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Abstract: The so-called "X-cor sandwich structure” is a highly promising novel material as an alternative to honey-

comb used in aircraft. Although much work has been conducted on the performance of the X-cor sandwich struc-

ture, the gap is still hardly bridged between experimental results and theoretical analyses. Therefore, a method has

been innovated to establish semi-empirical formula for the prediction of compressive and shear moduli of X-cor

sandwich structure composites, by combining theoretical analyses and experimental data. In addition, a prediction

software was first developed based on the proposed method, of which the accuracy was verified through confirma-

tory experiments. This software can offer a direct reference or guide for engineers in structural designing.
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0 Introduction

Considering the increasing demand of light
materials in aerospace industries, more attentions
have been drawn to the research and development
of sandwich structure composites. However, the
de-bonding problem between the core and the
panel directly limits their applications in the main
load-bearing structural components in aircraft.
Recently, a novel technology, called Z-pin, has
been reported to significantly improve the
through-thickness properties of composite lami-
nates, making it possible for composites to be
used in structural componentst. Fig. 1 illus-
trates the X-cor sandwich structure made up of
embedded fibrous composite rods (pin) and the
traditional sandwich structure. As shown, the
tips are stitched into the uncured prepreg skins.
By means of co-curing effect, the pins are bonded
to the foam core and the skins simultaneously to

improve the delamination resistance between the
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skins and the form core. Sikorsky Aircraft dem-
onstrated that X-cor sandwich structures exhibi-
ted equivalent mechanical performance to 48 kg/
m® biased glass honeycomb core while saving
nearly 10% weight®. It was also reported that
X-cor sandwich structure material was a potential
alternative to the traditional honeycomb material

thanks to their high specific strength and modu-
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Fig. 1 Cross-section of X-cor sandwich structure

lus.
Skin
RN 55 A SR HRRIP LRI G B
Z-pin | v v
Foam
. core
RS NI, STROIT SRR RN SR, I

1. ®) and Partridge et al. ™ con-

Marasco et a
ducted specific experiments to explore the effects
of the pin-insertion angle (the angle between the
axle of pins and the tangential direction) on the

out-of-plane tensile, compressive and shear prop-
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erties of X-cor sandwich structure materials. The
results showed that with increasing the insertion
angle, the modulus and the strength of both ten-
sile and compressive results increased correspond-
ingly, with the decrease of shear modulus and
strength. Meanwhile, Mouritz et al.'™ proved
that, the out-of-plane compressive strength and
modulus went up as the density of inserted pins
ascended.

on X-cor sandwich

Throughout reviews

structure materials, most of the work was accom-
plished by

terst®!?,  Meanwhile, most theoretical models

samples within specific parame-
built in literature have not been verified by large
amount of tests. Considering the industrial appli-
cations, it is inconvenient to calculate the materi-
al constants by traditional theoretical models.
Therefore, a common and convenient method is
urgently in need. Aiming at this, the reinforce-
ment of pins were homogenized over the whole
volume of sandwich and the semi-empirical for-
mula was built for prediction of X-cor sandwich
structure properties by data fitting method.
Then, the prediction software was developed to

verify the practicability and versatility for the

structural design of X-cor.

1 Analysis Model

The X-cor sandwich structure present out-
standing improvement of the performance in
through-thickness direction. In this section, the
prediction of the out-of-plane compressive and
shear modulus were presented, on account of the
dispersion and complexity of the strength analy-
sis. Two kinds of composites widely used in air-
craft were discussed: CF/Epoxy with Rohacell®
311G form core, and CF/Bimaleimide (BMI) with
Rohacell® 51 WF foam core, to meet the demand

of thermal property.
1.1 Compressive model

As the X-cor truss plays a significant role in
the load-bearing, the quotient of foam core could
be left out of consideration to simplify the model.

