29832

@ More info about this article: https://www.ndt.net/?id

ej e-Journal of Nondestructive Testing - ISSN 1435-4934 - www.ndt.net

EWSHM 2024 d 9 \\

11" European Workshop on Structural Health Monitoring

Increased Accuracy of Service Life Prediction
for Fiber Metal Laminates by Consideration of
the Manufacturing-Induced Residual Stress State

Johannes WIEDEMANN!, Selim MRZLJAK 2, Christian HUHNE', Frank WALTHER 2

! Technische Universitit Braunschweig, Institute of Mechanics and Adaptronics,
Braunschweig, Germany (johannes.wiedemann@tu-braunschweig.de)
2TU Dortmund University, Chair of Materials Test Engineering (WPT),
Dortmund, Germany

Abstract. Fiber metal laminates (FML) combine the high specific properties of fiber-
reinforced polymers with the ductility and damage tolerance of metals. However,
during the manufacturing process of FMLs, in-plane residual stresses arise in the
single layers of the laminate. The stresses mainly originate from the different
coefficients of thermal expansion of the two materials and lead to an inhomogeneous
stress state in the thickness direction of the laminate.

This work investigates the influence of such thermal residual stress (TRS) on the
fatigue life in an FML by experimentally varying the TRS in identical layups using
modified cure cycles. The experimental investigations show that the amount of TRS
directly influences the fatigue performance of such laminates. Reducing the TRS,
particularly the tensile residual stresses in the metal layers, slows the fatigue crack
growth during cyclic loading. This leads to a significantly delayed crack initiation and
slower crack propagation.

Knowledge of material behavior is essential for utilizing the full potential of
structural health monitoring (SHM) in component lifetime predictions. Predictive
models require a set of input parameters to perform this task. Since the TRS in an
FML significantly contributes to the component's fatigue life, its consideration in
predictive approaches is inevitable. This finding is discussed based on a
phenomenological damage accumulation model initially developed for composite
materials.

Keywords: fiber metal laminates, structural health monitoring, thermal residual
stress, fatigue damage evolution

Introduction

Fiber-metal laminates (FML) are a class of composite materials that offer the benefits of both
fiber-reinforced polymers (FRP) and metals. The development of FML can be traced back to
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Fig. 1: Application example for CFRP-steel laminates [1]

two basic ideas that led to various combinations of FRP and metal. Firstly, adding layers of
glass fiber-reinforced plastic significantly enhanced the fatigue resistance of pure aluminum
structures, leading to the industrial application of this material named GLARE in the Airbus
A380. Secondly, adding metallic layers to areas susceptible to load transfer and impact could
make the brittle and less damage-tolerant monolithic fiber composite much more robust,
mainly when using carbon fiber-reinforced plastics. An application of such an FML is shown
in Fig. 1, where the FRP is locally reinforced near a bolted joint by substituting FRP plies
with metal layers, leading to a significantly increased bearing strength of the composite and
a more damage-tolerant structure.

However, the process temperatures during manufacturing of high-performance
composite materials, and the significant differences in the coefficient of thermal expansion
(CTE) and stiffness of metal and FRP lead to the development of a thermally induced
interlaminar residual stress state, which reduces the theoretical material performance. Fig. 2
shows that the thermal residual stress (TRS) typically leads to tensile stress in the metal sheets
and compressive stress in the FRP layers.

Investigations in GLARE show that post-stretching of laminates after manufacturing
can change the TRS state into a more favorable stress state, significantly influencing the
evolution of fatigue damage [2]. However, post-stretching operations are not practical for
most industrial components, including those depicted in Fig. 1. As a result, there has been a
growing interest in using modified cure cycles to reduce TRS in an FML, which showed to
significantly increase the quasi-static strength of such CFRP-steel laminates [3].

