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Abstract

A common approach for the manufacturing of hollow composite parts based on textile reinforcement materials is the utilization of
bladder-assisted resin transfer molding (BARTM). Here, the process-induced compaction of the preform is a decisive factor in the
injection stage as it significantly influences filling times and part qualities. However, the use of expandable elastomeric bladders
impedes the determination of local compaction pressures and thicknesses of compliant preforms during BARTM. This paper
therefore presents an efficient methodology for evaluating the compaction state of tubular fabrics during preform compaction and
subsequent resin injection by considering the membrane stiffness of an elastomeric bladder as well as the compressibility of the
textile preform. First, different process models are developed to describe preform compaction based on single-point and full
preform compaction data. The acquisition of exemplary model data for bladder expansion and preform compaction is accom-
plished through experimental methods. A specifically developed test rig comprising optical measurement techniques is used to
directly characterize the radial expansion behavior of tubular silicone rubber bladders. The compaction behavior of single- and
multi-layered braided preforms is evaluated by means of dry compression experiments. The resulting measurement data is used to
create an integral model-based process window for combined bladder expansion and preform compaction. Lastly, a prediction of
relevant local compaction pressures and preform thicknesses is conducted for an exemplary BARTM process.

Keywords Resin transfer molding - Bladder inflation molding - Elastomeric bladder - Process modeling - Preform compaction -
Part thickness

Introduction

Bladder-assisted resin transfer molding (BARTM) represents
a special process technology for the manufacturing of hollow
composite structures based on fiber reinforced plastics (FRP).
As with any other liquid composite molding (LCM) methods,
the basic process principle comprises the impregnation of a
stack of dry reinforcing textiles positioned inside a closed
mold with a liquid polymer matrix, which is injected under a
specific fluid pressure or flow rate [1]. In contrast to process
variants that solely use rigid mold components, BARTM
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typically uses a rigid, two-part outer mold and an internal
flexible bladder. The latter can be inflated by air or fluid pres-
sure in order to compress the externally positioned fabrics
against the outer mold [2, 3]. After ensuring a certain degree
of preform compaction, the injection of the impregnating resin
is conducted in a subsequent process step. Normally, a con-
stant ratio of the counteracting bladder and injection pressures
is maintained throughout preform saturation [4]. Following
the filling stage, the bladder pressure can be increased in a
so-called consolidation step in order to compensate laminate
thickness variations and to drain excessive resin [5].
Obviously, preform compaction represents a decisive factor
in BARTM as it substantially influences process- and
quality-related parameters such as filling time, part thickness
and fiber volume content [6].

For the fabrication of rather longish composite parts, such
as fluid piping elements or frame structures, flexible tube-like
bladders in combination with tubular fabrics are typically
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used. The choice of the appropriate bladder type usually is a
difficult task. Apart from economic demands, it can depend on
various process-related aspects [5, 7]:

* Mechanical and thermal stability to withstand process
pressures and temperatures during BARTM while provid-
ing complete gas or fluid tightness against the internal
pressure medium,

+ ability of the bladder to fully conform to the internal part
geometry, in order to prevent race tracking effects during
injection and the formation of resin-rich areas in the
laminate,

* deformability of the bladder to realize complex shapes
without the formation of wrinkles in order to ensure a
smooth internal part surface,

+ removability of the bladder in order to fully exploit the
lightweight potential of the final composite structure,

+ adhesion to the matrix if the bladder is intended to remain
on the internal surface of the part, where it can act as an
additional functional layer (e.g. for chemical resistance or
gas tightness),

* reusability of the bladder, and

» inherent stability of the bladder to facilitate preform
manufacturing and handling (e.g. if the bladder is directly
used as a mandrel in an over-braiding process).

A basic classification of bladder types in terms of
dimensional and mechanical aspects is given in Fig. 1.
Under-sized bladders need to be radially expanded to
enable preform compaction, either based on an elastic
or plastic deformation of the membrane (Fig. 2a) [3, 5].
If the tubular fabrics are directly applied to the bladder
surface, a sufficiently high degree of preform drapability
is required. Depending on the initial bladder dimension,
preforms with variable thicknesses can be used, which is
beneficial for a flexible small-scale production. While
clastically expandable bladders can be reused in the pro-
cess, the influence of their mechanical properties on pre-
form compaction due to the formation of pressure-
induced membrane stresses should be considered [8]. In
contrast, exact-sized bladders facilitate the utilization of
near-net shape preforms and omit the need of a subse-
quent draping of the textile reinforcements (Fig. 2b).
However, a major drawback of this approach is that fiber
pinching, describing the trapping of fibers between the
closing mold halves, can occur, which can be prevented
using complex but costly tool designs [5, 9]. Over-sized
bladders typically consist of rather thin-walled tubular
membranes (Fig. 2c¢). They are unfolded during bladder
inflation and can adapt to a large range of cross-sectional
shapes and dimensions [7]. A stretchable membrane ma-
terial is beneficial if angular cross-sections have to be
molded [5]. However, preform preparation and handling
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using these bladders is difficult. Furthermore, wrinkle
formation in the membrane impedes the realization of a
smooth inner part surface.

