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Abstract: Glass/carbon fiber reinforced plastic (GFRP/CFRP) and hybrid components have attracted
increasing attention in lightweight applications. However, residual stresses induced in the manu-
facturing process of these components can result in warpage and, eventually, negatively affect the
mechanical performance of the composite structures. In the present work, GFRP, CFRP, GFRP/steel
and CFRP/steel hybrid components were manufactured through the prepreg-press-technology always
employing the same process parameters. The residual stresses of these components were measured
through the hole drilling method (HDM), based on an adequate formalism to evaluate the residual
stresses for orthotropic materials including the calculation of the calibration coefficients via finite
element analysis (FEA). In FEA, the real material lay-up and mechanical properties of the samples
were considered. The warpage induced by residual stresses was measured after the samples were
removed from the tool. The measured residual stresses and warpage of four different types of
samples were compared and results were analyzed in depth. The results obtained can be extended to
other hybrid materials and even could be used for designing multi-stable laminates for application
in adaptive structures. Moreover, the effects of the drilling process parameters of HDM, e.g., the
drilling speed, the drilling increment and the zero-depth setting, on the resulting residual stresses
of GFRP were investigated. The reliability of residual stress measurements in GFRP using HDM
was validated through mechanical bending tests. The conclusions concerning the choice of optimal
drilling parameters for GFRP could be directly applied for other types of samples considered in the
present work.

Keywords: residual stress; warpage; incremental hole drilling method; fiber reinforced plastic;
hybrid components

1. Introduction

Glass fiber reinforced plastic (GFRP) and carbon fiber reinforced plastic (CFRP) are
widely used for lightweight applications in industry due to their high strength-to-weight
ratio. Among various types of FRPs with respect to fabric architecture, three-dimensional
(3D) woven FRPs have better damage-tolerance capacities than unidirectional and 2D
woven FRPs due to through-thickness reinforcement eventually resisting the delamination
and transverse matrix crack growth [1,2]. However, the brittle characteristics and the weak
interlaminar shear capacity of FRPs make them susceptible to impact loadings. One of the
most effective approaches for improving the impact response of FRPs is the combination of
metal and FRP, including both GFRP and CFRP, to form hybrid components and structures,
as the respective advantages of each material can be utilized and the drawbacks can be
overcome [3,4]. Furthermore, in several fields the application of multi-stable unsymmetric
FRP/metal laminates (the metal component is reinforced by a FRP layer (see Section 3 for
illustrated examples implying a general definition of symmetric/unsymmetric laminates))
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for adaptive structures is gaining high interest from the aerospace, civil and automotive
communities [5,6].

The residual stresses in fiber reinforced plastic mainly result from the mismatch in
thermal expansion coefficients between fibers and matrix, the cure shrinkage of epoxy resin
and the compacting of the resin [7]. When the FRP is bonded with the metallic component
to form a hybrid composite, the mismatch in the thermal expansion coefficient between
FRP and metal is another main reason for residual stress formation in the FRP/metal
hybrid sample [4]. These residual stresses often cause warpage of the composite after it
is removed from the tool. In addition, the residual stresses also can induce defects such
as delamination in the absence of any external loads [8]. The magnitudes of these stresses
depend on material properties, stacking sequences, overall dimensions as well as the curing
cycle and cooling conditions [4,8].

The residual stresses can be experimentally measured using non-destructive, semi-
destructive or destructive approaches; see [9,10] for details including summaries of inherent
advantages and limitations. Among these methods, the most reliable approach for measur-
ing the residual stresses in composites and hybrid laminates is the hole drilling method
(HDM) [11]. The standard of HDM can be found in ASTM E837-13a [12], which provides
the measurement procedure and the uncertainty sources, as well as the calibration coeffi-
cients for evaluating the stresses from the experimentally determined strains. In general,
residual stresses can be calculated from the strain relaxations during drilling through the
integral and differential method [12]. In both methods the calibration coefficients need
to be determined. With respect to the integral method, calibration coefficients can only
be determined through finite element analysis (FEA), eventually offering more accurate
in-depth residual stresses values. In the differential method the calibration coefficients can
be determined using experimental or numerical approaches. However, the released strain
measured during drilling is only assigned to the stress within the actually drilled hole
increment, thus leading to less accurate results in terms of the residual stress profile [12].
According to the ASTM–E837 [12], the drilling process can be reliably applied up to a depth
being characterized by around 0.4 and 0.8 multiples of the diameter of the drilled hole in
the sample with non-uniform and uniform stress distributions, respectively.

In the standard ASTM E837-13 [12], the HDM was originally developed for measuring
the residual stresses in isotropic and homogeneous materials, assuming that the released
strain by drilling has a simple trigonometric form. The HDM was then extended to be
able to determine in-depth residual stresses in orthotropic materials by developing a novel
evaluation formalism and drilling the hole in a successive manner [13–15], where the
calibration coefficients were calculated using FEA with a plane element using the integral
method, assuming that the stress is uniform in each drilling layer. Very recently, some
of the present authors [16,17] applied a brick element in FEA to calculate the calibration
coefficients for an improved description of more complex and realistic stress profiles in
CFRP and CFRP/steel hybrid composites, where a special strain gauge with eight grids was
utilized. Most importantly, by using mechanical bending tests the reliability and accuracy
of the residual stress measurement in these samples through HDM was validated [16,17].

In the present work, four different types of samples for lightweight applications,
including GFRP and CFRP, as well as unsymmetric GFRP/steel and CFRP/steel hybrid
composites, were manufactured through an advanced prepreg-press-technology, always
applying the same process parameters. The residual stresses were experimentally deter-
mined through the HDM. This study adopted an adequate formalism for non-uniform
residual stress analysis in orthotropic materials. Moreover, a solid element with nine elas-
tic constants in FEA was adopted for numerically calculating the calibration coefficients,
accounting for the effect of material types and properties. For in-depth understanding of
the way of improving the reliability of the residual stress measurement through HDM,
GFRP was taken as one example and the key drilling process parameters were investigated,
e.g., the drilling speed, the drilling increment size and the zero-depth choice, and their
respective influence on the resulting residual stresses. Details being characteristic for the
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drilled hole were characterized to ensure the quality of the hole and the reliability of the
measurement. The reliability of residual stress measurements in GFRP through the HDM
was validated using bending tests. The relevant conclusions from GFRP can be applied
to other samples in the present contribution due to the following two reasons: (1) CFRP
shares similar characteristics with GFRP and (2) residual stresses in hybrid composite were
only measured on the FRP side.

