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Abstract—Compression after impact (CAI) behavior of stiffened panels using T-shaped stringers
made of heat resistant thermoplastic composites, CF/PIXA, was obtained by tests at room temperature
and 180°C. Excellent impact resistance in terms of delamination area was verified for the present
composite panels due to the special fusion bonding film. Room temperature CAI strengths of the
stiffened panels were found to be better than CF/PEEK panels in a rough comparison, without
regard to differences in stacking sequence and geometry. Relationships between temperature and
CALI strengths for CF/PIXA stiffened panels were compared with the results for flat plates (SACMA)
and a compatibility between flat plate and stiffened panel data was observed. It is clarified that
damage tolerance properties of CF/PIXA stiffened structure are so remarkable at room temperature
that compression strengths are quite insensitive to relative impact energy. Its damage tolerance
capability is also excellent at high temperature for High Speed Civil Transport structures. Linear and
nonlinear buckling analyses based on simple models without delamination and interlaminar stresses
were conducted using a finite element code. The results agreed well basically with experimental
results. In the case of prediction of the final strength, several points of improvement are identified.
The present prediction provides the initial step to discuss the possibility of post-buckling strength
design at high temperature stiffened panels.

Keywords: Heat resistant thermoplastic composites; fusion bonding; delamination resistance; ultra-
sonic C-scan; buckling; final failure; nonlinear finite element analysis.
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1. INTRODUCTION

Weight reduction by the use of composite materials is one the most important
technical issues governing feasibility of commercially promising High Speed Civil
Transport (HSCT). Key requirements for such composites are thermal stability
for long time duration at elevated temperature up to 177°C and excellent damage
tolerance property to allow sufficient design critical strength values for light-weight
structures. One promising candidate composite material is carbon fiber (IM-7 or
other intermediate modulus fiber)/PIXA system. PIXA is a new high-temperature
thermoplastic polyimide resin developed in Japan [1] (by Mitsui Chemicals Co.
Ltd.) and it comprises a family of similar resins. The major critical strengths
as composite coupon levels were evaluated at room and elevated temperatures up
to 230°C previously [2, 3] by the authors including compression strength after
impact (CAI) using SACMA method at 6.7 J/mm impact energy, and open hole
compression (OHC) of quasi-isotropic laminates with 38.1 mm width and 6.35 mm
diameter. Long-term exposure tests at high temperature air followed by the same
size OHC tests as above have been being conducted [4] for one family of resin
composites by another group in NAL, Japan. These basic tests demonstrated the
great potential of this composite system for HSCT structure.

After acquisition of such coupon level strength data, the first step to the structure
level damage tolerance evaluation was required at room and elevated temperatures.
CAI tests of stiffened panels with T-shaped stringers fabricated by fusion bonding
technique with special bonding film were chosen as the best compromise between
desired property data and testing costs. The present paper will discuss such
structural CAI properties in the light of experimental behavior and a comparison of
experiments with numerical predictions using FEA. The global goal in this research
program is to establish strength design criteria for the horizontal stabilizer of HSCT.
Local aims in this paper are to demonstrate excellent damage tolerant properties
of the present stiffened panels and to determine test allowable values for a long-
term fatigue test of a model box of the same material under simulated temperature
change. Subsidiary purposes are to establish experimental techniques of structural
CALI tests at elevated temperature and to examine predictability of postbuckling
strength of stiffened panels.

2. DESCRIPTION OF TESTED MATERIAL AND BASIC STRENGTHS

Among several heat resistant thermoplastic (HRTP) resins known to us, the family
of PIX based on AURUM® polyimide resin have been developed in Japan [1]. Four
types, in chronological order, PIX, PIXA, PI-SP and PIXA-M are developed and
available in the marketplace. Several properties of neat resin are listed in Table 1.
Material systems selected in the NAL HRTP structure research project were first
IM-7/PIXA and recently IM-600/PIXA-M in accordance with a balance of material
properties and availability. The present test articles are all made of IM-7/PIXA.
Thus, a simpler expression of CF/PIXA will be used from here on.
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Table 1.
Neat resin properties of PIX family

PIX PIXA PI-SP PIXA-M
Crystallinity (:Crs.) Crs. Semi-Crs. Non-Crs. Non-Crs.
Glass transition
temperature (°C) 249 252 254 235
Tensile modulus (GPa) 2.75 2.84 2.65 —
Tensile strength (MPa) 92.2 89.2 91.2 83.4
| SACMA Methods at 6.7J/mm (1500 Ibs*in/in) }
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Figure 1. Comparison of flat plate CAI strengths for several high-temperature polymer composites
under elevated temperature.