The compaction behavior of textile preforms has been
extensively studied in the last decades. Dry reinforce-
ment materials consisting of interlaced fibers, such as
woven or braided fabrics, typically show significant
compliance in the transverse direction mainly due to
their characteristic out-of-plane yarn waviness [10].
Preform thickness and fiber volume fraction are directly
affected by the transverse compaction pressure applied
during processing, which usually follows a highly non-
linear relationship. The major influencing factors contrib-
uting to the preform compaction behavior are yarn cross-
section deformation, yarn flattening (i.e. decrease of fiber
crimp), yarn bending deformation, intra-yarn void con-
densation and nesting [6, 10]. The latter one only occurs
in multi-layer preforms and depends on various textile
parameters such as the binding pattern, degree of shear
and number of layers [11-13]. Moreover, it was shown
that preform compaction is time dependent, non-elastic
and influenced by the presence of a saturating fluid caus-
ing lubrication effects that facilitate reorganization of the
fiber network [14—16]. Although some authors have
made considerable efforts in compaction modelling of
textile preforms based on force, energy or finite element
approaches, preform compliance is still widely character-
ized by means of experimental compression tests and
analytically described using empirical compaction
models [10, 11, 17, 18].

The influence of bladder type and material on preform
compaction during BARTM is not yet fully explored in
the literature and only few works are available. Lehmann
and Michaeli [4, 5] investigated different under-sized and
near-net shape bladders suited for BARTM by evaluating
the bladder pressures required to fully adapt to a
rectangular-shaped mold geometry. Although they con-
ducted preliminary tests also using elastomeric bladders,
they later focused on thin-walled thermoplastic tubular
films that were plastically preexpanded to a near-net
shape. Thus, it was assumed that no membrane stresses
occur during BARTM. Their effect on preform compac-
tion for the resin injection stage was therefore neglected.
Strohhicker [7] studied various thermoplastic and elasto-
meric bladders for thermoplastic bladder inflation mold-
ing of fabrics consisting of hybrid yarns. However, he
ignored the effect of under-sized elastically expanded
bladders on preform compaction. Bezerra et al. [19] in-
vestigated the expansion behavior of prefabricated com-
posite tubes impregnated with a b-staged resin using an
inflatable silicone rubber bladder and a mold showing
cylindrical and conical regions. They considered the in-
fluence of the under-sized elastomeric bladder on
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Bladder Membrane Deformation  Ability to
type stretchability behavior reuse? Example
Reversible || Yes | Standard-sized natural rubber tube
Stretchable
| Irreversible || No | Thermoplastic film
Under-sized
(Non-stretchable) - (Not applicable)
Reversible || Yes | Near-net shape silicone rubber bladder
Stretchable
| Irreversible || No | Near-net shape thermoplastic film
Exact-sized
Non-stretchable Yes Near-net shape fiber-reinforced silicone
rubber bladder
Reversible || Yes | Standard-sized natural rubber tube
Stretchable
| Irreversible || No | Thermoplastic film
Over-sized
Non-stretchable Yes Pre-stretched thermoplastic film

Fig. 1 Classification of bladder types for BARTM in terms of dimensional and mechanical aspects. The bladder type investigated in the present work is

highlighted

preform compaction by monitoring the internal bladder
pressure and by using a contact sensor based on a chip
antenna. However, due to the conical shape of the mold
cavity, the determined bladder pressure required for ma-
terial contact as well as the compaction pressure is valid
only for the given sensor position. Fong et al. [20] in-
vestigated a resin transfer molding process comprising
both rigid and flexible mold walls. They developed a
mathematical deformation model for an elastomeric mold
wall, but by assumption of a thin-walled highly compli-
ant membrane material, the rigidity of the bladder and its
impact on compaction was neglected. Preform compac-
tion during vacuum-assisted resin infusion (VARI), a
process technically similar to BARTM, was intensively
studied in the literature, but the influence of the mem-
brane is generally neglected due to the absence of mem-
brane stresses [16, 21, 22]. In previous work of the au-
thors [8], the filling behavior of tubular braided fabrics

Fig. 2 Cross-sectional view of Outer mold
different bladder types for an
exemplary tubular BARTM
setup: (a) Under-sized, (b) exact-
sized and (c¢) over-sized bladder

Preform
Bladder

R

in BARTM was investigated by means of a specifically
developed saturation test rig, in which the preform is
compressed using an under-sized silicone rubber bladder.
A simple compaction model was proposed for analyzing
local compaction pressures during resin injection, which
considered the influence of the bladder through a sepa-
rate model parameter. However, no procedure was given
for the determination of this parameter. Moreover, pre-
form compliance was generally neglected in this model.