The main significances of the present work are summarized as follows: (1) it sys-
tematically measures and analyzes the residual stresses and warpage of the individual
FRPs and the hybrid composites constituted by FRP and metal. It shows that the warpage
of the hybrid composite is larger than in the case of individual FRPs due to the differ-
ence in the thermal expansion coefficient between the FRPs and the metal, thus yielding
drawbacks in applications. The conclusions can be extended to other types of hybrid
composites, e.g., glass laminate aluminum reinforced epoxy (GLARE) and titanium-based
carbon-fiber/epoxy laminates. Furthermore, results can be employed to design new func-
tionalized hybrid composites and structures; (2) the calibration coefficients for evaluating
the residual stresses are carefully calculated through finite element analysis based on the
real material layup and properties for improving the reliability of analysis; (3) based on
the results presented, the study highlights the significance of considering the remaining
residual stresses after initial deformation of the component, as these are still fairly high.
Therefore, it raises the question whether it is accurate to only use the warpage to estimate
the process-induced residual stresses.

2. Hole Drilling Method

This section briefly introduces the theoretical knowledge of evaluating non-uniform
residual stresses of orthotropic materials using the incremental HDM as well as the way
of calculating calibration coefficients using FEA. For more information, the readers are
referred to [18,19].

2.1. Principle of the Hole Drilling Method (HDM)

Focusing on the incremental HDM process, the procedure consists of successive
drillings at the geometrical center of the rosette of a strain gauge fixed to a component. In
this regard, drilling affects the balance of stresses prevailing inside the component and
leads to the release of the residual stresses. The strains resulting from the initial imbalance
are experimentally measured using strain gauges and then can be utilized to evaluate the
released residual stresses with the aid of calibration coefficients. The way of calculating the
calibration coefficients will be introduced in the latter part of this section.

In Figure 1 a sketch of a typical strain gauge with a defined coordinate system is
shown, where the positive X direction coincides with the axis of strain gauge 1 and the
negative Y direction coincides with the axis of strain gauge 3. Based on an assumption
that the material behaves elastically, the relation between the residual stress and the strain
released by drilling the hole can be evaluated for orthotropic materials through ε1

ε3
ε2

 =

 C11 C12 C13
C21 C22 C23
C31 C32 C33

·
 σx

σy
τxy

 = [C]·(σ) (1)

where ε1, ε2 and ε3 represent the three strain gauge grids of a strain gauge rosette at three
known positions, and σx, σy and τxy are the in-plane stress components (c.f. Figure 1). In
Equation (1), the coefficients Ckl indicate the influence of the residual stresses on the released
strains after drilling through the material. The coefficients are determined by many factors,
e.g., the material properties, the thickness of the sample and the type of the used strain
gauge. Some details of calculating calibration coefficients are provided in the following.
Imposing a uniform stress value σx, the coefficients C11, C21 and C31 can be obtained. C12,
C22 and C32 can be calculated by prescribing a load in the y direction, and by applying the
in-plane shear load, C13, C23 and C33 can be calculated. The integral method was utilized to
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evaluate the residual stresses for acquiring more reliable values in the thickness direction;
the calibration coefficients were calculated through FEA (c.f. Section 2.2).
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Figure 1. Schematic highlighting a typical clockwise strain gauge with defined coordinate system.

In case of the incremental HDM, by incrementally removing the stressed material the
surface deformations are measured at a sequence of steps using the strain gauges. From
data obtained, the in-depth non-uniform profiles of residual stress are derived. For such
purpose, Equation (1) can be developed with the incremental integral formalism.

(ε)i =

 ε1
ε3
ε2


i

= ∑

 C11 C12 C13
C21 C22 C23
C31 C32 C33


ij

.

 σx
σy
τxy


j

= ∑ [C]ij·(σ)j 1 ≤ j ≤ i (2)

The coefficients Cklij inside the matrix [C]ij are determined not only by the residual
stress in the last increment, but also by the residual stresses of all previously drilled
increments. Figure 2 schematically highlights the procedure of constituting the calibration
coefficients matrix [C11]ij using the incremental HDM. Initially, the first layer is drilled
and C1111 defines the influence of the stress σ1 (present in the 1st increment) on the strain
ε1. Next, the second layer is drilled. C1121 and C1122, respectively, define the influences
of the stress σ1 imposed in the 1st increment and the stress vector σ1 imposed in the
2nd increment on the strain ε1 measured. Following the same procedure for the subsequent
steps, one can understand how C1131, C1132 and C1133 can be obtained.
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Local heterogeneity and defects like voids and small cracks can be present in the
sample, eventually leading to unequal strain values in the mirror position of the unidi-
rectional FRP samples. In addition, if delamination occurs during the drilling process,
additional anomalies can occur eventually affecting the accuracy of the experimentally
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determined results. The use of non-destructive characterization techniques such as com-
puted tomography (CT) for detecting these defects during drilling is not possible in a
robust way due to experimental restrictions. However, solely based on the analysis of data
provided by the special strain gauge rosette depicted in Figure 3a critical evaluation of the
results obtained is feasible. For achieving the aim of minimizing the errors caused by the
aforementioned factors, a special strain gauge with eight grids is employed in the present
work for acquiring sufficient strain information in all directions during drilling. This strain
gauge will further be the key toward investigation of residual stresses in composites and
hybrid materials with a more complex stacking sequence. For evaluating the residual
stresses in the present work, only the strain information of three grids from the strain gauge
is required due to the type of samples considered (c.f. Section 3). The position of the grids
1 to 8 is shown in Figure 3, and eight different combinations of strain gauge grids, (1, 2, 3),
(2, 3, 4), (3, 4, 5), (4, 5, 6), (5, 6, 7), (6, 7, 8), (7, 8, 1), (8, 1, 2), are evaluated for determining
residual stresses. An anomaly in the results due to local heterogeneity and defects can
be immediately detected by using this special strain gauge. For measuring the residual
stresses in FRP, the strain gauges 1 and 5 were always aligned with the fiber direction X.
The impact of the misalignment of the strain gauge on the resulting residual stress was
already discussed in [17].

1 
 

  
(a) (b) 

 
Figure 3. (a) Sample and (b) sketch of the strain gauge rosette with eight grids used for measuring strains in glass fiber
reinforced plastic (GFRP) upon drilling.

2.2. Calibration Coefficient Calculations

As the integral method is applied in the present work, the calibration coefficients
for evaluating the residual stress from measured strains need to be calculated using FEA.
The procedure for calculating the calibration coefficients is carried out using the software
ABAQUS/Standard. To simulate the drilling process to obtain the calibration coefficients,
a cylindrical model with orthotropic elastic material behavior was employed, where the
ply orientation of the fiber in the FRP is defined in a local coordinate system. As shown in
Figure 4, the model is comprised of the hole with a diameter of 2 mm and the outer part
with a diameter of 50 mm. The whole model is meshed by about 200,000 eight-node solid
elements of type C3D8R. Figure 4 shows the FEA model used including details such as the
local mesh refinement in the direct vicinity of the drilled hole as well as the adopted local
coordinates for imposing the load at the hole boundary. In the present work, the strains ε1
and ε5 are aligned with the fiber direction X of the composite.