A brief discussion of coupon level strengths tests is given here. Open hole
compression tests (OHC: 38 x 118.0 x 4.0, and 6.35P), no hole compression
tests (NHC: 25.4 x 105.4 x 4.0Y, and CAI tests in SACMA [5] method at
6.7 J/mm [= 1500 Ibf x in/in] impact were conducted for 32 ply quasi-isotropic
laminate of {(45/0/—45/90)*/sym.}. They were all performed at room and elevated
temperatures up to 230°C. It should be noted that all dimensions quoted above are
only nominal values in mm units and that the actual values were measured for all
the specimens. Detailed results of these tests were reported in Ref. [2]. In order to
provide a basis for comparison discussed later, the SACMA CAl results of CF/PIXA
are indicated in Fig. 1 with reference data for CF/bis-male-imide (BMI) [5260] [6]
where all legends indicate an average of three data. This figure describes that the
present CF/PIXA system exhibits very similar or slightly higher CAI strengths
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Figure 2. Temperature dependent elastic moduli (Et and Grr) of unidirectional IM-7/PIXA lamina.
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Figure 3. Temperature dependent longitudinal compressive strength data of unidirectional IM-
7/PIXA by ASTM-D3410/A method.

in short term than CF/BMI. Previous CAI data [3] for similar thermoplastic PI
composites (CF/PI-SP) are also plotted in Fig. 1 where the test method was NASA
and normalized energy level was 4 J/mm. If we notice the energy difference between
the current PIXA (6.7 J/mm) and previous PI-SP (4 J/mm) system, CAI strengths
of CF/PIXA system are considered to be excellent. In this comparison, it should
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be noted that a difference in CAI strengths measured by two well-known methods
(NASA and SACMA) is trivial [7].

Unidirectional coupon tests were also conducted at room and elevated tempera-
tures to determine elastic moduli and basic UD strengths. Among them, two types
of results are shown in Figs 2 and 3 as input data for numerical predictions of ini-
tial buckling and strength behavior discussed later. Figure 2 shows temperature
dependency of resin-controlled moduli, Et and Gr. Figure 3 indicates temperature
dependent longitudinal compressive strengths of CF/PIXA UD-lamina obtained by
ASTM-D3410/A method.

3. DESCRIPTION OF STIFFENED PANELS AND OUTLINE OF IMPACTS

As the first phase of damage tolerance evaluation, structural CAI strength tests
were conducted for several stiffened panels of CF/PIXA with T-section stiffeners at
room temperature and 180°C. The reason why this temperature was chosen is that
it is slightly above a design temperature of HSCT, 177°C, although this material
can endure 230°C for a medium term. For test economy, intermediate and higher
temperature tests were not conducted. An outline of tested panels will be given here.
Two kinds of T-stiffened panels similar to the author’s previous work [8] in terms
of stiffener geometry, panels with one T-stiffener (1T) and with two T-stiffeners
(2T) (five panels for each kind), were fabricated by fusion bonding technique by the
supporting company. Shape and dimensions of 2T and 1T panels are shown in Figs 4
and 5. In order to avoid later duplication of illustrations, strain gage and deflection
pick-up locations are also indicated in these drawings as much as possible. A 2T
panel has larger dimensions than 1T, although they are not necessarily sufficient in
size to realize the unaffected local buckling state by peripheral supports. The size of
the environmental chamber for the Instron machine used (type 1128) enforces these
rather small sizes of stiffened panels. The purpose of a 1T panel is to conduct a test
under less effect of local inter-bay buckling.