In contrast to the aforementioned studies, this paper pre-
sents an efficient methodology for evaluating the process-
induced preform compaction pressure and thickness at the
injection gate and flow front during BARTM. Due to the com-
plexity and variety of different process variants, the following
work is focused on a specific application case. It addresses the
manufacturing of a cylindrical composite part by considering
the membrane stiffness of an under-sized elastomeric bladder
as well as the compressibility of a tubular preform with high
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diameter-to-thickness ratio. Preliminary tests showed, that di-
rect measurement of the preform compaction pressure inside a
rather small tubular BARTM assembly, for example by the use
of pressure sensitive films or force sensing resistors, is a com-
plex task. Poor measuring accuracy, difficult integration par-
ticularly for wired sensors, influence on fluid flow and high
sensor costs are considered as major limitations. Therefore, a
different approach is proposed in the present work:

+ At first, a preform compaction model for a tubular
BARTM setup is developed in the theoretical section,
which relates the applied bladder and injection pressure
with the resulting preform compaction pressure. The pro-
cess model integrates the interdependent effects of bladder
expansion and fabric compression considering different
types of preform compaction behavior.

* The experimental work is focused on the determination of
exemplary model data for bladder expansion and preform
compaction. Regarding the former, a novel optical test
method is proposed to characterize the radial expansion
behavior of tubular silicone rubber bladders. Evaluation of
preform compliance is accomplished by means of a con-
ventional compaction test rig at the example of single- and
multi-layered braided fabrics.

* The experimental data is used to create a process window
for combined bladder expansion and preform compaction
as well as to compute relevant local compaction pressures
and preform thicknesses based on an exemplary BARTM
process. The results of the different compaction models
are finally compared and discussed.

Theoretical background
Preform compaction prior to resin injection
In this section the basic relationships for the radial expansion

of an under-sized elastomeric bladder and the resulting pre-
form compaction are given for the following cases:

Outer mold

Dry preform - & -
Bladder H

|

N\

» atheoretically incompressible preform (model P1),

* a compressible preform with compressibility neglected
beyond a specific level of compaction pressure (model
P2), and

* a compressible preform considering its full compressive
behavior (model P3).

Initially an incompressible preform showing a constant
thickness 4, ¢ is considered. In Fig. 3 the relevant stages
of preform compaction in a tubular BARTM setup are
depicted. At first, the under-sized bladder is inflated and
radially expanded by application of an internal bladder pres-
sure p, (Fig. 3a). For this work, it is assumed that bladder
expansion is not hindered by the externally positioned pre-
form, which implies that (a) there is no mechanical interac-
tion between the bladder and the textile reinforcement, (b)
the preform can be radially expanded without significant
force or (c) the preform does not need to be expanded.
Hence, no stresses are induced in the orthotropic reinforce-
ment material during the bladder expansion stage. This as-
sumption may be valid e.g. for near-net shape preforms, for
flat fabrics that are loosely wound around the bladder or for
biaxial braided fabrics with rather low braid angles.
However, some preforms such as braided fabrics with high
braid angles can hinder bladder expansion due to high fric-
tional forces or locking of the interlaced reinforcing yarns
[23]. Thus, prior investigation of the fabric’s drapability and
jamming condition through experimental tests [24, 25] or
draping models [23, 26] is recommended, but is out of scope
of this paper. When the minimum pressure for full radial
bladder expansion pp, ,.;, is reached, the preform is in full
contact with both the bladder and the outer mold (Fig. 3b).
Any further increase of bladder pressure will compress the
externally positioned fabrics against the outer mold (Fig.
3c¢), which results in a growing preform compaction pressure
Pe given by:

Pce = Pv™Pb.min fOF Py > Pb.min> while (])
Pe= 0 fOl" prPanin- (2)

Fig.3 Cross-sectional view of the relevant stages of preform compaction prior to resin injection: (a) Pressure-induced bladder expansion (0<pp<ps, min)s
(b) mold contact of preform (p,=p, min) and (¢) compaction (p,>py, min) 0f the dry reinforcement material inside a cylindrical mold
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Fig. 4 Process windows for bladder expansion and preform compaction
for an incompressible preform, where (a) the outer bladder diameter and
(b) the preform compaction pressure is plotted against the internal bladder

The pressure p; ., considers the stiffness of the
internal elastomeric bladder, which decreases the trans-
mitted compaction pressure to the preform. This param-
eter can be determined either by the use of sensors for
detecting mold contact or monitoring compaction pres-
sure [19], or by evaluating the radial expansion behav-
ior of the outer bladder diameter d, in order to compute
the unknown pressure parameter p, ., by:

Pbmin = Pbe (db = db,min)7 (3)

where p,.(d,) denotes the stand-alone bladder expansion
curve that can be obtained either from a pressure-
controlled bladder expansion measurement or from FE
analysis using an appropriate hyperelastic material mod-
el. Knowing the cavity diameter d,, of the outer mold as
well as the preform thickness 7%, o, the outer bladder

Compression
plates

Preform

A Bladder Preform
& | expansion . compaction
p .
s |- Model range L—P1
n i
@ |
o i
— |
Q
c
=)
©
©
(o8
£
S
pb,min : >

Bladder pressure p,

b

pressure. BE terms the stand-alone bladder expansion behavior, while P1
denotes the combined bladder-preform-behavior

diameter dj, ,;, at full radial expansion can be
expressed as:

db,m[n = dm_zhp,O (4)

and obviously corresponds to the inner preform diame-
ter. Hence, pp, ,un can be predicted for different mold
and preform dimensions if the bladder expansion curve,
which is influenced by the material properties and initial
dimensions of the bladder, is known. For an incom-
pressible preform, the outer bladder diameter d;, of the
BARTM setup during the compaction phase is given by:

dy = dpmin  fOr Py > Pp in, While (5)
dp :f(pb) :f‘(pbe) fOI” prpb,min' (6)

In conclusion, Fig. 4 shows the process windows of model
P1 for bladder expansion and preform compaction prior to
resin injection.