Directly simulating the drilling process in a stressed sample to determine the cal-
ibration coefficients is complex. Alternatively, based on the principle of superposition,
the strain relieve process by drilling can be simulated by prescribing loads opposed to
the faces of the hole of an unstressed specimen, such that a complex simulation of the
residual stress relieve process from the stressed model can be avoided. In the present study,
the unit loads are applied in successive steps for each layer (c.f. Figure 2). To obtain the
calibration coefficients [C]ij in Equation (2) in the orthotropic materials, three load cases
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are required to be applied for each drilling increment respectively, i.e., σx = 1, σy = 1 and
τxy = 1. To enable the application of a defined stress state equivalent to the released stresses
within an increment during the drilling process, the in-plane stress components σx, σy and
τxy are converted to σr and σrθ in a radial coordinate system for prescribing the loads at the
hole boundary (c.f. Figure 4).

Metals 2021, 11, x FOR PEER REVIEW 6 of 23 
 

Directly simulating the drilling process in a stressed sample to determine the calibra-
tion coefficients is complex. Alternatively, based on the principle of superposition, the 
strain relieve process by drilling can be simulated by prescribing loads opposed to the 
faces of the hole of an unstressed specimen, such that a complex simulation of the residual 
stress relieve process from the stressed model can be avoided. In the present study, the 
unit loads are applied in successive steps for each layer (c.f. Figure 2). To obtain the cali-
bration coefficients [C]ij in Equation (2) in the orthotropic materials, three load cases are 
required to be applied for each drilling increment respectively, i.e., 𝜎  = 1, 𝜎  = 1 and 𝜏  
= 1. To enable the application of a defined stress state equivalent to the released stresses 
within an increment during the drilling process, the in-plane stress components 𝜎 , 𝜎  and 𝜏  are converted to 𝜎  and 𝜎  in a radial coordinate system for prescribing the loads at 
the hole boundary (c.f. Figure 4). 

 
Figure 4. Calculation of calibration coefficients using an ABAQUS finite element analysis (FEA) model: local mesh refine-
ment in the direct vicinity of the drilled hole and imposed loads at the hole boundary. 

Figure 5 shows the imposed mechanical boundary conditions for FRP/steel hybrid 
and FRP samples, where the circular boundaries of the bottom surface are completely 
fixed in all directions, while the part of the model below the hole is allowed to deform 
freely. Readers are referred to [8,14] for more information on calculation of the coefficients 
of orthotropic materials. The calibration coefficients rely on the type of the strain gauge 
and the material properties of the hybrid component considered. The hole geometry and 
the type of the strain gauge were considered to be always the same in the present study, 
thus, only the differences in material properties had to be considered. Based on these 
boundary conditions, the calibration coefficients for the four different types of samples 
investigated in the present work were calculated. In-depth discussion of the results ob-
tained will be presented in the remainder of this paper. 

Figure 4. Calculation of calibration coefficients using an ABAQUS finite element analysis (FEA) model: local mesh
refinement in the direct vicinity of the drilled hole and imposed loads at the hole boundary.

Figure 5 shows the imposed mechanical boundary conditions for FRP/steel hybrid
and FRP samples, where the circular boundaries of the bottom surface are completely fixed
in all directions, while the part of the model below the hole is allowed to deform freely.
Readers are referred to [8,14] for more information on calculation of the coefficients of
orthotropic materials. The calibration coefficients rely on the type of the strain gauge and
the material properties of the hybrid component considered. The hole geometry and the
type of the strain gauge were considered to be always the same in the present study, thus,
only the differences in material properties had to be considered. Based on these boundary
conditions, the calibration coefficients for the four different types of samples investigated
in the present work were calculated. In-depth discussion of the results obtained will be
presented in the remainder of this paper.
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3. Experimental Procedure and Microstructure Characterization
3.1. Sample Preparation

In the present study, unidirectional GFRP (UD-GFRP) and unidirectional CFRP
(UD-CFRP), as well as unsymmetric UD-GFRP/steel and UD-CFRP/steel hybrid compos-
ites were manufactured through the prepreg-press-technology always using the same process
parameters; see [20] for more information on the manufacturing technology. UD-FRP/steel
hybrid composites are characterized by outstanding specific stiffness and strength. When
such structures are uniaxially loaded, generally only fibers are applied in the load direc-
tion. Therefore, metal layers are capable of substituting other ply orientations. By using
such kind of hybridization, the stiffness and strength in the fiber direction of the hybrid
sample are not reduced. However, the residual strength and energy absorption capacity
for crashworthiness are improved in comparison with pure UD-FRP [3]. All FRPs used in
present work are unidirectional. However, for better readability the terms ‘unidirectional’
and ‘UD’, respectively, will not always be provided.

The FRP/steel hybrid samples were manufactured by inserting the already processed
steel sheet with a thickness of 2 mm into a heated die with dimensions of 100 mm × 250 mm
× 20 mm. Then, the unidirectional glass/carbon fiber prepregs with the same thickness
of 2 mm (9 plies) were pressed onto the metal sample using a heated punch. The types of
glass/carbon fiber prepregs used were G U300-0/NF-E506/26% (with epoxy resin content
of 26%) and C U255-0/NF-E322/37% (with epoxy resin content of 37%), respectively. The
steel employed was HC340LA (microalloyed steel). Note that the steel sample before
hybridization was not curved and heat treated, thus, it features initial residual stresses to a
certain degree (the actual value was measured using the HDM and adequate strain gauges
(Höttinger Baldwin Messtechnik GmbH, Darmstadt, Germany); see [17] for more details).
Here, it is important to note that the initial residual stress values of different metal sheets
used for hybridization could be slightly different. The epoxy resin acts as an adhesive to
promote the fiber-matrix impregnation as well as to bond the metal and the GFRP/CFRP
in the curing process of the GFRP/CFRP. Before manufacturing, the surface of the metal
side was finished using a sandblasting process to increase the surface roughness of the
metal (Ra = 35 µm), eventually improving the adhesion between the metal and the FRP.
For manufacturing the symmetric GFRP and CFRP (c.f. Figure 6a,b), the unidirectional
GFRP/CFRP prepregs were directly placed on the tool of the same machine and then
pressed using the heated punch in the same fashion. All samples were processed using
a pressure of 0.4 MPa and a temperature of 160 ◦C with a constant curing process time
of 18 min. Afterwards, the samples which were not further pressed were cooled down in
laboratory atmosphere with a cooling rate of approximately 100 ◦C/min.