As shown in Fig. 2, a single cell of X-cor struc-

Fig. 2 Single cell of the X-cor sandwich structure

ture was selected including two pins inserted at 0.
Hao et al. ' have regarded the pins as beam-
column on Winkler elastic foundation and deduced
the compressive strength and modulus. Given the
pin’s axial compressive modulus E,;, and the foam
compressive modulus E;, the compressive modu-

lus of the X-cor structure Ey is presented as
Ex =E;.V,,sin'0+ E(1 —V ;) D
where 6§ and V,;, represent the pin insertion angle

and the volume density of pins, respectively.
Ref.[11] demonstrated that traditional equa-
tion cannot match the experimental results well
with the structure buckling and with the pin’s
length discreteness. The deduced formula was
modified by the stiffness discount coefficient M,
caused by the structure buckling and M, caused

by the pin's length discreteness as
Ex=M, XM, X[(Q =V, DE;+ V,,E,,sin"{]

(2)
The design parameters, primarily determi-
ning the compressive modulus, are the insertion
angle and the volume fraction. Ref. [10] proved
that the influence of pin’s diameter and insertion
density on the modulus is equivalent to that of the
volume fraction. Not only Eq. (1) but also the
modified model (Eq. 2) indicate that the compres-
sive modulus is proportional to sin'@, as well as
Vu. Therefore, numerous experimental results
(Appendix A) of compressive module are ana-
lyzed utilizing the linear regression model in Mat-
lab. The semi-empirical equations are deduced as
Ex=—4.3 4 100. 6sin'0 + 58. 2V,  (3)

E.,x =49.3 — 23. 2sin"0+ (275. 9sin' 0 —
53. 3V 4)
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where E. and E,x represent the compressive
moduli of CF/Epoxy and CF/BMI X-cor sandwich
structure. Since the fitting was based on the ex-
perimental data tested on specimens of particular
materials, including T300/FW125 epoxy and
T300/NHZP-1 BMI for Z-pins, the predictor for-
mula specifically verifies the structures made
from such materials, and shear module prediction

is brought about.
1.2 Shear model

Several models have been proposed for the
shear property calculation of X-cor structure by
now. In Ref. [127], X-cor structure was consid-
ered as the space truss frame. Utilizing the equiv-
alent inclusion method, the shear modulus Gy of
X-cor is calculated by

Gx =G, + V,,E sin® (20) /4 (5
where E, is the tensile modulus of the pin, G, the
equivalent shear modulus which can be developed
by the equivalent mingle method expressed by a
complex matrix.

Shear stiffness is directly proportional to the
volume rate V. If shear stiffness is evenly divid-
ed into each 1% volume rate pin, Gy can be con-
cisely expressed as

Gx =G, +kV (6)

where % is the shear stiffness contribution of 1%

volume rate pins, and G, the fitting constant. Re-

ferring to Eq. (5), it can be assumed that £ is a

function of the insertion parameter y, y =
sin®(20). Then the expression of Gy should be

Gx =G, +Vylay® + by + ¢ D)

where a, b and ¢ are fitting constants. With the

help of Matlab, the regressive fitting results of

the shear modulus of Epoxy/CF and BMI/CF X-

cor sandwich composite are G.x and Gyx.
G =15.3 4 [4. 7 — 28. 2sin(20) +

278. 5sin® (20) JV i, €))

Gix =1.8+[91. 4sin* (20) + 81. 7]V 5, (D)

The assumption of Eq. (6) has attributed
the whole structure stiffness to the pins’ inser-
tion. Although non-considering stiffness of foam
core can simplify the process, it leads to a divita-

tion from the testing results, which will be dis-

cussed later. In addition, G, here is only a fitting
constant without explicit physical meaning whose

value and sign are meaningless.
1.3 Boundary conditions

The fitting equations derived above can pre-
dict the results precisely, only if the parameters
are selected in proper range. Thereby, the
boundary conditions for this prediction method as
well as for the structure design discipline should
be clear after all.

(1) Insertion angle. Knowing that the pul-
truded pins are anisotropic materials whose axial
stiffness is much better than that in the trans-
verse direction, the pins embedded close to the
vertical direction are prone to present better load-
bearing property. As a result, the recommended
design insertion angle of pins is 45°—90°,

(2) Volume rate of pins. The linear relation-
ship between the stiffness and the volume rate is
valid in a specific range. The volume fractions of
pins are calculated as a function of the insertion
intervals at the longitudinal and the latitudinal di-
rections, as well as the diameter depicted as

nD?

