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Abstract

Within this paper an excerpt of a comprehensive
experimental test program is presented which ac-
counts for the main drivers of spring-in deforma-
tions. Therein, it is focused on the effect of layup
and part-radii changes on the occurring spring-in
deformations of fully cured parts. By means of
tull-field geometrical measurements, the thermal
fraction of the spring-in deformation is experi-
mentally quantified. Experimental findings are
validated using an analytical approach by Rad-
ford. Furthermore, a new semi-analytical shell-
element-based simulation strategy is proposed
which focuses on the prediction of manufacturing
induced part deformations. Therein, necessary
parameters are derived from simple test speci-
mens, which lead to a comparably simple pro-
cedure, which should support tool designers in
their daily work. Finally, the developed approach
is applied to a C-profile part and experimentally
validated.

1 Problem’s Topicality

Rapidly increasing manufacturing cadences for
modern aircrafts are accompanied by a strong de-
mand for efficient simulation methods account-
ing for the particularities of the composite man-
ufacturing process. First-time-right fabrication is
aspired, as it is one essential key to reduce overall
costs, due to the avoidance of cost intensive and

time consuming manual (re)work.

Currently, manufacturing induced deforma-
tions are still a challenge for carbon fiber rein-
forced plastics (CFRP) manufacturers, as those
undesired deviations from the nominal shape lead
to increased scrap rates and/or additional difficul-
ties within the assembly process. A connection
of deformed parts e.g., can lead to a massive in-
crease of the part’s internal stress level which de-
teriorate the part’s performance. Figure 1 illus-
trate that schematically.
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Fig. 1 Undesired part deformations lead to sig-
nificant assembly stresses G, (C-spar taken
from [6])

In accordance with Fernlund et al. [1], this
paper distinguishes between two main fractions
of manufacturing deformations which are spring-
in and warpage. The former one is induced by
the composite’s anisotropic properties and pre-
dominant for parts with angled cross-sections.
Warpage is induced by tool-part interaction due
to a mismatch in coefficients of thermal expan-



sion (CTE) of tool and part and/ or due to gradi-
ents in fiber volume fraction (Vy) .

The present paper focuses on spring-in de-
formations, as experimental investigations, con-
ducted at the DLR [2, 3], reveal that warpage is
only relevant for a particular group of composite
structures.

Reflecting the anisotropic mechanical and
thermal properties of an unidirectional (UD)
CFRP lamina and the resin’s significant shrink-
age during current high-temperature manufactur-
ing processes, it becomes obvious that manu-
facturing deformations are widely inevitable for
CFRP laminates.

But, however, own experimental investiga-
tions and experimental work stated in the liter-
ature [1, 4, 5, 9, 10], suggests that the magnitude
of expectable angle changes of curved sections is
rather limited. Nevertheless, those small changes
in curved sections can lead to massive part defor-
mations, depending on the part’s scale and shape.

Tool geometry compensation represents a
promising approach with good industrial applica-
bility to counteract manufacturing deformations,
as it can be easily integrated into the product-
development-chain. However, a reliable tool
compensation strategy demands knowledge of
expectable part deformations - prior to manufac-
turing.
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Configuration with characteristic
manufacturing deformations

Fig. 2 Configuration specific manufacturing de-
formations

Considering a common manufacturing sce-
nario, where a certain CFRP material is fabri-
cated on a certain tool(-material) with a certain
manufacturing process and a certain bagging ar-
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rangement, it is physically reasonable that ob-
tained deformations are characteristic and repro-
ducible for that particular configuration. Conse-
quently, it is assumed that the measurement of
manufacturing deformations of appropriate test
specimens can provide sufficient and representa-
tive information about the configuration’s defor-
mation characteristics what is schematically il-
lustrated in Figure 2.

Thus, this paper pursues a semi-analytical
strategy to overcome drawbacks of existing
micro-level simulation strategies (e.g. [11, 12])
as those are characterized by high parameter de-
termination efforts. Geometrical measurement
of manufacturing induced deformations on spec-
imen level are used for the derivation of corre-
sponding equivalent simulation parameters appli-
cable on part level.