>

p.=1bar

Compaction pressure p,

hp,1 hp,0.1i

Preform thickness hp

b

Fig. 5 Evaluation of preform compressibility: (a) Schematic test setup, consisting of two compression plates with defined dimensions loaded with a
compressive force F. in order to adjust a desired preform compaction pressure p,.. and (b) typical resulting preform compaction curve
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Fig. 6 Process windows for bladder expansion and preform compaction
for a compressible preform, where (a) the outer bladder diameter and (b)
the preform compaction pressure is plotted against the internal bladder
pressure. P2 and P3 denote the combined bladder-preform- behavior

If the preform thickness decreases significantly for in-
creasing compaction pressures, then the compressibility of
the preform and its effect on preform compaction due to
further bladder expansion should be considered. In contrast
to incompressible preforms, the initial thickness of an
unloaded compressible preform 4, , is difficult to determine
and usually unknown [14]. Consequently, according to Egs.
(3) and (4), also pp. min and dp,_ ., cannot be evaluated. In
practice, the initial preform thickness is commonly evaluated
for a specific minimum compaction pressure, e.g. by using a
weight-loaded fabric thickness gauge. In this work, the pre-
form thickness 4, ¢ is determined for a minimum compac-
tion pressure p. o1 of 0.1 bar, which corresponds to an
internal bladder pressure p;, o, of the BARTM setup. This
parameter may be chosen to coincide with a specific mini-
mum compaction pressure in order to prevent flow-induced
fiber displacement during resin injection. The followed con-
cept of model P2 is that any further thickness change for
Pvr>Pp. 0.1 1s neglected, which minimizes the effort for pre-
form compressibility characterization by using single-point

N fiexible = F(X,t)
- \
p A
p; [Eluid pressure/_CQangc_tigrlQr_esswe
Pt - Outlet pressure
x| X
a

A Bladder Bladder expansion &
& | expansion e preform compaction
[0 |
5 | . Model range, —P1
E. | : ,/’x' // _P2
CC) Pb mln: Pb.0. 1: ' -P3
= i i
1S} ; i
® |
ol | e
£ : it
e} ! !
O |Peos .. LI L

= >

Bladder pressure p,

b

without and with consideration of preform compressibility for p,>p,,
o.1- P1 describes the combined model of an incompressible preform and
BE terms the stand-alone bladder expansion behavior

compaction data (i.€. p., 0.1, /p, 0.1) only. The preform com-
paction pressure can be expressed as:

Pe =Py P01 tPco1 =Py Preor for ppy=pyoy,  (7)

where the pressure parameter p,. o1, wWhich represents the
pressure portion that is solely responsible for radial bladder
expansion, can be determined similar to the abovementioned
procedure by:

Preo1 = Pre(ds = dpo.1),and (8)
dpo1 = dpy=2hy0.1, while 9)
dy =dpor for py=py, (10)

where d,, o denotes the inflated bladder diameter for a pre-
form compaction of 0.1 bar. It has to be noted that due to the
uncertainty of p, ..., the applicable range of model P2 is
limited to bladder pressures greater than p;, ¢ ;.

Alternatively, the exact thickness change of the preform can
be considered by knowing its compaction behavior p.(%,,). This

Np rigia = const

720777777

////////

.
p A
Pi

m———
-

D

Ps

v

Fig. 7 Process illustrations and relevant pressure profiles of (a) a flexible mold process, such as VARI or BARTM, in comparison with (b) a rigid mold

process, such as RTM [8]
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Outer mold 7
Saturated ////
preform :

Bladder —

=

a

Excessive
resin

B-f _ ~Collapsed
bladder

Fig. 8 Cross-sectional view of different process conditions at the injection point during BARTM: (a) Maintenance of preform compaction (pp-p:>pp. min)s
(b) loss of preform compaction due to contracting bladder (0<p,-p<ps. min) and (¢) pressure-induced collapsing of the bladder (p,-p;<0)

in turn can be simply obtained by a planar compression test
(Fig. 5), if a sufficiently high diameter-to-thickness ratio of the
tubular preform is given. Again, the initial maximum preform
thickness is chosen to be practically limited by 4, o..
Consequently, for p,>py, ¢ 1, the internal bladder pressure applied
on the BARTM setup is composed of a pressure portion pp,
responsible for bladder expansion until a certain preform thick-
ness is reached and a pressure portion corresponding to the re-
spective preform compaction pressure:

Py = Ppe(ds(hy)) +pe(hy) for PpZDpo.1- (11)

It has to be noted that this implicit model equation has to be
solved using numerical methods in order to determine the
preform thickness /,, as well as the corresponding preform
compaction pressure and outer bladder diameter for a given
internal bladder pressure. The process windows for bladder
expansion and preform compaction of model P2 and P3 are
illustrated in Fig. 6.