For fusion bonding between skin and stiffeners, a thermoplastic polyimide film,
Regulus®: PIXA-M by Mitsui Chemical Co. was utilized. Panel stacking sequences
were (45/90/—45/0/0/45/90/—45/0)sym.: 18 plies for skin, (45/0/—45/90/45/0/0/
—45/0/0/—45/0/0/45/90/—45/0/45) sym.: 36 plies for stringer web and (45/0/
—45/90/45/0/0/—45/0/0/—45/0/0/45/90/—45/0/45/45/0/—45/—45/0/45): 24 plies for
stringer attachment flange. These sequences mean that the thickest portion appears
at skin-stiffener bonded region of 42 plies and that it shows slight local in-plane and
out-of-plane coupling effects. The stacking sequences were identical regardless of
stiffener numbers.

All panels were subjected to drop weight impact tests at the one leg center of
an attachment flange with energy levels of 4 J/mm and 6.7 J/mm normalized by
impact location thickness. Impacts were given to the specimens at room temperature
by using an instrumented drop weight machine. Delaminated area in projection
was measured by an ultrasonic C-scanner, SDS 5400R system by Krautkramer
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Figure 4. 2T panel geometry and locations of strain gages, deflection pick-ups and impact point.
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Figure 5. 1T panel geometry and locations of strain gages, deflection pick-ups and impact point.
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Figure 6. Relationships between normalized impact energy (energy/thickness at impact point) and
projection area of delamination in CF/PIXA and CF/PEEK stiffened panels.

Japan Co. Relationships between delamination area in projection and normalized
impact energy are shown in Fig. 6 for all specimens of 4 and 6.7 J/mm with the
authors’ previous data for CF/PEEK stiffened panels including hat-shaped stiffener
types [9] for comparison. It was found that delamination areas are quite small even
for 6.7 J/mm panels and that CF/PIXA has more excellent impact resistance at least
at room temperature than CF/PEEK. Of course, CF/PEEK showed much higher
impact resistance of CF/epoxy as described in Ref. [8]. One possible reason for
this excellent impact resistance may be ascribed to the used fusion bonding film.
It should be noted that this comparison in delamination area is not rigorous but
qualitative if we consider a difference in panel length and average panel thickness
implying a difference in energy consumption by elastic deformation during impact.

4. OUTLINE OF COMPRESSION TESTS AFTER IMPACT

Compression tests at room temperature and 180°C were conducted for 1T-01,03,04,
2T-01,05, panels, and 1T-02,05, 2T-02,03,04 panels, respectively. In room temper-
ature tests, data acquisition devices were normal strain gages, dial gages for out-
of-plane deflections, an acoustic emission sensor network system for AE location
identification, and a Moiré-topography camera for obtaining out-of-plane deflection
contour. Numbers of gages are 14 for 1T-01, 03, 04 and 30 for 2T-01, 05 (in chan-
nels). In elevated temperature tests, the same high temperature grade gages as flat
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plate cases [2] were used with polyimide strain gage cement. The gages were only
data acquisition pick-ups, except for AE measurement trials at high temperature.
Gage quantities were 14 for 1T- 02, 05 and 24 for 2T-02, 03, 04. Typical gage maps
are already shown in Figs 4 and 5 where some gages were glued in back-to-back
locations. Gage #5 was placed on an impact indentation for 2T panels. The data
logger used was a system of HP 3852A, by Hewlett—Packard Co. Ltd. Acoustic
emission sensors (PAC-R15, by Physical Acoustics Co. Ltd.) for universal purpose
were tried in high temperature tests and it was verified that they worked at least in
180°C atmosphere.

Intended boundary conditions were clamped along the loading and supporting
edges and simply supported along two side edges. One practically difficult point
in panel compression tests at high temperature is a clamping device along loading
edges. Although we can rely on a potting agent [8], i.e. a mixture of epoxy resin
and some filler at room temperature tests, it is very hard to find a high-temperature
potting agent. Instead of potting technique, clamping fixtures of stainless steel were
developed for both types of panels. A photograph of one set of the fixtures for 2T
panels is shown in Fig. 7. One key element of this fixture is four wedges pressing
on T-stiffener flanges activated by two main bolts. By tightening many screws for
pressing rectangular pieces to the skin, clamped boundary conditions at the loading
edges were approximately realized. This device was used in room temperature tests.
Although there was a concern about a mismatch in coefficients of thermal expansion
between CF/PIXA and stainless steel, the present experience by the authors implies
that this concern is not so serious, at least at the test temperature of 180°C. A thick
steel end platen (60 mm in thickness) was installed on the test machine’s disc head
for compression in order to give uniform displacement distribution in the loading
end fixture. Stainless steel tubes with sharpened slits acting as knife-edges were
installed along both side edges of the panel so that simply supported conditions
were approximately realized. Compression load was applied by a screw driven
machine of Instron 1128 by Instron Co. Ltd. through a cross-head. A photograph of
an elevated temperature test of a 2T stiffened panel (02) is shown in Fig. 8. Because
of a shortage of width in the environmental chamber, it can be seen that the panel
was placed diagonally to it. Also, acoustic emission sensors can be identified by
lead wires. Due to such a test piece arrangement in the chamber, Moiré-topography
pictures could never be taken at all elevated temperature tests. Instead, those Moiré
pictures were taken at room temperature tests.