Figure 6 shows the dimensions of the samples, which were cut from the fully processed
blanks with dimensions of 100 mm × 250 mm (the thickness of the samples is either 2
mm or 4 mm). Figure 7a,b show the final shape of the samples directly after they were
removed from the tool and cut (using a conventional cutting machine with a cooling agent)
from the completely processed plate in side and top views, respectively. The deformation
of the samples as induced by the release of the residual stresses can be directly seen in
the side view. The release of residual stress in the process of removing the samples from
the tool is dominant and the magnitude of warpage depends on the material considered;
see Section 4.3 for more details. Table 1 provides an overview of the experimentally
determined mechanical properties of CFRP, GFRP and the steel used for realization of the
hybrid composites in present work. Values obtained were determined according to DIN
EN ISO 527, DIN EN ISO 14129 and DIN EN ISO 6892-1.
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Table 1. Relevant mechanical properties of the respective parts of the hybrid samples.

Material

Young’s Modulus (GPa) Poisson’s Ratio Shear Modulus (GPa)

Ex Ey Ez νxy νxz νyz Gxy Gxz Gyz

CFRP 126.15 7.97 7.97 0.34 0.34 0.37 7.11 7.11 2.9

GFRP 33.98 8.78 8.78 0.33 0.33 0.37 5.23 5.23 3.21

Steel 210 0.29

3.2. Microstructure Characterization of the Samples

The bonding of dissimilar materials has proven to be challenging and eventually
strongly affects the mechanical performance of the hybrid composite [21]. Figure 8 shows
optical micrographs of the cross-sections highlighting the microstructure in the direct
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vicinity of the interface of the dissimilar materials in GFRP/steel and CFRP/steel samples,
which were cut alongside and perpendicular to the fiber direction, respectively. For optical
microscopy (OM) using a Keyence VHX 600 (Keyence Corporation, Osaka, Japan), the
samples were cut and mechanically ground down to a grit size of 2 µm. Surface roughness
is one important factor influencing the bonding conditions and the resulting mechanical
properties of the bonded samples. In the present work, the surface of the metal sheet was
processed using sand blasting to increase the surface roughness (Ra = 35 µm). By doing
so, the epoxy resin in the curing process was able to flow into the grooves eventually
increasing the contact area. Finally, the mechanical interlocking properties were improved.
In addition, as shown in Figure 8, no obvious defects appear directly at the interface. Thus,
it can be deduced that good bonding between the CFRP/GFRP and the steel prevails.
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The defects present, such as voids in the matrix, as shown in Figure 8, are induced due
to many reasons, e.g., insufficient curing, trapped air and shrinkage of the resin, among
others [21]. Clearly, these voids can have a significant effect on the final results, if they
appear in high density and large size, respectively, in the area to be drilled beneath the
attached strain gauge. A possible solution to this problem is to account for this effect in
the FEA model to allow the corrected calibration coefficients to be calculated. In theory,
the following procedure could be applied: characterization of the distribution and size
of voids using computer tomography (CT) in a non-destructive manner followed by
importing this information into the FEA model. However, conducting this procedure is
very challenging such that further work is needed to address the prevailing issues listed in
the following. Due to the requirement of obtaining information on all prevalent features
including clusters of small voids (characteristic size of individual voids is highlighted in
Figure 8), a small sample needs to be prepared for CT characterization in order to allow for
sufficient resolution. Due to the optimized processing parameters employed, large voids
have not been found in the samples characterized. Especially in case of the hybrid samples,
the highly different contrasts stemming from the employed materials (imposed e.g., by
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their individual absorption characteristics) set further restrictions in terms of data analysis.
Thus, in-depth analysis of full-scale samples used for HDM (c.f. Figure 7) currently is not
robustly possible. So far, after microstructure characterization the strain gauge cannot be
attached to the small samples (required for CT analysis) for residual stress measurement
through HDM. Eventually, further work has to be conducted to optimize the procedure
applied until now, however, this is clearly beyond the scope of the present work.

3.3. Experiment Details Related to Application of the Hole Drilling Method

In case of the hole drilling method, a small hole is incrementally drilled at the center of
the strain gauge being attached on the surface of the sample. The released strain is recorded
during drilling by the strain gauge. In the present work, to obtain sufficient information
in all directions, a strain gauge with eight grids manufactured by Höttinger Baldwin
Messtechnik (HBM) was used. A drilling tool made of tungsten carbide (ref H2.010, Komet)
with a nominal diameter of 1 mm was employed. The hole was drilled incrementally with
a step size of about 20 µm to ensure measurement accuracy. Moreover, an air turbine
with a drilling speed of about 300,000 rpm (3 bar) was used combined with the orbital
technique to drill the hole (diameter of 2 mm) to minimize the appearance of new stresses
and delamination within the material [20]. The utilized drilling parameters are referred to
as “optimal” ones. In the next section, the influence of drilling parameters on the residual
stresses determined is highlighted.

3.4. Characterization of the Drilled Hole

To apply the HDM robustly, drilling of the hole needs to be carefully conducted to
avoid introducing any misleading flaws and errors. In general, three main error sources
have been reported in literature [12]: a non-cylindrical shape of the hole, introduction of
additional stresses due to machining and eccentricity of the hole relative to the strain gauge
rosette. Here, the influence of relevant drilling process parameters on the resulting residual
stresses is investigated, and the quality of the drilled hole is evaluated by analyzing its
geometrical characteristics.

After the drilling process, an optical microscope (Keyence VHX 600) was used to
characterize the geometrical appearance of the hole to assess its quality. The drilled hole
from the top view is shown in Figure 9, and it can be seen that the drilled hole has a round
shape with a final diameter of around 2 mm. As mentioned in Section 3.3, a tool made
of tungsten carbide (ref H2.010, Komet) with a nominal diameter of 1.0 mm was used for
drilling. By using the orbital technique, the final hole diameter is around 2 mm, which is
equal to the diameter value representative for the rosette. This ensures the reliability of the
strain measurement. Furthermore, the concentricity of the rosette can be corroborated from
the results presented.
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As mentioned in ASTM–E837 [12], the drilling process can be conducted down to a
depth characterized by a 0.4 multiple of the diameter of the hole for the case of non-uniform
residual stresses. A hole with a diameter of around 2 mm was drilled, as shown in Figure 9.
Thus, a maximum drilling depth of 800 µm was considered here. The cross-section of the
drilled hole in the GFRP is shown in Figure 10. Despite the micrograph only providing
a two-dimensional image of the hole, important information can be gained: (1) the final
depth of the hole is very close to the targeted value, eventually demonstrating the good
controllability of the drilling device (the depth was controlled using a micrometer gauge
with a resolution of 2 µm); (2) the side face of the hole is vertical. In combination with the
round shape of the hole seen in the top view (c.f. Figure 9), one can deduce that the drilled
hole has an almost perfect cylindrical shape; (3) neither apparent damage around the hole
nor cracking on the lateral face is found.
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Figure 10. Cross-sectional view of the drilled hole in the GFRP sample.