In order to mathematically describe the compaction behav-
ior of the textile preform, an empirical power-law approach is
used in this work. This is widely reported in literature for
woven and braided fabrics assuming that preform compaction
is not time dependent [5, 14, 15, 21, 27-29]:

Y= (plpc87 (12)

where ¢ terms the fiber volume fraction (FVF), ¢, is the FVF
at the unit compaction pressure (1 bar in this work) and B
denotes the stiffening index, which is reported to have a value
smaller than 1. FVF can also be expressed by [21]:

G

, 13
" (13)

where pyis the fiber density, while G and /4, correspond to the
grammage and actual thickness of the preform. Combining
Eq. (12) and (13) results in:

hp‘l l//;

p.=|— Jor h,<h, 1, (14)
hy, ’

where £, | terms the preform thickness at a compaction pres-

sure of 1 bar (Fig. 5b).

Preform compaction during resin injection

Resin injection processes comprising flexible molds, includ-
ing VARI and BARTM, exhibit a non-linear fluid pressure
profile along the flow length, which in turn is inversely pro-
portional to the preform compaction pressure, as depicted in
Fig. 7 [5, 16, 20-22, 30]. This effect is caused by the com-
pressibility of the preform in conjunction with the

Online data recording

Camera

Detected bladder contour

Telecentric lens ——

Bladder tube

|
control
a

®\p[4§

pbe
Eé dy
L
[ ]
§
\

20mm
Pressure —
source —

Fig. 9 Optical bladder diameter measurement: (a) Test setup and (b) exemplary analysis
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Table 1 Relevant parameters of the tested bladder tube specimens
Parameter Value or designation

Bladder material Silicone rubber tube, Shore A 60
Inner / outer bladder diameter (mm) 12/ 15

Specimen length (mm) 400

deformability of the flexible mold part [21]. The compaction
pressure field during BARTM can be roughly described by
two relevant boundary parameters: the compaction pressure
De, ; at the fluid inlet position and the constant pressure p. ,in
the section between the flow front and the outlet position.
While the former is significantly dependent on the
counteracting fluid injection pressure p; at the inlet, the latter
can be influenced by the relative outlet pressure p,acting on
the fluid flow front and the unsaturated preform region (e.g.
p~0 for BARTM at atmospheric pressure or p~=—1 bar for
vacuum-assisted BARTM). Hence, the effective bladder pres-
sures p;, ; and p;, have to be used instead of p;, in Egs. (1), (7)
and (11) in order to calculate the locally applied compaction
pressures p,. ; and p. rduring resin injection:

(15)
(16)

Pbvi = Py Pis
Poy =Pv Py

Regarding the abovementioned relationships for compress-
ible preforms, it should be noted that compaction properties
during resin injection can differ from those found in unsatu-
rated conditions due to compaction hysteresis and lubrication
effects [16, 21, 22, 30]. Ideally, different compaction data
should be used for describing dry preform compaction and

subsequent wet decompaction. This work, however, involves
only dry compaction data for illustration purposes.

A decisive factor in BARTM is the maintenance of a cer-
tain amount of preform compaction during fluid injection.
This helps avoiding or minimizing effects such as fiber wash-
out, fabric distortion, preform thickness evolution and bladder
collapsing, particularly at the inlet position [5, 31, 32]. Here,
the following relation has to be fulfilled throughout the injec-
tion process to maintain a minimum degree of compaction
pressure, i.e. p>p.. 0.1:

(17)

If this condition is violated, the following cases can occur
(Fig. 8):

Py PiZPpo.1-

Pb. min <Pp»—Pi<Pp, 0.1: Preform compression falls below
minimum compaction pressure, which results in increas-
ing preform thickness evolution and possible flow-
induced fiber displacement.

0<pp—pi<Pb. min: Loss of compaction as the bladder will
locally contract until its initial dimension is reached, lead-
ing to an introduction of excessive resin and a significant
decrease in FVF.

p»—p:<0: Bladder can collapse due to high injection
pressure.

Some of the above cases may have its application in accel-
erating the fluid injection process [20]. In this work however,
we only consider conditions where Eq. (17) is satisfied.
Moreover, preform compaction and consolidation subsequent
to the injection stage due to post-filling fluid flow [33, 34] and
resin bleeding [35] is not addressed here.

Fig. 10 Repetitive optical bladder 2.0
expansion measurements of an [ ]
unused silicone rubber tube . 1.8 - L4
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Fig. 11 Bladder expansion measurement of a preexpanded silicone rubber tube: (a) Optically detected and modeled outer bladder diameters compared to
manually obtained measurements; (b) Differences in diameter between the manual and optical measurement method over the applied bladder pressure

Bladder expansion measurement
Test rig

In contrast to a comprehensive development of a hyperelastic
material model in order to describe the deformation behavior of
an elastomeric tube, an application-oriented bladder characteri-
zation is beneficial in terms of measurement and computation
effort. Thus, the basic approach followed here is to design a fast
and simple method to directly characterize the radial expansion
behavior of a tubular non-reinforced elastomeric bladder prior to
its use in BARTM. A specifically developed test rig comprising
a monochromatic camera equipped with a telecentric lens and a
light table for background illumination was constructed (Fig. 9).
In between, the bladder to be characterized is positioned, which
is equipped with connector elements at both ends and connected
to a compressed air supply comprising a digital pressure con-
troller. In order to avoid any off-axis deformation of the test
specimen, one of the two connector elements is mounted to

