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Abstract—This paper presents an overview of the damage growth suppression effects in CFRP
laminates using embedded SMA foils, and was conducted to technically verify the application to
aircraft structures. In previous studies, the authors confirmed the damage growth suppression of
CFRP laminates with embedded pre-strained shape memory alloy (SMA) foils through both coupon
testing and structural element testing. Through detailed observation of the damage behavior, we
determined that these effects occurred due to the suppression of the strain energy release rate based
on the suppression of the crack opening displacement caused by the recovery stress of SMA foils.
These results were verified in this study using a demonstrator test article, which was a 1/3-scaled
model of a commercial airliner’s fuselage structure (B737 class). To demonstrate the damage growth
suppression, the lower panel, which was dominated by tension load, was selected as the evaluation
area. The evaluation area was an integrated panel including both the ‘smart area’ (CFRP laminate
with embedded pre-strained SMA foils), and the ‘conventional area’ (standard CFRP laminate), for
direct comparison of the damage behavior. The demonstration was conducted at 80°C in the smart
area, and room temperature (RT) in the conventional area using a quasi-static load-unload test method.
The demonstrator test article identified that the damage onset strain in the smart area was improved
by 30% over that in the conventional area.

Keywords: Carbon fiber reinforced plastic (CFRP); shape memory alloy (SMA); damage suppression
behavior; recovery stress of SMA; crack opening displacement; strain energy release rate; aircraft;
fuselage structure; demonstrator.
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1. INTRODUCTION

It has been 20 years since the research of smart material and structural systems was
introduced. However, most of the research has not yet reached the application stage,
although there are some preliminary applications in civil infrastructure fields [1].

Significant needs have been discussed in Europe with respect to the application
of the health monitoring system for aircraft structures. A concept design change
from a no-damage growth concept to a damage-tolerant concept is expected
with the improvement of damage detection capability using the health-monitoring
system. This concept change will achieve a drastic weight reduction and ensure
high reliability of future airframes [2]. Similar studies are underway in the
US also [3]. However, the US focuses mainly on damage-control systems and
multifunctional systems for application study. Moreover, actuator materials for
system applications were developed in the CHAP program funded by the Defense
Advanced Research Projects Agency (DARPA) [4]. Recently, DARPA has been
conducting demonstrations of smart material and structural systems with Northrop
Grumman [5] and Boeing [6] using an Unmanned Combat Air Vehicle (UCAV)
with a variable shape wing of a 30% scale model and an F-15 engine inlet with
embedded actuator materials. NASA has started the Morphing Project, which seeks
to develop aircraft with embedded multifunctional smart materials such as shape
memory alloy (SMA) [7]. The needs for actuator materials have thus become more
pressing year-by-year.

Our research focuses on damage suppression in CFRP laminates using the
recovery stress of the embedded pre-strained SMA foils as an actuator element.
These effects have the potential for drastic weight reduction and performance
improvement through innovative technology, such as an increase of the structural
design allowable in composite materials. The authors were successful in developing
a damage-suppression system using CFRP laminates with embedded pre-strained
SMA foils, and confirmed the damage growth suppression experimentally and
analytically [8—10]. Furthermore, the damage suppression was also verified
with structural element specimens [11]. Damage growth was suppressed by
suppressing the strain energy release rate based on suppressing the crack opening
displacement [12]. This is done through the recovery stress at the crack tip of the
transverse crack generated in the 90-degree ply of the laminates. In the present
study, a technical verification test was conducted to demonstrate damage growth
suppression using a demonstrator test article.

2. DEMONSTRATOR
2.1. Concept

The demonstrator test article is designed as a 1/3-scale model of a commercial
airliner’s fuselage structure (B737 class), which is the integrated test article in the
Japanese national project on ‘Smart materials and structural systems’. For aircraft
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Figure 1. Schematic of demonstrator test set-up.

design, material properties must be certified at several development test stages, such
as coupon, structural element, subscale test and actual structure. At each test phase,
several parameters should be considered, such as the size effect, manufacturability,
fixture design, and assembly method. These test approaches for aircraft design and
manufacturing are defined as the ‘Building Block Approach’ in accordance with
MIL-HANDBOOK-17 [13]. In aircraft design, it is important that coupon test data
of the material be used up to the actual structure design through all the test phases.
The present demonstrator test is a subscale test and is very important for certifying
the strength, manufacturability, and assembly of the subscale structure. In this study,
the demonstrator was designed and manufactured to technically verify damage
detection and the damage growth suppression. Figure 1 outlines the schematic
concept of the demonstrator test set-up.