Fig. 1 implies that applications of this nature require a high level of structural
integrity. One way to ensure this integrity during operation is by implementing a structural
health monitoring (SHM) system. For optimal results, an SHM system should identify and
locate damage while also predicting the remaining service life of the component and when
repairs are needed as illustrated in Fig. 3. For composite structures with large in-plane
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Fig. 2: Thermal residual stress state in a CFRP-steel laminate after manufacturing
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Fig. 3: Tasks for a structural health monitoring system to perform

dimensions and limited thickness typical for aerospace, using guided ultrasonic waves
(GUW) has proven to be a potent tool to diagnose the state of health. [4]

Unlike monolithic metals and FRP, FML has a highly anisotropic and inhomogeneous
structure due to the significant differences in stiffness between metal and FRP. This leads to
large inhomogeneities, especially in the thickness direction with high impedance differences
and highly complex in-plane displacements of propagating GUW [5]. However, the literature
indicates that damage detection in FML using SHM systems based on GUW is possible [6],
and fundamental assumptions for Lamb wave propagation in layered media are valid [7,8].

Regarding damage localization, previous work has shown that TRS does not
significantly impact the dispersion behavior of GUW in CFRP-steel within the frequency
range studied and both the fundamental symmetric (So) and antisymmetric (Ao) modes [9,10].
As aresult, it can be assumed that TRS in FML does not adversely affect damage localization
methods that depend on the wave propagation velocity.

The evolution of fatigue damage plays a decisive role in service life predictions after
damage detection and localization. However, little literature exists on the influence of
differing TRS due to modified cure cycles on fatigue in FML. Therefore, this work aims to
investigate the influence of TRS on fatigue damage evolution and the consequences for
service life predictions using SHM for FML.

1. Materials and Methods

TRS in FMLs mainly develops during the manufacturing process when the laminate is cooled
to room temperature after bonding at elevated temperature due to the difference in CTE and
stiffness between metal and FRP (cf. Tab. 1). The CFRP material used in this work must be
cured at 180°C as indicated by the manufacturer’s recommended cure cycle (MRCC). This
leads to a stress-free temperature of the final laminate close to the maximum curing
temperature. Introducing an intermediate cooling step within a modified cure cycle (MOD)
can significantly reduce the stress-free temperature and, thus, the TRS [11]. For the two cure
cycles used in this work, the stress-free temperatures for the MRCC and MOD cycle are
178°C and 136°C, respectively. Details on the cure cycles and determining the stress-free
temperatures can be found in previous publications [12,13].

Tab. 1: Material parameters for the steel and CFRP material used in this work

Parameter Steel 1.4310 (X10CrNil18-8) Hexcel Hexply 8552-AS4  Unit

E, 191 122 GPa
E> 191 9.9 GPa
Vi2 0.3 0.27 -

G2 73.5 5.2 GPa
o 19.0 x 106 0.4 x10° K!
o 19.0 x 10 31.2%x 10 K!

With these two manufacturing processes and the materials in Tab. 1, two different
FML layups, labeled ID2 and ID6b, are manufactured. Details on the layups can be found in
Tab. 2. The two layups differ in the total laminate thickness, the thickness of the steel sheets,



and, consequently, the metal volume fraction (MVF). The thickness of a single CFRP ply is
0.13 mm for both laminates.

Tab. 2: FML layups investigated in this work

ID Layup FML thickness Steel sheet thickness Metal volume fraction
2 [St/0°,/5t/0°]s 2.04 mm 0.12 mm 23.5%
6b  [(St/0°,)3/St]s 4.87 mm 0.25 mm 359 %

For fatigue testing, the manufactured laminates are cut into rectangular specimens
with a length of 180 mm and a width of 20 mm using water jet cutting. Additionally, a 5 mm
hole is drilled into the center of each specimen to initiate an early crack in the reduced
specimen’s cross-section.

The notched specimens are tested in a servo-hydraulic testing system with a
sinusoidal load and a fixed stress ratio of R = 0.1 (tensile-tensile loading). For the constant
amplitude tests, two different maximum stress levels Gmax (400 MPa and 600 MPa) are used,
and the testing frequency is set to 10 Hz for all tests to minimize specimen self-heating while
simultaneously keeping test time within reason.