The used cutting tool (ref H2.010, Komet) is characterized by a chamfer in the corner of
the edges. As detailed in [22], the use of the orbital drilling technique can avoid geometrical
variations efficiently. However, the chamfers are still directly transferred to the hole bottom
geometry, which can be seen in Figure 10. In the case of the model applied in FEA, a perfect
cylindrical hole orthogonal to the surface with a flat bottom is assumed and established.
Clearly, this effect may lead to errors, however, these are not considered in the present
work. Furthermore, the results at a depth of 700 to 800 µm are excluded from analysis.

4. Results and Discussions
4.1. Calculated Calibration Coefficients

The way of calculating the calibration coefficients was already introduced in Section 2.2.
This part lists the calculated calibration coefficients and further highlights the dependence
of the coefficients on the mechanical properties of the samples. In the present study, a strain
gauge with eight grids was applied as shown in Figure 3. It has to be emphasized that only
three gauges are required for residual stress evaluation in the present work. Here, only the
calibration coefficients for the grids No. 1 to 3 (c.f. Figure 3) are detailed. The angles of
these grids with respect to the fiber direction are 0◦, 45◦ and 90◦, respectively. All further
coefficients are provided in the supplementary material.

Table 2 lists the calculated calibration coefficients Cklij for GFRP for the first three
increments, where each increment size is 20 µm. Figure 5 (detailed in Section 2.2) schemati-
cally highlights the boundary conditions for assessing the results given in Table 2. From
Table 2 it can be seen that C31, C13 and C33, related to the first increment, are very small.
Here, C31 is taken as one example for explaining the reasons. To obtain C31, a uniform load
σx needs to be prescribed on the wall of the hole. Under such load, the strain obtained
in grid 3 orthogonal to the fiber direction is small, thus yielding a small value for C31.
Following the same argumentation, it becomes clear why the values of C13 and C33 are also
small. For a given layer, the absolute values of the components in each matrix in Table 2
decrease from left to right. The reason for this trend is that the force imposed on the bottom
layer (c.f. Figure 5) leads to smaller deformation on the surface of the sample than a force
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imposed in the upper layer. Based on this trend, it can already be concluded that a limit
related to the maximum depth prevails for the HDM. Another trend is obvious: when
the depth of the drilled hole increases, for each submatrix in Table 2 the absolute values
are increased. Obviously, the stiffness of the material is reduced. As a consequence, the
influence of the stress imposed on the first layer on the strain increases, eventually leading
to larger calibration coefficients. The calibration coefficients were calculated by imposing
stress boundary conditions in a radial coordinate system and they are a function of the
material properties and the thickness of the sample, as well as the type and the position
of the used strain gauge. In general, it can be concluded that the “+“ sign indicates the
model is in tension while the “−“ sign implies it is in compression in the imposed force
direction. In the incremental HDM, the calibration coefficients are determined not only by
the imposed stresses in the last increment, but also by the values of all previously drilled
increments. This implies that as more increment layers are drilled, the explanation of the
results becomes more complex.

Table 2. Calibration coefficients Ckl11*10−6 for the GFRP sample. Values are related to the first three increments in the
framework of the integral method. See text for details.

C11 20 µm 40 µm 60 µm C12 20 µm 40 µm 60 µm
20 µm −0.11212567 0 0 20 µm 0.01578208 0 0
40 µm −0.13406715 −0.12199512 0 40 µm 0.01814762 0.01877189 0
60 µm −0.15371703 −0.14405698 −0.12675674 60 µm 0.02028894 0.02165643 0.02136496
C13 20 µm 40 µm 60 µm C21 20 µm 40 µm 60 µm
20 µm −0.00038726 0 0 20 µm −0.02488222 0 0
40 µm −0.00041878 −0.00040332 0 40 µm −0.03055141 −0.02719248 0
60 µm −0.00044319 −0.00043516 −0.00041536 60 µm −0.03559672 −0.0328182 −0.02850518
C22 20 µm 40 µm 60 µm C23 20 µm 40 µm 60 µm
20 µm −0.17709626 0 0 20 µm 0.31686184 0 0
40 µm −0.19236499 −0.18393104 0 40 µm 0.34161832 0.33137709 0
60 µm −0.20551438 −0.19940158 −0.18879342 60 µm 0.36385533 0.35670048 0.34154263
C31 20 µm 40 µm 60 µm C32 20 µm 40 µm 60 µm
20 µm 0.00797854 0 0 20 µm −0.37465099 0 0
40 µm 0.00873606 0.00931117 0 40 µm −0.40524472 −0.38986754 0
60 µm 0.00950009 0.0103751 0.01049711 60 µm −0.43220678 −0.42157849 −0.40169851
C33 20 µm 40 µm 60 µm
20 µm 2.6263 × 10−6 0 0
40 µm 1.1655 × 10−6 2.1573 × 10−6 0
60 µm −1.0392 × 10−6 −9.5144 × 10−7 1.6632 × 10−7

The calculated calibration coefficients Ckl11 for different samples (c.f. Figure 6) related
only to the first increment in the framework of the integral method are listed in Table 3. It
can be seen that in all samples the values of C3111, C1311 and C3311 again are much smaller
than the other components. Most importantly, the calibration coefficients are affected
significantly when different material combinations are considered. C1111 is chosen as an
example to illustrate the influence of the individual material properties on the residual
stresses (the latter being detailed in the following sections). As shown in Table 3, the
absolute value of C1111 for GFRP is much larger as compared to the respective value for
CFRP. This observation can be explained as follows: C1111 can be obtained by imposing a
uniform stress value σx. Loaded to the same stress level, the strain measured by grid 1 in
the case of CFRP is smaller than in the case of GFRP, as the Young’s modulus of CFRP in
the fiber direction is much higher than for GFRP. This leads to a calibration coefficient C1111
of CFRP being significantly smaller, as in the case of GFRP. As a second example, the results
between CFRP and the CFRP/steel composite are compared. Imposed by hybridization,
the Young’s modulus of the CFRP/steel composite is higher than in the case of pure CFRP,
as implied by Table 1. This yields a coefficient C1111 of the hybrid/steel hybrid composite
smaller than in the case of pure CFRP. The same relation can be deduced when comparing
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the coefficients C1111 of GFRP and the GFRP/steel hybrid composite. Other values listed
in Table 3 can be explained in the same way. All calculated coefficients contribute to the
explanation of the residual stresses finally determined.

Table 3. Calibration coefficients Ckl11*10−6 for the four different samples considered. Values are
related to the first increment in the framework of the integral method.