Vi = 4y sing

(10)

where D is the diameter of Z-pin, x and y are the
insertion intervals in the longitudinal and the lati-
tudinal directions, respectively. Based on the in-
spection of experimental data, on one hand, pins
of diameter smaller than 0. 4 mm can barely pene-
trate the rigid PMI foam core. On the other
hand, pins of large diameters (=1 mm) can lead
to over-damaged skins, resulting in the declina-
tion of structural performance. Moreover, if the
number of pins is surplus, pins would function as
the defects rather than reinforcement. That is to
say, if the space between two adjacent pins are
very small (<{3 mm), the foam core will collapse
and can hardly support the X-cor truss.
Summarily, the suitable pin insertion param-
eters should be set as insertion angle of 45°—90°,
the diameter of 0. 4—1 mm, and the insertion in-

terval of 3—10 mm.
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2 Software Development
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choice of compressive modulus or the shear mod-
ulus. The limitation of the work is that the pro-
gram database contains only two kinds of materi-

als.
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Fig. 3 The algorithm of the prediction software

The software provids a clear and simple plat-
form for the X-cor sandwich structural designers.,
especially for those without expertise. It is not
necessary to explore the calculating models of X-

cor sandwich structure engineering constants.
2.2 Prediction results

The curved surface of the compressive and
shear prediction results are shown in Figs. 4, 5,
when the insertion angle ranges from 45° to 90°
and the volume rate is in common scale. In spite
of the differences between the specific values of

the CF/Epoxy and the CF/BMI X-cor sandwich

Fig. 5

(a) CF/Epoxy X-cor sandwich structure
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structure properties, the dependency of their
moduli on insertion angle and volume rate re-
mains similar.

From the above results, several rules indica-
ted are consistent with the research findings: (1)
Along with the increase of insertion angle, the
compressive modulus increases and the shear
modulus decreases. When the pins are inserted at
45°, the enhancement of the compressive property
is not obvious. In other extreme conditions, the
pins can hardly improve the shear property of X-
cor sandwich when inserted in the angle of 90°.
Then, the pins insertion angle should be designed
based on the loading environment. (2) Within
specific limits, both the compressive and the
shear modulus are proportional to the pins vol-
ume rate, which agrees well with the mixture
theory of the composite modulus, despite that the
slope differs when the pin insertion angle chan-
ges. However, to some extent, pin insertion is
harmful to the skin and the form core of sandwich
structure, then pins of high density will lead to
the collapse of the skin material and the foam

core.

3 Experiments and Results
3.1 Experiments

The compressive modulus was measured on
the NEWSANS electronic universal testing ma-
chine, and the axial cross-head movement rate
imposed on the specimen was set as 1 mm/min.
Tests were designed referring to the standard test
method GB 1453—87. The specimens for com-
pression test were prepared in the size of
60 mmX60 mmX12.5 mm. The underlying half
jig could adjust by itself to maintain the specimen
horizontal by means of the semi-globular bottom,
at a preload of about 200 N (Fig. 6). As the load
was ascending, a series of crackle sound could be
heard. At last, the fractures in pins led to the
overall failure of the specimen. During the experi-
ments, the load-displacement curves were recor-
ded so as to obtain the stress-stain relationship by
taking the specimen dimension into consideration.

The shear test of the X-cor sandwich struc-

Fig. 6 Compressive test device

ture was conducted on the NEWSANS electronic
universal testing machine with the constant load-
ing rate of 1 mm/min, according to the standard
test method GB 1455—88. As shown in Fig. 7,
two metal jigs ensured that the shearing stress
was spread uniformly on the specimen. An exten-
someter sensing the shearing deformation was at-
tached onto the specimen as well. To be clarified,
the specimens were prepared in the size of
120 mm X 60 mmX12.5 mm.

Regularly, the crack emergeds in the foam
core at the very beginning. Nevertheless, the
crack propagation was obstructed by pins later
then. When the load ascended to the peak, the
structure failed because of the pullout and rota-

tion of pins.

Fig. 7 Shearing test device
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3.2 Results and verification

The compressive/shear stress were calculat-
ed by means of dividing the load by the dimension
of each specimen. And the strain data were recor-
ded by the extensometer. Given the stress-strain
curves by the experiments mentioned above, the
compressive and shear moduli of the X-cor sand-
wich specimen could be calculated. The experi-
mental results and their contrast to the predicted
outcome are listed in Tables 1—2.