During the fatigue tests, the force (F) and displacement (s) of the testing machine are
continuously recorded to calculate the dynamic stiffness Cayn of the specimen:

_ Fmax len (1)

C dyn
y S S
max min

Additionally, the specimen’s surface temperature is recorded with a thermographic camera
(Infratec ImageIR 8800), and the specimen’s surface is monitored with a digital image
correlation (DIC) system (Limess Q400 3D-DIC), both of which are triggered at maximum

stress during testing.

2. Combined Thermal and Mechanical Stresses in the Laminates

Using classical laminate theory (CLT) (e.g. [14]), the material parameters (Tab. 1), the cure
cycle-specific stress-free temperatures, and the maximum stress levels during testing, the
stresses in the single layers of the FML are calculated. Fig. 4 shows the stresses per ply for
layup ID6b for an external laminate stress of 400 MPa, dependent on the cure cycle. The total
ply stresses are a superposition of the TRS after manufacturing and the stresses due to
external loads on the laminate. It can be seen that the TRS in the metal layers already accounts
for more than a third of the total metal ply stresses when applying an external load of 400
MPa on the ID6b MRCC specimen. Using modified cure cycles (MOD), the TRS and, hence,
the total stress in the metal layers of a specimen can be significantly reduced.

Thermal residual stress Stress from external load Total ply stress
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MRCC MOD MRCC MOD MRCC MOD

Fig. 4: Total ply stresses in the metal and FRP plies of an FML are a superposition of thermal residual
stresses and stress from external loads (here: layup ID6b and omax = 400 MPa)
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Fig. 5: DIC images for selected numbers of cycles show the difference in damage evolution in the top
metal ply of specimens with layup ID6b and two different thermal residual stress states

3. Damage Evolution during Fatigue Testing

The fatigue test results show that the crack initiation and propagation are significantly
delayed for the laminates with reduced TRS (MOD). This can be seen in the evaluation of
the DIC images of the top steel sheet in Fig. 5. After 2 X 10* cycles, the crack length for
specimen ID6b MOD (bottom) is smaller, and complete ply failure has not yet occurred after
5.5 x 10* cycles as compared to the MRCC specimen (top).

Fig. 6 further quantifies this delayed and prolonged crack growth for specimens with
reduced residual stresses for all investigated layups. The specimens manufactured with the
MOD cure cycle show a significantly increased number of cycles between crack initiation
and failure of the outer metal sheets for both fatigue load scenarios.

From composite materials, it is known that damage accumulates during fatigue
loading while the damage growth rate is not constant all over the component's fatigue life.
The damage accumulation is accompanied by a decrease in specimen stiffness. Evaluating
the dynamic stiffness according to Equation (1) over the number of cycles N in the fatigue
tests, a reduction in stiffness is found for all specimens, as shown exemplarily for layup ID6b
in Fig. 7. The change in specimen temperature during the constant amplitude tests correlates
inversely with the normalized dynamic stiffness of the specimen. Both variables can
characterize the damage evolution during fatigue testing. The specimens with different TRS
show a significant difference in damage evolution. While the initial decrease in normalized
dynamic stiffness is comparable for the MRCC and MOD specimens, damage accumulates
much faster in the specimen with higher TRS (MRCC) after the outer metal sheets fail.
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Fig. 6: Reduced thermal residual stress leads to an increase in cycles between crack initiation and outer
metal sheet failure for all investigated configurations
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Fig. 7: Damage accumulation indicated by a decrease in normalized dynamic stiffness and an increase in
specimen temperature differs for the two thermal residual stress states during cyclic testing

4. Consequences for Service-Life Prediction

Service-life predictions provide an estimation of a component's (remaining) lifespan. In the
aerospace industry, structures are designed to withstand damage up to a certain size without
resulting in catastrophic failure. Therefore, it is important to determine a component's
residual life even after the damage has been initiated and detected by an SHM system to
schedule maintenance intervals accordingly.

There are various methods available to predict the lifespan of structural components.
The approaches can be clustered into three main categories, physics-based approaches
(analytical/numerical), phenomenological approaches, and model-free approaches (artificial
intelligence). At the same time, hybrid approaches exist, such as combining data-driven and
model-based techniques in physics-informed neural networks (PINN). Physics-based
methods require a detailed characterization of materials and phenomena on the micro-scale
while model-free approaches need large amounts of data to be trained on. No matter which
approach is chosen, all models need a certain set of input parameters to predict residual life.
These input parameters may include component material and geometry, past load cycles,
expected future loads, or initial defect size.