CFRP GFRP CFRP/Steel GFRP/Steel

C1111 −0.11212567 −0.2371058 −0.09425722 −0.1457634

C1211 0.01578208 0.0524818 0.04266225 0.0205167

C1311 −0.00038726 −0.00037167 −0.00076925 −0.0005034

C2111 −0.02488222 −0.07298181 −0.01009124 −0.0323469

C2211 −0.17709626 −0.21339416 −0.20073594 −0.2302251

C2311 0.31686184 0.43392722 0.21690341 0.41192039

C3111 0.00797854 0.03665156 0.03744151 0.0103721

C3211 −0.37465099 −0.45894306 −0.41178663 −0.4870463

C3311 2.6263 × 10−6 2.0962 × 10−6 1.67 × 10−6 3.4142 × 10−6

4.2. Strain Measurement

In the case of pure polymers, time-dependent effects imposed by loading of the tool
while drilling have to be considered; see [16] for more information. The present part is
to investigate whether these effects are also as influential in the case of the GFRP sample.
Figure 11 shows the strain measurement in the case of the GFRP sample resolved for the
first three drilling increments, where the strain information is recorded every 2 s by a strain
measurement amplifier PICAS (PEEKEL Instruments Company, Bochum, Germany). Even
if a strain gauge with eight grids is used, only the strain information from one grid is shown
in Figure 11 to reveal the visco-effect. When the cutter is pushed and then rotated into
the sample with a drilling speed of about 300,000 rpm, the rotation of the cutter produces
high shear forces, eventually deforming the material in the vicinity of the hole. Thus, it
can be seen that the strain is rapidly decreased to −80 µm. After the first drilling step,
the cutter is completely removed from the sample. Then, the material is relaxed and the
strain is increased to a positive value. Obviously, strain data already become stable after
30 s (after tool removal), which is much shorter than in the case of pure polymer materials
(where time intervals around 6 min were reported [19]). This indicates that the visco-effect
in the case of GFRP is not as strong as for pure polymer materials due to the glass fiber
reinforcement. Certainly, it is not recommended to analyze the strain directly after drilling
for calculation of residual stresses. To ensure a sufficient stability of data, a delay time after
drilling is required for releasing the strain values of each drilling step. In the present work
this is set to 90 s. In Figure 11, it can be further seen that the strain increases when a higher
number of layers of the material is drilled. This observation holds true for CFRP as well.

Figure 12 shows the relaxed elastic strains for GFRP taking into account the delay
time of 90 s mentioned in the previous paragraph for each drilling increment. Strains
are determined using the special strain gauge with eight grids (c.f. Figure 3). In all
measurements, the strain gauges 1 and 5 are aligned in the fiber direction, and the strain
gauges 3 and 7 are aligned transverse to the fiber direction. It is seen that the strains in the
directions of 1 and 5 are positive and very close, while the strains in other directions are
negative. The magnitude of strains in all directions increases as the drilling depth increases.
The strains recorded in mirror positions of the strain gauge are very close, except those
of directions 3 and 7, which can be explained by local heterogeneity (such as depicted in
Figure 8).
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4.3. Experimentally Determined Warpage

During manufacturing of the different types of samples, residual stresses are induced
to varying degrees due to several reasons, eventually leading to warpage. Figure 13 shows
a schematic highlighting the warpage values obtained for the fabricated samples of GFPR,
CFRP, GFRP/steel and CFRP/steel (c.f. Figure 7a) after they were removed from the tool
and cut to meet the final sample dimensions (c.f. Section 3). Sample handling and cutting is
assumed not to substantially affect residual stresses being present at this point as the dimen-
sions of samples used for further characterization in the fiber direction are still relatively
large. From Figure 13, it is clearly seen that the warpage of the unsymmetrical FRP/steel
hybrid samples is significant, while the warpage of the symmetrical unidirectional FRP
samples is very small (around 0.3 mm) and, thus, is neglected here. The warpage was
measured using three-dimensional digital image correlation (DIC).
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Theoretically, the symmetric composite, e.g., the unidirectional FRP (after the sample
is removed from the tool), does not deform as it satisfies the self-equilibrium conditions
through the thickness of the laminate. However, in reality, the tool material usually has a
higher thermal expansion coefficient than the FRP composite. In the curing process, the tool
and the composite sample are pressed together under a certain pressure and temperature.
This results in a shear interaction between the tool and the composite. When the composite
is removed from the tool, the induced stress gradient is locked, causing the appearance
of the warpage of the composite. The aforementioned reasons can explain why a small
amount of warpage could be present in the relatively thin symmetric FRP composites after
removal from the tool. In the present work, only minor warpage with values of around
0.3 mm is determined in the CFRP and GFRP samples.

The experimentally determined absolute value of warpage in the case of the unsym-
metric CFRP/steel composite is around 4 mm, which is much higher than in the case of the
GFRP/steel composite being characterized by a value of around 2 mm. This observation
can be mainly explained by the fact that the difference of the coefficient of thermal expan-
sion (CTE) between CFRP and steel is much higher than the difference between GFRP and
steel; see Table 4 for the relevant thermal expansion coefficients. To substantiate the rele-
vant mechanisms, a short description of the manufacturing/curing process of the hybrid
laminates is given here. Firstly, the hybrid composite is heated to the curing temperature;
the thin metal layer with a high CTE expands and then stretches the composite prepreg
plies, which are characterized by a low CTE. Secondly, the sample is cured at a constant
cure temperature for a certain time. In this process, a stable bond between the dissimilar
materials is established. Finally, the sample is cooled down. With respect to the FRP/metal
hybrid composite, the major share of residual stresses is formed in the cooling process.
Eventually, the difference in CTE values between dissimilar materials is one of the key
factors with respect to tailoring residual stresses, as has already been stated in [4,6,8].

Table 4. Coefficient of thermal expansion (CTE) of CFRP, GFRP and steel forming the individual
layers of the hybrid composite.

Longitudinal CTE (10−6/◦C) Transverse CTE (10−6/◦C)

GFRP 5 [23] 25.1 [23]

CFRP 0.113 [24] 25.236 [24]

Steel 10.8 [25] 10.8 [25]

4.4. Residual Stresses Determined for GFRP

Figure 14a shows the experimentally determined residual stresses σx based on the
eight chosen different combinations (c.f. Section 2.1) at the center (A point) in the GFRP
component, as defined in Figure 7b. In Figure 14a, it can be seen that except the combina-
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tions of 2 and 6, the residual stresses σx of all other combinations show similar results. This
result is thought to be related to the lack of strain information in the fiber direction in the
case of the combinations 2 and 6 (i.e., none of the strain gauges is oriented parallel to the
fibers). Tensile stresses with a value around 17 MPa close to the surface were measured,
and it is seen that the magnitude of the stress values is reduced as the depth increases. At
the depth of 0.1 mm, the residual stresses convert from tensile to compressive and then
convert back to tensile stresses at the depth of 0.35 mm. Residual stresses are referred
to self-balanced stresses remaining in the sample in the absence of external mechanical
loads. As any composite is a complex material, the balance system becomes also complex.
Thus, a tensile-compressive-tensile stress profile is observed. The absolute value of the
maximum compressive stress is around 2.5 MPa at the depth of 0.18 mm. From a surface
distance of 0.65 mm, a strong divergence of the residual stresses appears, which can be
explained by the fact that as the depth increases, the surface strain response becomes
insensitive to the effects of in-depth residual stresses. Figure 14b shows the experimentally
determined residual stress results for σy at the center (A point) in the GFRP sample, as
defined in Figure 7b, where again the eight different combinations of strain gauge grids are
accounted for. In Figure 14b, it can be seen that close to the surface, σy tensile stresses with
a maximum value of about 18 MPa prevail and then are reduced as the depth increases. At
the depth of 0.12 mm, residual stresses convert to compressive residual stresses and then
increase to the maximum compressive residual stress with the absolute value of 3 MPa at
the depth of 0.2 mm.