2.2. Technical verification in demonstrator

The authors developed a damage suppression system using CFRP laminates with
embedded pre-strained SMA foils in a previous study. The system effectiveness
was confirmed through both coupon tests and structural element tests. In the
demonstrator test article, the damage suppression effect using embedded pre-
strained SMA foils in CFRP laminates was confirmed with regard to the following
theme, objectives, and verification methods.
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Develop a damage-suppression system using em-
bedded pre-strained SMA foils for the composite
fuselage demonstrator.

Technically verify the damage onset and growth-
suppression by the embedded pre-strained SMA
foils in CFRP laminates.

Set up the integrated panel including both CFRP
laminates only (conventional area) and CFRP lami-
nates with embedded pre-strained SMA (smart area)
as the lower panel of the demonstrator. Compare
the damage onset and growth behavior of the two
areas directly at the edge surface of a 1-inch hole
in the evaluation area using the penetrant inspection
method.

2.3. Design of the demonstrator’s lower panel

Figure 2 depicts the assembly configuration of the demonstrator’s lower panel. The
lower panel consists of 1/4 of the whole demonstrator of 1.5 m in diameter and
3 m in length. The specification of the structure is 200 mm in stringer pitch, and
500 mm in frame pitch like general skin-stringer structures. The composite blade-
type stringers were bonded to the composite skin structure.

The lower panel was divided lengthwise into three parts. The center panel between
STA1500 and STA2500 is the evaluation area. The lower panel was assembled
by fastening the frame (aluminum alloy), support fitting (steel) and loading fitting

#3 FRAME #5 FRAME

Figure 2. Assembly configuration of lower panel.



Downloaded by [Siauliu University Library] at 07:02 17 February 2013

Damage suppression in CFRP laminates 31

(steel) at both edges. The #3 (STA1500) and #5 (STA2500) frames and the lower
skin were fastened with the inserted splice plate (aluminum alloy) to connect the
lower skin longitudinally. The assembly with the side panel was fastened with
an outer flange of the protruding frame from inside of the lower panel; both the
lower and side frames were fastened at the same time. When the CFRP structures
contacted aluminum alloy, glass fabric was applied to the contact area.

2.4. Evaluation area

The goal of this demonstrator program is to verify how embedded, pre-strained
SMA in CFRP laminates suppress damage from and growth of transverse cracks
and delamination initiating from the transverse cracks when a CFRP laminated
structure is subjected to cyclic loads. Tension loads easily generate transverse
cracks in CFRP laminates in 90-degree plies. Therefore, the lower side of the
demonstrator that is in tension was selected as the evaluation area. Figure 3 displays
some details of the evaluation area in the lower panel. The evaluation area is an
integrated panel including both CFRP laminates only and CFRP laminates with
embedded pre-strained SMA foils areas for direct comparison. Both the standard
and smart areas in the integrated panel were subjected to the same strain level.
Therefore, an increase in the crack onset strain of the CFRP laminate with embedded
pre-strained SMA foils compared with standard CFRP laminates will verify that
damage was suppressed. Areas are defined as a conventional area or a smart area.
A 1-inch (25.4 mm) hole was drilled in each area to simulate an access hole and
an antenna hole. The damage suppression was evaluated by observing the damage
at the edge of the hole. The CFRP laminate with embedded pre-strained SMA

Embedded SMA in CFRP Skin |

3m

]

Stringer Pitch
=200mm

UPJ\ Al Frame sp“ce Plate /—— Al Frame
. A Stringer
\— Butt Joint

Figure 3. Evaluation area of lower panel.
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foils suppressed damage through the relaxation of thermal residual stress in the 90°
ply of the laminate and the suppression of the strain energy release rate due to the
relaxation of local stress concentration. The suppression of the strain energy release

Figure 4. Manufacturing overview of the demonstrator (a) Restraining jig and SMA, (b) Lay-up of
the panel, (c) After curing of the panel, (d) Post-cured stiffened panel, (e) Outside view of the lower
panel, (f) Inside view of the lower panel.
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rate is related to the decrease in crack opening displacement, which leads to the
decrease in crack multiplication and delamination.