Fig. 12 Preform compaction
measurement: (a) Test setup and
(b) specimen preparation by
means of cutting, opening and
flattening of a specifically draped
tubular braid

Guide

allow for free motion in longitudinal direction, which is caused
by a pressure-induced elongation of the bladder. All electrical
components are attached to a control and measurement system
involving a LabView application enabling a fully automated
testing procedure. The online analysis of the actual bladder di-
ameter is accomplished by means of efficient digital image pro-
cessing techniques. The basic idea is to find the positions of high
intensity gradients in predefined regions of interest along the
contour lines of the bladder. The resulting data sets are separated
into two groups, one for each contour line, and approximated by
a pair of parallel lines. Finally, the tube diameter can be deter-
mined as the orthogonal distance between these two lines.
Transfer of the result to a metric scale involves a scaling factor
determined from a preceding calibration. Due to the use of a
telecentric lens, the optical resolution of the test system is inde-
pendent of the measurement distance and is about 0.085 mm/
pixel. The measurement resolution is somewhat higher as the
software algorithm enables measurements with subpixel
accuracy.
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Table2 Relevant parameters of the braided fabric
Parameter Value or designation
Material type Carbon
Binding pattern Diamond
Filament count 12K
Filament diameter (pm) 7
Number of strands 36
Nominal diameter at +45° (mm) 229
Nominal areal weight at +45° (g/m?) 566
Actual braid angle (°) +38
Actual areal weight (g/m?) 584

In order to perform an optical bladder expansion measure-
ment, the tube to be tested is inflated by a stepwise increase of
the internal pressure. Each pressure plateau is held for a short
time to allow an optical measurement of a mean tube diameter
by analyzing a captured frame set based on a given image
acquisition rate. The measurement sequence is stopped when
a predefined outer bladder diameter is reached.

Investigation of the bladder expansion behavior

The bladder expansion measurements are focused on sil-
icone rubber tubes (Table 1). The pressure-controlled
tube diameter measurements were conducted at room
temperature with a step-size of 0.1 bar, an image acqui-
sition rate of 10 s™' and a recording time of 2 s. The
resulting radial bladder expansion profiles of a series of
repetitive measurements are illustrated in Fig. 10 and
naturally show a highly non-linear behavior. Here, the
first measurement of a new unused tube shows a consid-
erably different expansion profile than the ones of the
following repetitive measurements. This is caused by
the so-called Mullins effect, which describes an irrevers-
ible stress-softening of a rubber-like material during cy-
clic loading. Most importantly, this effect only appears
when a maximum previously encountered loading or
elongation is exceeded [36]. In this case, the silicone
rubber tube was expanded to about 23 mm in diameter
during the first measurement. However, as this limit has

Table 3  Testing parameters for the dry compaction experiments
Parameter Value or designation
Compression rate (mm/min) 0.5

100 ms OR 10 N
5 (2 0.03 bar)
2200 (= 15 bar)

Data acquisition rate
Minimum compressive load (N)
Maximum compressive load (N)

@ Springer

not been exceeded, similar expansion profiles were ob-
tained for the following measurements.

Based on these findings, the Mullins effect of a reusable
elastomeric bladder has to be taken into account to guarantee a
reproducible expansion behavior and thus preform compres-
sion during BARTM processing. This can be accomplished by
an initial bladder preexpansion to a specific maximum tube
diameter that cannot be exceeded during the subsequent use in
the manufacturing process. The following measurements were
therefore conducted using a new bladder tube that has been
inflated inside the previously mentioned BARTM test rig [8]
to a diameter of 21 mm, which corresponds to the inner diam-
eter of the outer mold.

The optically measured results were verified with manual
measurements obtained with a micrometer screw gauge
(Fig. 11). In general, good agreement between the results
was found, although manual measurements predominantly
show slightly smaller values, which can be explained by a
possible deformation of the flexible tube during the tactile
measurement. Higher deviations at lower bladder pressures
are presumably caused by the low internal supporting pressure
of the tube, leading the tube to differ from a perfectly round
shape and making it sensitive to handling during manual
measurement.

Finally, in order to mathematically consider the radial ex-
pansion behavior p,.(d,) of the silicone rubber tube in the
models P1, P2 and P3 according to Egs. (3), (8) and (11),
respectively, the optically measured expansion profile is ade-
quately fitted with a fifth-order polynomial deformation mod-
el (Fig. 11a):

Ppe(dp) = 0.0002d,°—0.0208d,* + 0.8529d,°~17.42d,,*
+177.6d,~722.0 for15<d, <21 mm.