Metals 2021, 11, x FOR PEER REVIEW 17 of 23 
 

then increase to the maximum compressive residual stress with the absolute value of 3 
MPa at the depth of 0.2 mm. 

  
(a) (b) 

Figure 14. Residual stress values determined by the hole drilling method (HDM) at center point A (shown in Figure 7b) 
with respect to (a) σx and (b) σy. 

As discussed in ASTM E837-13a [12], many drilling process parameters can affect the 
accuracy of the residual stresses determined. In the present work, focus is on some key 
drilling process parameters, e.g., the drilling speed, the drilling increment size and the 
zero-depth choice. The determination of the zero-depth, which is defined as the surface of 
the sample, is very important for providing reliable results with respect to residual 
stresses. In the present work, the ideal zero-depth setting was carefully determined by 
removing the coating, the foil of the strain gauge and then the adhesives by successively 
drilling in steps of about 5 to 10 μm. After each drilling, the actual surface was carefully 
checked, and it was evaluated, using a camera, whether the cutter had already come into 
contact with the surface of the sample. As the color of the strain gauge rosette foil is very 
close to the GFRP sample, this imposed further difficulty in determining the real surface 
of the sample. Figure 15 shows the process of removing the strain gauge rosette foil step 
by step, including the initial stage, i.e., the cutter not yet drilled into the strain gauge (Fig-
ure 15a), some foil layers of the strain gauge being removed (Figure 15b) and the first view 
of the surface of the sample (Figure 15c). 

   
(a) (b) (c) 

Figure 15. Removal of the stain gauge rosette foil for precisely determining the surface of the sample via stepwise drilling. 
The following steps are highlighted: (a) before drilling, (b) intermediate stage (very thin foil film remained) and (c) the 
first view of the surface of the sample. 

To achieve the aim of studying the effect of the choice of a non-exact depth setting on 
the resulting residual stresses, a series of non-adequate depth settings having different 
deviations from the ideal depth position were considered to evaluate the residual stresses; 
see Figure 16 for the results. Note that the label (0 μm) indicates the optimal zero-depth 
setting, while the other labels (30 μm and 60 μm) imply that the adopted zero-depth set-
tings are 30 and 60 μm beneath the surface of the sample, respectively. Based on the results 
shown in Figure 16, it can be clearly seen that the consequences of an incorrectly assumed 

Figure 14. Residual stress values determined by the hole drilling method (HDM) at center point A (shown in Figure 7b)
with respect to (a) σx and (b) σy.

As discussed in ASTM E837-13a [12], many drilling process parameters can affect the
accuracy of the residual stresses determined. In the present work, focus is on some key
drilling process parameters, e.g., the drilling speed, the drilling increment size and the
zero-depth choice. The determination of the zero-depth, which is defined as the surface of
the sample, is very important for providing reliable results with respect to residual stresses.
In the present work, the ideal zero-depth setting was carefully determined by removing
the coating, the foil of the strain gauge and then the adhesives by successively drilling in
steps of about 5 to 10 µm. After each drilling, the actual surface was carefully checked,
and it was evaluated, using a camera, whether the cutter had already come into contact
with the surface of the sample. As the color of the strain gauge rosette foil is very close
to the GFRP sample, this imposed further difficulty in determining the real surface of the
sample. Figure 15 shows the process of removing the strain gauge rosette foil step by step,
including the initial stage, i.e., the cutter not yet drilled into the strain gauge (Figure 15a),
some foil layers of the strain gauge being removed (Figure 15b) and the first view of the
surface of the sample (Figure 15c).
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Figure 15. Removal of the stain gauge rosette foil for precisely determining the surface of the sample via stepwise drilling.
The following steps are highlighted: (a) before drilling, (b) intermediate stage (very thin foil film remained) and (c) the first
view of the surface of the sample.

To achieve the aim of studying the effect of the choice of a non-exact depth setting
on the resulting residual stresses, a series of non-adequate depth settings having different
deviations from the ideal depth position were considered to evaluate the residual stresses;
see Figure 16 for the results. Note that the label (0 µm) indicates the optimal zero-depth
setting, while the other labels (30 µm and 60 µm) imply that the adopted zero-depth
settings are 30 and 60 µm beneath the surface of the sample, respectively. Based on the
results shown in Figure 16, it can be clearly seen that the consequences of an incorrectly
assumed hole depth are most pronounced in the direct vicinity of the surface. When the
hole depth increases, an overestimation of the correct residual stress values appears and
then this effect diminishes. Furthermore, as the depth increases, the surface strain response
becomes insensitive to the drilling process, thus leading to pronounced scattering of the
residual stress results.
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Figure 16. The effect of zero-depth setting on the residual stress.

Undoubtedly, the drilling speed is one of the most important parameters that can
influence the residual stress values determined. Two very adjacent points (assumed to
be characterized by the same magnitude of prevailing residual stress states, however, not
affecting each other) were drilled with the distance of 5 mm in one GFRP sample at fast
and slow drilling speed. Here, fast drilling is characterized by a high drilling speed of
300,000 rpm, whereas slow drilling is linked to a drilling speed of 10,000 rpm. Figure 17
shows the resulting residual stresses as a function of the two different drilling speeds. It can
be seen that the resulting residual stresses close to the sample surface obtained using fast
drilling are smaller than in the case of slow drilling. This observation can be rationalized
by the presence of machining-induced stresses (promoted by slow drilling) and, eventually,
the fact that the released strain upon fast drilling is smaller than upon slow drilling due to
the induced local plastic deformation in the latter case.
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resolution of results scales are different.