3. MANUFACTURING OF LOWER PANEL OF DEMONSTRATOR
3.1. Materials

This study used Ti-Ni SMA foils (Furukawa Electric Co., Ltd.; thickness 0.04 mm).
The prepreg system used was T300/F593 (thickness 0.2 mm), which is a unidirec-
tional prepreg system of the medium stiffness carbon fiber and epoxy resin (Hexcel
Corp.; 350° F cured). Epoxy adhesive films (Metlbond 1515-3, Cytec Industries;
thickness 0.125 mm) were used to increase the bonding between CFRP and SMA
foils.

3.2. Manufacturing demonstrator

The evaluation area consists of an integrated panel including both a conventional
area ([+45/0/—45/90]s) and a smart area ([+45/0/—45/90/Ad /2% Pre-Strained
SMA/Ad/90/—45/0/45], Ad: film adhesion (+ = 0.125 mm)). The nominal
thickness is 1.6 mm in the conventional area and 1.89 mm in the smart area. SMA
foils were cleaned and roughened by 3% fluoride acid—15% nitric acid to remove the
oxide film created when the material was mechanically rolled. The SMA foils were
anodic-oxide treated with 10% NaOH solution [8]. The SMA foils were cleaned by
solvent when the laminates were manufactured. The laminates were manufactured
using a special fixture that was able to restrain the pre-strain of SMA foils. Figure 4
presents a view of the demonstrator being manufactured.

4. DEMONSTRATOR TEST RESULTS
4.1. Test procedure

Figure 5 depicts the set-up of the demonstrator test article. The demonstrator test
was conducted using the cyclic loading method by applying an upward bending
load to the fuselage structure using two actuators. The lower panel was therefore
primarily subjected to tension loads. The torsion was controlled by confirming the
load balance of the two actuators attached to the loading fixture and by confirming
the strain balance between the conventional area and the smart area.

Figure 6 presents the demonstrator load history. In phase 1, the demonstrator was
tested under load control condition using the calibrated stress—strain relationship
obtained by strain survey up to 3600ue (maximum predicted load 22 tonf or
215600 N). The arrows represent the damage observation interval at the edge of
holes in the evaluation area. The demonstrator test was conducted in increments
of 250ue steps to 3000ue and 200ue steps to 4000ue. The demonstrator test
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Figure 5. Set-up of demonstrator test article.

Applied Applied
Strain | Applied Load
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4000 (26.1), 130 Phase II Test Limit
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Load - Unload Cycles

Figure 6. Load history of demonstrator.

was divided into two phases, phase I to 3600 and phase II to 4000u from
the relationship of the fracture probability and the feasibility of the technical
verification. The applied strain was controlled by the load control. The output
strain of the first cycle started from a loading of 1250ue. After that, the damage
observations were made at each strain step.
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VIDEO SCOPE IMAGE

Figure 7. Set-up of damage observation system.

4.2. Damage observation method

Figure 7 illustrates the set-up of the damage observation system for the demonstra-
tor. A video scope system (Olympus Industries; Iplex; 5 mm fiber diameter) was
used to observe the edges of 1-inch holes drilled in the evaluation area of the lower
panel. The system can observe damage and perform digital recording. The scope
was fixed with a special fixture mount that could transition up and down, right and
left, front and back, and rotate around three axes to observe the evaluation area (in-
cluding the smart area and the conventional area). The observation was conducted
in the smart area and conventional area in each loading cycle, as demonstrated in
Fig. 6.

4.3. Location of strain gages and thermocouples

Figure 8 illustrates the location of strain gages (G-1 to G-8) and thermocouples
(T/C-1 and T/C-2) in the lower panel of the demonstrator. Strain gages were glued
to the outer side of the demonstrator. The thermocouples were attached to the outer
side of the demonstrator by CAPTON tape. The strains in the longitudinal direction
(G-1, 4 (smart area) and G-5, 8 (conventional area) gages) were used for load control
of the actuator. The location of the strain gages did not affect the strain distribution
in the structural element test.

4.4. Current heating

Current heating was used in the demonstrator test article to provide the recovery
stress for the SMA foil. A previous study confirmed that the recovery stress was
generated by current heating [9]. Therefore, a current-heating system was integrated
into the demonstrator test article. Figure 9 depicts the current-heating terminals.
The SMA foils were connected by a micro-spot welding method. The fastening
bolts in the area with SMA foils embedded were coated by ceramics to prevent
electrical leakage. Uniform heating was achieved by applying the current-heating
system to the structural element specimen, as shown in Fig. 10.
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Figure 8. Gage location of the evaluation area (a view from inside).
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Figure 9. Current heating system of SMA foils.