5. DISCUSSION OF CAI TEST RESULTS

From here on, major discussion will be limited to the results of 2T panels because
they are more mechanically interesting. Stress—strain behavior of 2T-01 panel tested
at room temperature and 2T-04 panel tested at 180°C is indicated in Figs 9 and 10,
respectively. It can be seen clearly that local buckling occurred in an inter-bay
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Figure 7. Photograph of loading end fixtures for avoiding high-temperature potting.

between stiffeners at 257 MPa in 2T-01 and that considerable increase in stress—
strain relation was observed before the final failure. In other words, substantial
postbuckling behavior could be observed in 2T-01. High temperature stress—strain
relation of 2T-04 shown in Fig. 10 also describes a considerable post-buckling
behavior. In the reported [10] high temperature test (2T-02), a sudden failure after
buckling was observed. When this panel was subjected to ultrasonic inspection,
several indications of intermediate level were suspected to be a cause of this sort of
premature failure behavior. No ultrasonic indications corresponding to fabrication
defects were found for other new panels (03-05). A very remarkable feature of
CF/PIXA panels bonded by PIXA-M film — that impact delamination was not a
trigger of the final failure — will be demonstrated and discussed later.
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Figure 9.

Photograph of high temperature CAI test for 2T panel in chamber.
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Figure 10. Stress—strain behavior in 2T-04 at 180°C (at 4 J/mm).

Although a presentation of stress—strain behavior of 1T panels is not shown,
short comments will be given below. As expected, these 1T panels did not show
any post-buckling behavior and failed from material-based compressive instability.
Although the strength of 1T-01 at room temperature exhibits a slightly lower value
than expected, new panels such as 1T-03 and 04 exhibited quite high CAI strengths
indicated below. Again, the quality of the 1T-01 panel affected its strength.

Relationships between normalized impact energy and CAI strengths of stiffened
panels at room temperature are shown in Fig. 11 by solid and open circles for
CF/PIXA 2T and CF/PIXA 1T, respectively. The previous results for several
CF/PEEK stiffened panels are also plotted in this figure for reference, where
the legends used are: Solid diamonds for hat stiffened panels fabricated without
autoclave [9], solid triangles (FY89) and open squares (FY88) for T-stiffened panels
with 4 stringers [8]. It can be understood that better quality panels of the present 2T
shows remarkable insensitivity in CAI strength-to-impact energy. In 1T panels, even
a reverse relation is observed due to an insufficient quality of 1T-01. From the other
aspect, this reverse relation can be regarded as a proof of excellent damage tolerance
of these CF/PIXA stiffened panels. A photograph of all the failed 2T panels is
shown in Fig. 12 where one remarkable feature of the present experiments — that
the impact delamination region was not a trigger of the final failure — can be seen.
In all other stiffened panel CAI tests conducted by the authors [8, 9], the final failure
was always induced by a transverse delamination penetration between skin and
stiffener originating from impact delamination. In the present CF/PIXA panels, they
failed in the over-bending deflection mode in post-buckling phase as if delamination
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Figure 11. Relationships between normalized impact energy by thickness and stiffened panel CAI
strengths at room temperature.

did not exist. Such a pure compression failure mode may contribute to render the
numerical predictions simple. This delamination resistance is a superficial reason
why CF/PIXA panels exhibited much better CAI strengths than CF/ PEEK panels.
The reason for the delamination resistance is still under investigation, although one
possible factor of high Gy value of fusion bonding surface can be attributed.