By using the incremental HDM, the in-depth residual stress profile can be determined.
For each drilling increment the stress is assumed to be homogeneous. This assumption
stands as long as the thickness of each layer is small enough. However, the thickness
cannot be infinitely small. If the thickness is very small, not only the processing time
is significantly increased, but also more contact between the tool and the material can
be prejudicial, eventually leading to measurement errors. Figure 18 shows the residual
stresses experimentally determined applying a large increment size of 80 µm. It is seen
that the residual stresses obtained are characterized by pronounced scatter in the case of all
combinations (c.f. Figure 3), indicating the presence of larger errors. Based on the analysis
in this part, optimal drilling parameters could be deduced. These were applied and are
further evaluated in the remainder of the present work.
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4.5. Reliability of the Residual Stress Measurement in Case of GFRP

The reliability of residual stress measurements through the HDM using optimal
drilling process parameters detailed in Sections 3.3 and 3.4 needs to be validated. In the
present work, a mechanical bending experiment is used to test the measurement reliability
with respect to prevailing stresses in GFRP with the dimension given in Figure 6b. The
experimental setup is shown in Figure 19. The validation process is comprised of three
main steps. In the first step, without prescribing any extra loading, the residual stress on
a single point at a distance of 40 mm from the edge of the sample is measured through
HDM, see Figure 20a for the results. The bending stiffness of the GFRP is not very high.
In order to avoid bending of the sample during drilling, a vernier height gauge is placed
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beneath the GFRP sample with an initial gap of 1 mm (c.f. Figure 19). At the second step,
one side of the same GFRP sample is clamped and the other side is loaded with a weight
of 467 g as shown in Figure 19. By using elastic FEA, the stress distribution in the whole
sample can be calculated. Finally, upon loading, one hole adjacent to the previous one is
drilled with a superimposed external load for stress analysis; see the result in Figure 20b.
The results obtained are expected to be the sum of the stresses induced by loading and the
initially determined process-induced residual stresses. This assumption holds true as long
as without external loading the process-induced residual stresses of two adjacent points
are very similar. Based on FEA, external loading with a weight of 467 g at one side of the
sample induces surface stress of about 70 MPa at the drilling point. Direct comparison of
the difference between initial residual stress and the total stresses upon loading (with the
values calculated using FEA) is a reliable way to check the reliability of the measurement.
Figure 20c shows the comparison of results, where the black dashed line corresponds to
the calculated value induced by bending (simple elastic FEA model). A good agreement
between the residual stress difference and the numerical values is obtained, implying
the reliability of the measurement. The minor differences seen can be explained by the
following reasons: (1) the appearance of plastic deformation, which was not considered
in numerical simulation and (2) the initial process-induced residual stresses in adjacent
points are not exactly equal.
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4.6. Residual Stresses Comparison of GFRP, CFRP, GFRP/Steel and CFRP/Steel Composites

The objective of this part is to compare the residual stresses of GFRP, CFRP, GFRP/steel
and CFRP/steel hybrid composites, which all were manufactured employing the same
process parameters. The residual stresses of the samples were measured after they were
removed from the tool and cut from the completely processed blank.

Figure 21 shows residual stresses σx obtained for GFRP, CFRP, GFRP/steel and
CFRP/steel composites, respectively, where all samples were measured at center point A
(c.f. Figure 7b). For clarity, only σx calculated based on data from the first configuration
(1, 2, 3) (c.f. Figure 3) is plotted in Figure 21. The residual stress profiles of all samples
generally are characterized by a similar trend. Close to the surface, residual stresses are
characterized by the highest absolute values and tensile stresses, respectively. Afterwards,
stresses decrease as the depth increases. CFRP and GFRP are quasi-symmetric composites,
thus, only minor residual stresses were released during the removal process from the die,
as already deduced from minimum values found for warpage (c.f. Figure 7).
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On the contrary, for unsymmetric FRP/steel composites residual stresses were released
to a significant amount, implied by the warpage of up to 4 mm (c.f. Figure 13). The larger
the warpage is for a given material, the higher the residual stresses being already released.
Obviously, stiffness of the sample has to be taken into account at this point. Release of
residual stresses has to be in line with predictions of bending theory. Based on all results
obtained (c.f. Figure 21), important conclusions can be drawn: (1) residual stresses in
CFRP are higher than in GFRP, as Young’s modulus of CFRP is higher than for GFRP
and the difference in CTE between carbon fiber and matrix is more pronounced; (2) the
process-induced residual stresses in the CFRP/steel hybrid sample are higher than in the
GFRP/steel sample, and certainly also higher than in pure FRP. This again can be explained
by the difference in CTE between dissimilar materials; (3) no presence of warpage after the
sample is removed from the tool only implies that the sample satisfies the self-balancing
conditions, rather than indicating that the sample is in stress-free state. The remaining
residual stress in the sample should be considered in any case.

5. Conclusions

In the present work, residual stresses and warpage of glass/carbon fiber reinforced
plastic (GFRP/CFRP) and hybrid components directly realized by the manufacturing pro-
cess were experimentally determined. All samples were fabricated through the prepreg-press-
technology using the same process parameters. The residual stresses of these components
were experimentally determined through the hole drilling method (HDM), employing
a formalism allowing the residual stresses for orthotropic materials to be evaluated by
calculating the calibration coefficients using finite element analysis (FEA) considering real
material configuration and mechanical properties of the samples. The warpage induced by
residual stresses was measured after the samples were removed from the tool and cut to
the final shape. The effects of drilling process parameters of HDM, e.g., the drilling speed,
the drilling increment and the zero-depth setting, on the resulting residual stresses of GFRP
were investigated. The residual stresses and warpage determined for four different types
of samples were compared and were analyzed in depth. The following conclusions can
be drawn:

• In the case of the HDM, the zero-depth needs to be carefully determined. A non-exact
zero-depth setting strongly biases the resulting residual stresses.

• With a large drilling increment size, the residual stress results suffer from pronounced
scatter. It was also found that the resulting residual stresses close to the surface
obtained after fast drilling are smaller than after slow drilling. This fact is attributed
to the presence of machining induced stresses and local plastic deformation.

• Based on results presented and discussed, optimal drilling parameters were concluded.
The reliability of the determination of residual stresses in GFRP using the optimal
drilling parameters could be positively validated using mechanical bending tests.

• Obvious warpage induced by residual stresses was observed in the unsymmetrical
composites. Only minor warpage was found in symmetrical FRP, the latter most
probably being induced by shear forces between the FRP and the tool. The warpage of
the CFRP/steel hybrid composite is larger than for the GFRP/steel hybrid composite,
due to a higher difference in CTE between CFRP and steel.

The results obtained in the present work can be extended to other hybrid materials
and used for designing multi-stable laminates for application in adaptive structures. In
future work, extending the presented work to symmetrical and unsymmetrical hybrid
composites with more complex lay-up configurations is intended. Furthermore, analysis of
residual stress distributions in the direct vicinity of the boundary layer is of the highest
importance for in-depth evaluation of contributing factors on the overall residual stress
state. This will be accomplished by direct comparison of results being measured using the
HDM and high-energy X-ray diffraction.
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