O direction
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Fig. 3 Geometric properties of the L-profile
specimens and 0° orientation

R= 46812mm
40mm

The global aim of this strategy is to provide
a straightforward simulation process, demanding
as few parameters as possible, which can sup-
port tool-designers in their daily work. Simple L-
profiles depicted in Figure 3, similar to that ones
used by Sprowitz et al. [5], are suitable for the
aforementioned approach as they can easily be
fabricated and analyzed.

Within the following, an excerpt of a com-
prehensive experimental L-profile-based test-
program is presented. The main drivers of spring-
in deformations and the quantification of frac-
tions due to thermal anisotropy and due to chem-
ical shrinkage are within the scope of the con-
ducted investigations. Experimental results are
checked for plausibility by comparison with an-
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alytical calculations based on an approach pro-
posed by Radford [10]. Subsequently, a new
semi-analytical simulation strategy is presented,
which uses deformation measurements on speci-
men level for the derivation of equivalent simu-
lation parameters, which can be used on part and
component level. The main advantage of that ap-
proach is the use of conventional shell elements,
which simplifies modeling massively. Finally, the
developed approach is applied and experimen-
tally validated to a simple sample-case.

2 Experimental Investigations

Within this section the effect of part-radius and
layup on the spring-in behavior for a 90° L-
profile is investigated. Therefore, 64 specimens
have been manufactured on an aluminum male-
tooling, which provides four different male-radii
(R=4, 6,8, 12 mm). Four different configu-
rations, each characterized by a different layup,
have been fabricated within four autoclave runs.
Table 1 shows the different configurations. It
should be noted that the 0°-direction is oriented
in circumferential direction of the specimens as
shown in Figure 3.

Name Layup Thickness [mm]
Cl1 [0]s 1.50
C2 [0,90], 0.75
C3  [45,—45,90,0] 1.50
C4 [45,—45]; 0.75

Table 1 Layup of investigated specimen configu-
rations

The laminates investigated in  this
study are composed of UD plies of
Hexply®8552/35%/194/AS4 prepreg material
with a nominal cured ply thickness of 0.185 mm.
All specimens have been fabricated using the
same bagging setup, depicted in Figure 4, follow-
ing the manufacturer’s recommended cure cycle
(MRCC) [7]. Prior to each manufacturing run
two coats of Chem-Trend Chemlease® liquid
release agent have been applied on the tool in
order to assure constant tool-surface properties.
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Spring-in deformations of the specimens are

prepreg

vacuum bag peel-ply

sealant liq. release agent tool
Fig. 4 Bagging setup used for all specimens

measured using a high resolution 3D full field
GOM Atos measurement system.  Therein,
best-fit planes are assigned based on manually
selected areas at the flanges of the obtained
point cloud. Evaluation of the angle between

Fig. 5 Point-cloud based measurement technique

both plane normals allow the derivation of the
part’s spring-in angle as depicted in Figure 5.
In contrast to Albert and Fernlund [1] no flange
warpage was measurable for the manufactured
specimens in this study. Multiple measurements
of one test specimen reveal a standard deviation
of the measured spring-in angle of s,,,; < 0.01°
which is sufficiently accurate.

2.1 Spring-In Deformations of Various
Layups

The measured spring-in angles of the four differ-
ent configurations, given in Table 1, are shown
in Figure 6. Measured values reveal clear dif-
ferences between the single layups, whereas ob-
tained angles within one configuration are widely
comparable. As R12 specimens of the C4 config-
uration show conspicuous divergence from other
specimens of that configuration those results are
excluded from the following evaluation.
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Fig. 6 Measured spring-in angles of all configu-
rations

Regarding all other specimens although their
laminate differs significantly, gives an average
spring-in angle AQ of 1.78° with a standard devi-
ation of Spg of 0.27°. Configuration C3 with it’s
quasi-isotropic layup show an average AQc3 of
1.56° and a standard deviation of 0.16°. No con-
sistent dependency of the spring-in angle from
the tool-radius is obtained for all configurations.
Only a slight increase for 12 mm radius for con-
figurations C2 and C3 is conspicuous. However,
similar tendencies for increasing tool radii have
been reported earlier by Hamamoto [8]. A gra-
dient in V¢ in circumferential direction due to
corner thinning would be a possible explanation.
But, however, V; measurements on selected spec-
imens along the circumferential direction reveal
no gradient in the curved area of the L-profiles.