Since the component's dynamic stiffness is available from the experiments in this
work, a phenomenological model developed initially by Shiri et al. [15] for composite
materials is applied to the data. The model is based on the fact that damage accumulation
during fatigue loading in composite materials is accompanied by a decrease in the
component's stiffness as was also shown in Fig. 7. The model has proven to apply to various
composite materials, layups, and stress levels in constant amplitude loading scenarios.

Since the dynamic stiffness is evaluated in this work, Shiri’s model is adapted such
that the cumulative damage index D(n) is correlated with the degradation of the dynamic
stiffness Cayn using trigonometric functions:

Cano = CaynN) _sin(gx) -cos@=p) N
Cayno = Cayns sin(q) - cos(gx —p) ' Ny

D(N) = (2)
where Cyyn 0, Cayn(N), and Cgy,,, f are the dynamic stiffnesses during the first loading cycle
N,, the N**, cycle and the final cycle before failure Nf¢ and q and p are fitting parameters.
Applying the model to the measurement data requires an additional assumption. A
data point at which the specimen fails is necessary since measurements are not taken until
the specimen's final failure. The final data point is assumed only to change the value of the
fitting parameters but not affect the model's applicability. For the sake of simplicity, a total



exp. (MRCC) Shiri (MRCC) exp. (MOD) ——=- Shiri (MOD)

D2 ID6b
1.0 7 ' 1.0 5
P I
s I
= 0.8 7 I 0.8 4
Q- i
£ 06 ;06
= /
5 047 /(,4- s 0.4
& | ————————
é 0.2 4 //,—"'-- 0.2 4
X V4 * (] * — O L] —1 N* — 2 6 * — 95 L. N —1
=) ey Nj=3x10°, Cj,, , =25 kNmm 0 - / Nj=3x10°, Cj, ;=25 kNmm
| T T T T | | T T T T |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Cycle ratio n/N Cycle ratio n/N

Fig. 8: Damage accumulation model of Shiri et al. [14] applied to the experimental fatigue test data

number of cycles of Ny = 3 X 10 and a dynamic failure stiffness of Caynf = 25 kN/ mm

is assumed for all specimens although an increased life for the MOD specimens is expected.

Fig. 8 shows the damage index over the cycle ratio for the two different layups and
stress states. The experimental data is plotted up to the cycle count tested. The dashed lines
represent the application of the model to the measured data using a non-linear least square
fitting algorithm. The model can accurately describe the general trend of the damage index
for all specimens and significant differences in the damage accumulation between the two
TRS states can be found.

In practical applications of SHM systems, the challenge lies in obtaining the damage
index. Without a tensile testing machine, the dynamic stiffness cannot be as easily
determined. For composite materials, GUW-based SHM has shown that the non-linear wave
propagation characteristics are a good indicator for damage accumulation inside a
laminate [16]. Therefore, evaluating the non-linearity of GUW might also be a promising
approach to determining the damage accumulation after a certain number of load cycles in
FML. However, no matter which approach is chosen, considering the residual stress state in
an FML will most likely increase the prediction accuracy, as indicated by the experimental
results in this work.

Conclusions

The service life of structural components is generally determined by the external loads they
are subjected to over time. However, for fiber metal laminates, an additional material effort
originates from the thermal residual stress state induced during manufacturing and
superimposed onto the external loads. Fatigue investigations have shown that this additional
material effort significantly influences fatigue damage evolution. Under identical external
loads, components with lower residual stresses experience delayed damage initiation and
slower damage growth rates than specimens with higher residual stress states. These findings
are independent of the layups investigated.

The results indicate that including thermally induced residual stresses in predictive
approaches can enhance their accuracy in determining remaining service life. In future
research, it is essential to examine which data from an SHM system can be obtained to
represent the current damage accumulation in a specimen and determine the most suitable
predictive model.
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