Relationships between temperature and CAI strengths for heat-resistant polymer
composites are shown in Fig. 13 with the same legends for the present stiffened
panels as Fig. 11. Other legend data, CF/PIXA: SACMA, CF/PI-SP: NASA, and
CF/BMI: SACMA are results of flat plate CAI strengths identical to those that
appeared already in Fig. 1. This figure implies that panel CAI strengths of CF/PIXA
are compatible with flat plate behavior. It is also suggested that some panels of
insufficient quality exhibited lower CAI strengths. Sufficient post-buckling behavior
was observed even at high temperature of 180°C for polymer composite structures
if the fabrication process is appropriate. This finding is quite favorable for future
HSCT structural design. By summarizing the results in Figs 11, 12 and 13, and
Fig. 1, it can be stated that damage tolerance capability of CF/PIXA structure is
excellent even at elevated temperatures.

The above finding suggests that the great potential of the CF/PIXA system has
been demonstrated as a candidate for HSCT composite structures. It should be
noted also that these CAI results provide the basis for an adjustment of actual
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Figure 12. Failed 2T panels with final failure lines independent of impacts: proof of excellent
delamination propagation resistance.

allowable stress or strain in a CF/PIXA model wing box test under simulated
variable environments which continues now in NAL.

6. COMPARISON OF FEA BUCKLING RESULTS WITH EXPERIMENTS

Numerical calculations using a simple finite element analysis (FEA) were conducted
to predict buckling stresses and modes at room and elevated temperatures. The pur-
poses of the analysis are to examine predictability of the simple FEA analysis where
interlaminar normal and shear stresses, and delamination were not considered, and
to provide a discussion basis as to whether a post-buckling design is possible for
high temperature wing box panels or not. Software package of NISA-II was used
in the analysis. A quadrilateral laminate shell element of 8 nodes was selected as
the base element. Mesh division pattern will be shown in a figure for presenting
buckling mode (Fig. 15). Loading and side edges were assumed as fixed and simply
supported, respectively. For linear buckling calculations, the simply supported load-
ing edge condition was also adopted for bounding experimental results. Although
Ref. [11] employed a combination of fixed and supported boundary conditions, the
authors decided that it was not necessary to follow such a condition at least for the
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Figure 13. Relationships between temperature and CF/PIXA stiffened panel CAI strengths with
reference data of flat plate CAI strengths shown in Fig. 1.

present panels. They incorporated potting and aluminum end plates into the FEA
model in their previous work [8], where the panels were wider and shorter. The low-
est buckling mode in that case was one half-wave susceptible to loading edge con-
ditions. After a few trials, it was concluded that there is no need to include metallic
end fixtures into the model in the present cases. The material properties used from
room temperature to 230°C are given in Table 2 and already shown in Fig. 2 (for Er
and Gy only). Although a slight experimental perturbation was observed in actual
data for Ep and vir, the identical values are assumed for all temperatures. Because
no vrr was available, the authors’ standard value was employed here.

It should be noted that precise modeling of panel thickness is quite important
for rigorous comparison between experiments and FEA predictions, even if it is
a trivial matter in a discipline level. Thickness data of five panels (2T-01 to
05) were measured along two T stiffeners in the compressive direction and FEA
model inputs were determined. Figure 14 depicts the measured data and resulting
model thickness distribution. Because data for 2T-04 and 2T-05 were similar, one
representative model was assumed for these two panels. Note that an intentional
shift of 10 mm in the horizontal axis in Fig. 14 is given for 2T-04 and 2T-05 to
avoid too much overriding of plots. A tendency that thickness decreases towards
panel edges in some cases was caused by the high-pressure fabrication process of
this thermoplastic composite system.
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Table 2.
Input material properties for CF/PIXA UD lamina for FEA

Temperature RT 100 180 230
O
Ep (GPa) 152.4 152.4 152.4 152.4
Er (GPa) 8.06 7.65 6.87 5.66
Grr (GPa) 4.69 4.40 3.70 2.80
VLT 0.344 0.344 0.344 0.344
VI 0.5 0.5 0.5 0.5
10
— 2T-01 (A)
e 2T-01 o 2T-04 —-— 2T-03 (B)
g - * 2T-03 + 2T-05 — —— 2T-04&05 (C)
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Figure 14. Measured panel thickness distribution and FEA thickness data along longitudinal
direction: three model groups of A, B, and C.