Some over-heating in the demonstrator was observed in local areas at the
connecting points of SMA foils. SMA foils were therefore heated by both current
heating and a silicon rubber heater. Figure 11 illustrates the set-up of the silicon
rubber heater.

4.5. Results

Figure 12 displays the applied loads and applied strains as a function of the testing
time up to the loading of 3600e. ‘FL’ represents an applied load on the left-hand
side of the demonstrator as viewed from the support fitting; the ‘FR’ represents an
applied load on the right-hand side at the same distance. G-1L, G-4L, G-5L and
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Figure 11. Set-up view of silicon rubber heater on the smart area.

G-8L represent applied strains in the longitudinal direction. As results indicate, the
applied load exhibited good balance under the control of two actuators. The strains
of both the smart and conventional areas were confirmed to exhibit the same strain
level for the same load. Figure 13 depicts transverse crack onset at both 2500u¢
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Figure 12. Load-strain curves as a function of the testing time up to 3600u¢.
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Figure 13. Observation of the transverse crack onset strain in the demonstrator.
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Crack :1

Applied strain : 3200 1 ¢

and 3200ue; Fig. 14 depicts delamination onset at 3800ue. Table 1 summarizes
the demonstration test. As shown in Fig. 13, the first transverse crack was observed
at 2500u¢ in the 90-degree ply of the conventional area, but no transverse crack
was observed in the smart area at this strain level. Therefore, the applied strain was
increased. At an applied strain of 3200u.¢, the first transverse crack was observed
in the smart area, while the transverse crack density in the conventional area at that
strain level had doubled. The demonstrator test results confirmed that the damage

onset strain increased and that crack multiplication was suppressed.
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Figure 14. Observation of the delamination onset strain in the demonstrator.

Figure 14 demonstrates that the first delamination was generated at 3800 at the
interface of [—45/90] ply and the intralaminar region of the 90-degree ply in the
conventional area. The smart area had no delamination and only two transverse
cracks at this high strain level.

The demonstration verified that the damage onset and growth strain in the smart
area was improved by 30% over that of the conventional area.

4.6. Discussion

Figure 15 predicts the damage onset strain in the demonstrator using the results of
both coupon and structural elements.

Strain levels for transverse cracking, delamination and fracture were predicted as
follows based on previous test results.

The design strain tolerance in the evaluation area of the demonstrator was decided
from both the coefficient of variation (CV) of the coupon test and the average
strain of the structural element test. For example, the fracture probability of the
demonstrator was required to be A value (1% fracture at 95% confidence). (Data
indicated by an asterisk were derived from the one-side tolerance limit factor, when
n = oo for nominal distribution in accordance with MIL-HANDBOOK-5.)

Fracture limit strain = m — 2.326" x C.V. x m
= 4462 — 2.326" x 0.0402 x 4462
= 4046u¢.
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Figure 15. Comparison of the demonstrator test data with the prediction of transverse crack,
delamination and fracture strain using the previous test data.

Here, m is the average strain. Predicted onset strains of bar charts can be calculated
similarly.

In the demonstrator test Phase I (up to 3600ue), transverse cracking occurred
in the demonstrator test article at 2500¢ in the conventional area and 3200ue
in the smart area. These results agreed with the average of transverse cracking
that occurred in the structural element test. No delamination occurred in the
demonstrator in either the smart area or conventional area in the Phase I test.
However, delamination was predicted to be generated at 4000ue in the conventional
area in the Phase I test when the average onset strain of coupon and structural
element tests and the results of the Phase II test were used. In the actual Phasel test,
delamination occurred at 3800u¢ as shown in Fig. 15. This means that the coupon
and structural element data can be applied as design data for aircraft structures.

Through the demonstration, the damage growth suppression obtained in the
coupon test and structural element test was verified in the modeled fuselage
structure.

5. CONCLUSION

The demonstrator program has technically verified the damage suppression in CFRP
laminates using embedded pre-strained SMA. The successful demonstration of this
program suggests the high feasibility of applying the system to aircraft structures.
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