Table 1 Experimental results of compressive moduli

Experimental results predicted

Material ([95/) V;;,/ Moduli/ Variation/ moduli / Devl;l/:mn/
MPa % MPa
60 0.906  107.5 9.1 105.1  —2.2
T390/ 90 0,196 100.9 6.1 107.7 6.7
Epoxy g0 131 2010 10.7 172.6  —14.1
45 0.56  57.3 13.0 52.3 8.8
T300/ 75 0.813  166.3 9.7 181.1 8.9
BMI 75 0.406  87.4 4.9 98.9 13.2
90 2.40 217.29  3.66 561. 6 158

Table 2 Experimental results of shear moduli

Raw data

Material 00/ VIU“n/ Moduli/ Variation/ FT:ZZI;TIG? Dcvigation/
O % MPa % MPa g
T300/ 70 1.53 189. 4 7.3 193.5 2.2
Epoxy 70 0.769  89.7  10.2  96.4 3.8
60 1.40 295.4 5.7 335.3 13.5
T300/ 70 0.866 204.0 4.1 193.5 5.2
BMI 45 3.34 570.0 14.5 554, 7 —2.7
50 4,18 722.4 2.72 690. 3 —4.4

The experimental verification were conducted
for both epoxy and BMI systems within a wide
range of pin diameter and density. And most of
the deviations of the predicted data were less than
10%. It is well known that the properties of X-
cor largely depend on the manufacturing process.
Influencing factors, such as pin angle offset, pin/
skin bonding conditions and pin length fluctua-
tions, lead to a large variation of the muduli.
Thus the deviation of confirmatory experiments
(Tables 1, 2) had larger range than that of origi-
nal data (Tables A1, A2). Similarly, the predic-
tion of X-cor structure based on epoxy, with

more stable manufacturing maturity, showed

lower deviation and higher accuracy, compared to
those on BMI matrix.

However, it is noticed that the predicted
compressive modulus of T300/BMI X-cor was far
more than the experimental results when the vol-
ume fraction was as high as 2. 4%, which means
the prediction was invalid at that point. The main
reason lies in two aspects. One is the different
failure mode. Densely inserted pins introduce se-
rious damage to the foam core, which weakens
the lateral support for pins under compression. In
this case, the truss architecture of pins could de-
stabilize as a whole and pins failed buckling rather
than fracture. The other explanation comes from
the length variation of pins. According to the the-

[31 . the contribution of pins to the

ory of Shan
compressive modulus is limited by statistical dis-
tribution of pin length. Acturally, only a certain
amount of pins are active under compression even
though a large amount are inserted. Thus, large

density of pins is not recommended for compres-

sion load bearing X-cor structures.

4 Conclusions

In conclusion, the semi-empirical formulae
for prediction of X-cor sandwich compressive and
shear moduli are derived through the combination
of experimental data and theoretical models. The
data fitting method is innovatively employed for
the mechanical properties prediction of X-cor
structures based on the homogenization of pins.

(1) The agreement between the predicted
properties with the experimental results is dem-
onstrated by confirmatory tests on X-cor sand-
wich structure with different insertion parame-
ters. And the fitting method based on experi-
ments is proved to be feasible for composite engi-
neering constant prediction.

(2) The two crucial parameters determining
the X-cor sandwich structure performance are the
pins insertion angle and the volume rate. Both the
compressive and shear moduli ascend with the in-

crease of the pins volume rate. However, with
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the increase of pin density, the prediction model
becomes ineffective for compressive modulus.
Moreover, the density higher than 1. 5% is not
recommended for X-cor under compression con-
sidering the reinforcement efficiency. On the oth-
er hand, as the pins being inserted closer to the
Z-direction, the compressive modulus keeps ris-
ing, while the shear modulus decreases.

(3) The prediction software provides a con-
cise and visualized platform for structural desig-
ning. For curtain, its universality and practicabil-
ity will greatly promote the X-cor structure’s en-

gineering applications.

Appendix A: The original data and fitting devia-
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