At the first phase, linear buckling behavior will be discussed. Calculated buckling
mode in out-of-plane deflection contour at room temperature is given in Fig. 15 for
2T-04/05 thickness model. Four half-waves can be identified, where the top region
in the plot corresponds to the thinner element portion. An experimental buckling
mode taken by the Moiré camera for the objective panel (2T-05) just before failure
is shown in Fig. 16 where buckling stress was 228 MPa and no mode transition was
observed. Although the lowest half-wave contour is difficult to find in the Moiré
picture, an excellent correlation between an experimental mode and FEA prediction
can be observed, including slight skewness in the contour shape. This skewness
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Figure 15. Calculated buckling mode for 2T-05 at RT by NISA-II based on thickness data Group C.

is brought about by local asymmetry in stacking sequence in the skin-attachment
flange. Unlike the authors’ previous investigations [8, 9], a local buckling on a
delaminated area related skin-stiffener separation was not captured through a Moiré
picture. This fact leads to one assumption for the present simple modeling without
delamination consideration.

Relationships between initial buckling stress and temperature are indicated in
Fig. 17 where two cases of loading edge boundary conditions, clamped and simply
supported, and three thickness data groups (A, B and C) are adopted in FEA
predictions. If we look at experimental initial buckling stress of 2T-01 and 2T-
03, they are bounded by each set of two curves of the two boundary conditions for
thickness data A and B, respectively. A similar situation happens with buckling
stresses of 2T-04 and 05. A tendency that two FEA curves become open based on
the thinner edge model (C) is recognized. If we consider the magnified vertical axis
in Fig. 17, agreement between experiments and FEA predictions can be regarded
as sufficiently good. This figure suggests a practical conclusion that only a slight
reduction of initial buckling stress is observed at high temperature. In other words,
it is implied that the post-buckling region at high temperature should be limited if
the final strength of the panel is low.
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Figure 16. Experimental buckling pattern for 2T-05 taken by Moiré-camera.

In order to clarify such implication and to provide a discussion basis for estab-
lishment of post-buckling design philosophy for stiffened panels at high tempera-
ture, geometrical nonlinear post-buckling analysis was conducted for the same FEA
model. Introduction of appropriate initial imperfection is a key factor for such a cal-
culation as the authors’ previous work [12]. According to measurements of wavi-
ness of the panel and several trial calculations, it was determined that a sinusoidal
initial imperfection function of 1/100 mm amplitude and of one period between two
loading edges and of one half-period between stiffeners is sufficient and appropri-
ate. By applying such an initial imperfection, geometrical non-linear post-buckling
analysis is possible in NISA-II software. A tolerance of 2/1000 as a relative vector
norm change was used for convergence check in each loading step. Displacement
controlled analysis at the loading edge, i.e. a situation that all nodes along the
compression surface have the identical assigned displacement, was conducted to
simulate the actual flat compression.

An experimental-numerical comparison for the out-of-plane displacement change
for 2T-01 at room temperature is shown in Fig. 18. The continuous curves indicate
outputs of deflection pick-ups and solid circles and triangles are calculated values
in which a location shift of 25 mm in the loading direction is applied so as to
coincide the experimental and numerical peaks in the deflection contour. Note that
an experimental deflection shift of 0.14 mm at null stress is assumed zero deflection
in plotting the calculation. Correlation between experiments and FEA prediction
is fairly good under the two adjustments stated above. It can be concluded that
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Figure 17. Relationships between initial buckling stress and temperature: comparison of experimen-
tal results with numerical predictions of two loading edge conditions based on three thickness data
groups.

the present post-buckling analysis describes the experimental behavior sufficiently
well. An experimental-numerical comparison for stress—strain relations for the same
panel is shown in Fig. 19. Experimental strain plots are identical to Fig. 9 and legend
conventions are the same as Fig. 18. Strain values at the closest output locations to
the gages were calculated through in-plane stress data. The extent of correlation
between experiments and predictions in strain becomes slightly worse than in the
deflection case.