(18)

Preform compaction measurement
Experimental procedure

Dry preform compaction measurements are conducted on
a 100 kN INSTRON universal testing machine in order
to consider the compressive behavior of the textile pre-
form in the corresponding models P2 and P3. The mea-
surement setup comprises two polished steel plates with
a pressure-active area A,=38.65 x 38.00 mm? and vertical
guiding elements at each corner of the assembly to main-
tain exact lateral alignment and to avoid tilting of the
compression plates (Fig. 12a). A precise measurement
of the vertical steel plate displacement, corresponding
to the actual preform thickness during testing, is realized
by means of a calibrated linear variable differential trans-
former (LVDT).
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Fig. 13 Compressibility of single- (1 L) and multi-layer (3 L) preforms: (a) Measured and modeled preform compaction profiles; (b) Mean single layer

thickness vs. compaction pressure

In this work, preform compaction tests are exemplarily
performed on a chosen biaxial braided fabric. The tubular
braid to be tested is draped and collapsed to a specific diameter
and flattened width, respectively, considering the change of
the interdependent braid parameters length, diameter or width
and fiber angle [23, 26]. The flattened fabric is then cut in
longitudinal direction and unfolded as depicted in Fig. 12b.
A flat stack of braided fabrics is manually assembled and
centrally positioned in the open gap of the test setup. A com-
pressive load is then introduced to the preform via a constant
motion of the crosshead. For each measurement, the compac-
tion load F, and the LVDT displacement is recorded until a
predefined maximum compaction load is reached. The size of
the flat specimen must exceed the dimensions of the compres-
sion plates in order to enable the calculation of the applied
preform compaction pressure according to:

L= —. 1
Pe= 4 (19)

Compaction behavior of braided preforms

The experimental work is focused on the investigation of the
compaction behavior of a single layer (1 L) and a stack of
three equally aligned layers (3 L) of a tubular braided sleeving
(Table 2). The manually adjusted draping condition of the
material is based on the situation of the preform inside the
aforementioned tubular BARTM test rig, corresponding to
an outer preform diameter of 21 mm. The resulting width
and selected length of the flat test specimen is 66 and
80 mm, respectively, corresponding to the initial circumfer-
ence and longitudinal dimension of the draped sleeving.

The compaction tests were conducted at room temperature
using the relevant testing parameters summarized in Table 3. It
is assumed that relaxation of the fiber network and thus time
dependence of preform compaction can be neglected by

choosing a relatively low compression rate. The minimum
and maximum compressive load was selected to cover a wide
range of preform compaction pressures relevant for BARTM.
The measurements were repeated twice for each preform type.

The obtained preform compaction data is depicted in
Fig. 13a. While the single-layer specimen demonstrates
a consistent compression behavior, the repetitive mea-
surements of the multi-layer preform show a significant-
ly higher variability, which is attributed to nesting ef-
fects of the textile fabric [11, 12]. As a result, the the-
oretical single-layer thicknesses of the multi-layer pre-
form exhibit decreased values in contrast to the com-
pression profile of the single-layer preform (Fig. 13b).

The measurement data is fitted with the compaction model
given in Eq. (14) using a least squares fit algorithm. The mod-
el adequately describes the measured compaction behavior,
showing coefficients of correlation of 0.99 or higher for the
single measurements. The resulting initial preform thickness
hy, 0.1 as well as the model coefficients describing the mean
compression behavior p(4,,) for each preform type are speci-
fied in Table 4.

Results

In this section, the obtained models describing stand-
alone bladder expansion and preform compaction are
used to create an integral process window for the

Table 4 Resulting preform and compaction model parameters

Parameter Preform 1 L Preform 3 L
hy,, 0.1 (mm) 0.809 2.238
hy,, 1 (mm) 0.649 1.842
B 0.096 0.085

@ Springer
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Fig. 14 Resulting process windows for the single-layer preform (1 L) based on the models P2 and P3 applicable for p,>p;, o.1: (a) Outer bladder diameter

and (b) preform compaction pressure vs. internal bladder pressure

combined expansion and compaction behavior according
to the models P2 and P3 given by Eqgs. (7) to (11).
Again, it should be noted that these models are only
valid in a defined preform compaction region corre-
sponding to p,>ps. o.1- Although they predominantly con-
form to the stand-alone tube expansion behavior for
smaller internal bladder pressures, they cannot describe
the region near the unknown pressure pp, .., as this
parameter can only be safely determined for an incom-
pressible preform (model P1).

The following investigations are based on an exem-
plary tubular BARTM setup comprising an inner mold
diameter d,, of 21 mm. The respective process windows
for the single- and multi-layer preforms are depicted in
Figs. 14 and 15. Here, the expansion and compaction
behavior of model P3 in the range p,<p, o1 was ex-
trapolated for illustration purposes. The relevant pres-
sure parameters pj .1 for full radial bladder expansion
and minimum preform compaction (p., ¢;=0.1 bar) are

22
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determined according to Eqs. (7) to (9) and result in
1.41 bar for the single-layer braid and 0.98 bar for the
multi-layer preform, corresponding to an outer bladder
diameter dj, o, of 19.38 and 16.52 mm, respectively.
The process windows clearly demonstrate that the
multi-layer preform shows mold contact and thus com-
paction pressure build-up at lower bladder pressures as
well as increased preform compressibility compared to
the single-layer braid.

