an increase in laminate thickness [5]. In the sample with 1 mm thickness, in
turn, compressive residual stresses ox with small values (—5 MPa) are found, which can
be explained by the sheer force between die and sample and the release of the residual
stresses after the sample is removed from the die. Both factors are more apparent in the
sample with 1 mm thickness because of the lower stiffness compared with other samples.
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Figure 11. Depth-dependent residual stresses ox (a,c,e) and oy (b,df) of CFRP with thickness of
3 mm (a,b), 2 mm (c,d), and 1 mm (e,f), respectively.

3.2.6. Effect of Porosity on the Residual Stresses

As already detailed before, pores can be induced in the manufacturing process. These
can affect the residual stress measurement using HDM. To consider the pores in the FEA
geometry for the calculation of the calibration coefficients, ideally, the defect population
within a sample is to be measured before drilling, using any nondestructive technology,
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e.g., CT. In practice, however, this procedure is not viable. Because of the need for a
high-resolution CT system to resolve pores in CFRP, the sample in question suffers strict
limitations regarding its dimensions. Furthermore, strain gauges cannot be attached
to the surface of a CT sample for the same reason. Therefore, following the analysis
shown in Section 3.2.2 detailing the influence of artificially defined pores on the calibration
coefficients, those results are used in the present work to evaluate the effect of pores on the
resulting residual stresses as well. We choose the unidirectional CFRP sample for analysis.
Figure 12 shows the residual stress profile of oy in the sample using calibration coefficients
of defect-free and porous material for evaluation. The results are derived from strain gauges
1,2, and 3. As mentioned in Section 3.2.2, pores at a depth of 0.06 mm to 0.12 mm were
accounted for in the model. As a consequence of these differences, a maximum difference
of 46% in stress between the two sample conditions can be observed at a hole depth of
0.65 mm. Eventually, based on the theory used in incremental HDM, any defects present
in the upper layers also affect the results in the deeper parts of the sample. Note that the
labels in Figure 12, “With pore” and “Without pore”, refer to the consideration of pores in
the calculation of calibration coefficients.
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Figure 12. Residual stress profiles for the material being free of pores and featuring porosity.

3.3. Validation of Residual Stress Measurement

The objective of this section is the validation of the residual stress measurements (in
multidirectional CFRP) using bending tests employing a defined loading condition. The
stacking sequence and dimension of the sample can be found in Section 2.2. This procedure
was already used successfully for thin metal sheets and polycarbonate material [1,23]. As
shown in Figure 13, for validation, a residual stress measurement is initially conducted at a
distance of 40 mm from the free edge of the CFRP beam. One side of the sample is clamped,
while the other side is loaded (cantilever beam). With the given load, the bending stresses
within the whole sample can be calculated via FEA. In the present study, a maximum force
of 814 N is applied, leading to the stress of about 100 MPa in the longitudinal direction
on the surface at the drilling point. Under constant load, another hole is drilled next to
the first one (being drilled without external load) at a distance of 5 mm. Without loading,
the residual stresses of two adjacent points are supposed to be very similar. Therefore,
the stress induced by loading is obtained as the difference between the measured residual
stress values (without external load) and the total stress values (with external load).
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Figure 13. Experimental setup used for validation of the residual stress profiles.

In Figure 14, the measured stress values in the longitudinal direction are directly
compared to the values from the FEA, where the dashed line corresponds to the FEA
results. In general, a good agreement between experimental and numerical results can be
seen. With respect to the first ply featuring a fiber orientation of 0°, i.e., being parallel to
the longitudinal direction, the discrepancy between simulation and experimental results at
a depth of 0.1 mm is around 5.2%. Close to the first interface between the first two plies, an
apparent discrepancy can be seen. At the second ply with a fiber orientation of 45° with
respect to the longitudinal direction, the stress level is reduced as the mechanical strength
in the longitudinal direction is decreased. While a good agreement can still be observed
within the second ply, again, a clear difference between numerical and experimental
results is present at the second interface. At the third ply with fiber orientation of 90°,
i.e., perpendicular to the longitudinal direction, the lowest stresses, which are in good
agreement with the simulation, can be observed as the mechanical strength perpendicular
to the fiber direction is low. In the following, however, with reaching a depth of 0.55 mm, a
clear discrepancy between the numerical and experimental results appears. This tendency
results from the increasing insensitivity of the strain measurement on the sample surface
with increasing hole depth.
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Figure 14. Validation of the residual stress measurements in the multidirectional CFRP sample based
on the assessment of stresses introduced by superimposed load and a direct comparison to FEA.
Solid lines show experimentally determined bending stress, while the dashed line illustrates the FEA
results. See text for details.
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It can be concluded that, in general, a good agreement between numerical and ex-
perimental can be achieved, implying that the measurement results through HDM are
reliable. The apparent discrepancy at the interface between plies can be attributed to the
following reasons: (1) the assumption that the laminate is perfectly bonded in the calcula-
tion of the calibration coefficients, (2) the local defect population and heterogeneity of the
CFRP samples affect the experimental results; however, they are not considered here (see
discussion before), and (3) the experimentally determined strains are approximated with a
polynomial of sixth order for residual stress evaluation. Thus, it is capable of providing a
smooth residual stress profile but losing some information at the interface.

4. Conclusions

In the present work, residual stress measurements of carbon fiber reinforced plas-
tics (CFRPs) are conducted and analyzed. The residual stresses were measured through
the incremental hole-drilling method (HDM), adopting a formalism for nonuniform in-
depth stress analysis in orthotropic materials. Special strain gauges with eight grids were
employed for recording strains released by drilling in multiple directions to improve the re-
liability of the analysis. The calibration coefficients (compliance matrix) were calculated by
a finite element analysis (FEA) based on single-ply material properties, stacking sequence,
and thickness of the sample. In addition, the two- and three-dimensional microstructures
of uni- and multidirectional CFRP were characterized.

A comprehensive analysis of the effects of stacking sequence, thickness, and the
presence of pores on the residual stresses is presented. The following conclusions can be
drawn from the results shown:

e  The two- and three-dimensional microstructures of unidirectional and multidirectional
CFRP samples were characterized by computed tomography (CT). Pores were found
in the samples, indicating the significance of taking into account these pores in residual
stress analysis. Analysis of the effect of pores was implemented in the calibration
procedure. Pores were artificially defined for the calculation of the calibration coeffi-
cients in a depth of 0.06 mm to 0.12 mm. Those results were used to evaluate the effect
of pores on the resulting residual stresses. A maximum difference of 46% in stress
between defect-free and porous material sample conditions can be observed at a hole
depth of 0.65 mm;

e Based on FEA, the effect of the stacking sequence and the presence of pores on the
calibration coefficients were studied. The stacking sequence and overall dimensions
of the CFRP samples have a significant influence on the residual stress state;

e  For validating the reliability of the measured residual stress through incremental
HDM, a bending test applying a defined load was carried out. The residual stress
measurements were compared with the stress values calculated by FEA (beam theory).
A good agreement could be found in individual plies. The present apparent discrep-
ancy at the interface between plies is due to the following reasons: (i) the laminate is
assumed to be perfectly bonded, and (ii) the experimentally determined strains are
approximated with a polynomial of sixth order for residual stress evaluation, losing
some information at the interface.
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