Based on the above preparation, it is possible to predict the final strength of the
panel if we admit the following simplified assumptions in the present calculation:

1. No interlaminar stresses govern the final strength.
2. Delamination does not affect the strength as the experiments indicated.

3. Final failure occurs when the lamina stress in any part of the panel reaches the
prescribed failure criterion.

Here, the maximum stress criterion was employed for the sake of simplicity.
According to some trial calculations, it can be found that compressive stress
in the 0° lamina nearest to the skin surface or to attachment flange surface is
quite predominant among all stress components due to buckling deformation. By
tracing this stress component in each loading step and by an interpolation, we
can determine the overall final load and failure stress. Note that the average
value in the lamina in a bending state, i.e. a central surface value of lamina, is
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Figure 20. Comparison between final failure strength predictions by post-buckling FEA based on
in-plane lamina stress and experimental strengths at elevated temperatures.

adopted here. Figure 20 depicts the results of such failure predictions. If we
use the results of UD compressive strengths (F;) in Fig. 3 straightforwardly, the
curve marked with filled square is obtained. If we assume an adjustment factor
of 1.2 to allow for the difference in thickness of lamina in the panel (1 ply) and
an ASTM-D3410/A specimen (16 plies), the curve marked by the filled circle in
Fig. 20 is obtained. There is no rational foundation for the factor of 1.2 and it is
a rather intuitive value. It can be seen that experimental strengths coincide with
predictions based on the 1.2F; curve at room temperature, and that experimental
results become slightly higher at 180°C. The present numerical calculation does not
predict the final strength perfectly. In other words, if we rely on calculations, we
do not see considerable post-buckling behavior at high temperature observed in the
experiments. One possible reason for this small discrepancy might be the thermal
residual stress being reduced at elevated temperature. So, a simple estimation of
thermal residual stress in each lamina was conducted based on the in-plane state,
temperature dependent material properties and stress-free temperature of 280°C.
The results yield —30.9 MPa at room temperature and —11.9 MPa at 180°C in the
longitudinal direction of the 0° lamina. If we compare these results with the F;
about 1.0 GPa, a 2% improvement in prediction (upward) will be achieved in the
framework of the present simple calculation. Although this consideration of residual
stress moves things in a better direction, it does not provide a perfect agreement. In
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order to obtain such a full description of the behavior by numerical calculation,
much more sophisticated analysis will be needed. However, a consideration that
almost no post-buckling behavior will be expected at 230°C can be reached even by
the present primitive modeling. This sort of information seems to be valuable for
establishing design concept of HSCT composite structures.

7. CONCLUSIONS

CALI strengths of stiffened panels of CF/PIXA were obtained at room temperature
and elevated temperature of 180°C. The following findings are obtained through
the experiments and corresponding numerical analysis using simple FEA model
for initial buckling prediction and non-linear post-buckling behavior without a
consideration of the delamination.

1.

CF/PIXA stiffened panels demonstrate their excellent impact resistance at
ambient temperature. It is even better than CF/PEEK and one possible reason
for such a good resistance may be high fracture toughness provided by Regulus
PIXA-M fusion-bonding film used between skin and attachment flange.

. A comparison of all structural CAI data of various materials indicates that

damage tolerance properties of CF/PIXA are quite excellent even at elevated
temperature if the structure is well fabricated.

. Delaminated regions by impact were not triggers of the final failure in the present

stiffened panel tests owing to excellent delamination evolution resistance of the
present fusion bonding.

A stiffened panel with two T stringers tested at room temperature exhibited
substantial post-buckling behavior. The panel tested at high temperature also
showed enough post-buckling behavior if fusion bonding is well accomplished.

. CAI results of stiffened panels are highly consistent with flat plate CAI results

of the same material done in SACMA method.

. Numerical calculations by FEA can predict well for linear buckling stresses,

post-buckling deflection and post-buckling stress—strain behavior. For prediction
of the final strength, more sophisticated analysis will be required.

. Special end clamping devices were developed and proven to be effective in high

temperature CAl tests of stiffened panels. Ordinary AE sensors worked so far as
the tested temperature (180°C).

8. There is still some scatter in CAI values for 1T and 2T panels.

Obtained results are directly used for a determination of allowable strain or
stress in a model wing box test of CF/PIXA conducted in NAL under variable
environments.
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