Based on the determined process models, the relevant
local compaction pressures and preform thicknesses are
now evaluated for an exemplary BARTM process, con-
sidering both the compaction and the subsequent resin
injection stage through Egs. (15) and (16). Similar to
saturation experiments presented in a previous paper of
the authors [8], a constant bladder and injection pres-
sure of 4.0 and 1.5 bar, respectively, is used while the
injection is performed at atmospheric pressure (p=0).
According to Eq. (17), a valid preform compaction
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Fig. 15 Resulting process windows for the multi-layer preform (3 L) based on the models P2 and P3 applicable for p,>p;, ¢.1: (a) Outer bladder diameter

and (b) preform compaction pressure vs. internal bladder pressure
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pressure p.>p. o, is maintained throughout the injection
process.

The resulting compaction data for the single- and
multi-layer preforms is plotted for the relevant axial po-
sitions of the tubular BARTM setup, namely the fluid
inlet and flow front position that corresponds to the out-
let position at the end of the filling process (Fig. 16). For
illustration purposes, the technically non-linear curves
during resin injection are approximated through straight
dashed lines. Regarding the compaction pressures it can
be concluded that the influence of preform compressibil-
ity considered by model P3 is rather negligible for the
single-layer preform, while the differences in compaction
pressure between model P2 and P3 for the multi-layer
preform are about 0.2 bar. If an evaluation of preform
thicknesses is desired, then the application of model P3
should be preferred as model P2 obviously delivers only
constant values that correspond to the initial preform
thickness 4, ¢.1. Lastly, it is shown that the maintenance
of a certain amount of preform compaction during injec-
tion significantly minimizes thickness evolution of the
preform at the critical inlet position, as summarized in
Table 5.

Table 5 Actual compaction pressure and preform thickness evolution
Ahy, at the inlet position during resin injection according to model P3 in
contrast to an injection procedure with minimum compaction pressure

Pc=Dc0a

Parameter Preform 1 L Preform 3 L
Actual compaction pressure (bar) 1.14 1.44

Actual thickness evolution (mm) 0.049 0.103
Minimum compaction pressure (bar) 0.10 0.10
Maximum thickness evolution (mm) 0.217 0.555

N
o

N
o
\

—=—P2_Compaction

Preform thickness (mm)
5 @
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o
[4,]
L

-#--P2_Injection
-=--P3_Injection

o
o

FF '(1 L) Inlety(3L) FF k3L)

Axial position

b

preform thickness for the respective axial positions of the BARTM setup
(Inlet = injection gate, FF = flow front position)

Inletl(1L)

Conclusions

This paper explored a methodology to determine the interde-
pendent behavior of radial elastic bladder expansion and pre-
form compaction during BARTM comprising an under-sized
tubular bladder and a cylindrical mold. Different process
models for incompressible and practically more relevant com-
pressible preforms were presented based on available single-
point or full compaction data. These models can be simply
used to evaluate the preform compaction state (i.e. local com-
paction pressures and preform thicknesses) during BARTM. It
is noteworthy that interaction effects between the expanding
bladder and the textile preform (e.g. frictional forces) were
neglected.

In order to consider the influence of the mechanical prop-
erties of reusable elastomeric bladders on preform compac-
tion, an efficient optical testing method was proposed to di-
rectly measure the radial expansion behavior of silicone rub-
ber tubes. It was shown that the Mullins effect, describing
irreversible material stress-softening during repeated loading,
has to be taken into account to enable reproducible bladder
expansions, which was done by application of a defined
preexpansion to a new bladder before first use. Obtained ex-
pansion measurement data, namely the pressure-dependent
outer bladder diameters, was adequately fitted by means of a
polynomial deformation model. Hence, this test rig can be
used for a fast non-destructive characterization of a reusable
tubular bladder prior to its use in BARTM.

The compression behavior of single- and multi-layer braid-
ed preforms was characterized by means of dry compaction
measurements. Relaxation and lubrication effects, which can
significantly affect preform compaction, were neglected for
illustration purposes. As the thickness of an uncompacted
compliant preform cannot be reasonably determined, the ini-
tial preform thickness was measured for a predefined
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minimum compaction pressure, which can be chosen based on
process requirements for the injection phase, e.g. to prevent
flow-induced fiber displacement. Moreover, the full measure-
ment data obtained for a relevant pressure range was success-
fully fitted to a power law-based preform compaction model.

It was shown that the separate material models de-
scribing bladder expansion and preform compaction can
be used to create a combined process window for
BARTM processing. By using exemplary process pa-
rameters, it was demonstrated that this approach enables
the prediction of the local preform compaction pressure
and thickness at the injection gate and flow front during
the compaction and filling stage. In context with a pre-
vious paper of the authors [8], which explored the sat-
uration behavior of tubular braided fabrics in the
BARTM process, this work presented a procedure to
evaluate the corresponding compaction pressure state
during resin injection, particularly if under-sized elasto-
meric bladders are used.

Finally, it has to be noted that the validity and applicability
of the coupled process model needs to be proven in future
work. This requires the implementation of adequate online
measurement methods that allow for an accurate determina-
tion of local preform compaction data and consider the com-
plexity and accessibility of the tubular BARTM setup.
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