Regarding configuration C4, which corre-
sponds to a [45, —45], layup, the massive increase
for the R12 specimens is conspicuous. Indi-
cated by the comparably large standard deviation
within the group of four specimens and supported
by the finding of Fernlund et al. [9], it is assumed
that the missing plies in circumferential direction
lead to a sensitive part behavior.

Nevertheless, experimental findings pre-
sented in the preceding support the aforemen-
tioned statement, that expectable spring-in de-
formations are within a small range. For
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the experiments presented above that range is
1.4° < Ap < 2.2°.

2.2 Experimental Quantification of Spring-
In Fractions

It is widely accepted that the spring-in angle is
composed of one fraction induced by thermal
anisotropy of the composite laminate and one
fraction induced by the resin’s chemical shrink-
age during the curing process (e.g. [1]).

However, opinions about the size of each
fraction strongly diverge. Knowing that, chem-
ical fractions have residual character and thermal
fraction are elastic, reheating a specimen enables
the determination of the thermal spring-in frac-
tion.

Ap = Ao, + A9, (1)

Therefore, one specimen of each configura-
tion (Radius R6) has been heated with control-
lable hot-plate, while multiple measurements of
the changing deformation state are performed us-
ing the technique described above. Therein the

3D measurement system

As-built geometry

Current geometry f(Tsp)

Difference angle f(Ts;)

Thermocouple (Tsp)

Hot-plate (Trp)

Fig. 7 Measurement setup capturing part defor-
mations due to heating

temperature range of the experiments has been
24°C < T < 130°C. In order to compensate ra-
diation and convection effects (75, < Tg,), part
temperature is controlled using a thermocouple
applied to the inner L-profile surface. Figure 7
shows the experimental setup schematically.

As the thermo-elastic spring-in fraction @y,
changes during the heating of the L-profile, the
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evaluation of multiple optical measurements al-
lows an interpolation of the spring-in angle A@
as a function of temperature. Figure 8 shows a
similar experiment during the measurement. The

Fig. 8 Specimens applied on the hot-plate during
a measurement

evaluation of the different measurements can be
interpolated linearly. From further experiments
it is known that an extrapolation up to 180°C is
allowed.

Assuming that the composite is fully cured at
the end of the 180°C hold the difference between
AQsp20°c — AQp.180°c gives the thermo-elastic
fraction of the spring-in angle A@;. Division by

Configuration C1
Configuration C2
Configuration C3
Configuration C4
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20 40 60 80 100 120 140 160 180 200
Temperature [°C]

Fig. 9 Linear interpolation of the Spring-in angle
A@ as a function of temperature for each config-
uration (Radius R6)

the total spring-in angle A@ gives the percentage
of the thermal spring-in fraction. Figure 9 shows
the experimental findings for all investigated con-
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figurations, whereas Table 2 lists thermal frac-
tions as well as percentages.

Name AQ, [°]  AQu/AQ [%]

Cl1 0.56 36.6
Cc2 0.75 46.4
C3 0.99 68.4
C4 1.06 52.3

Table 2 Experimentally obtained thermal fraction
of the spring-in angle Ay,

The thermal fraction of 68.5 % for the config-
uration C3 is remarkably high. As it has not been
remeasured it should be treated with caution.

3 Analytical Validation

In order to substantiate the preceding experimen-
tal findings an analytical study has been per-
formed, wherein equation 2 is used, which has
been proposed by Radford [10].

€r —€r
AO = .
¢ I +eg

2)

Therewith, the angle change A¢@ of a con-
stantly curved section is derived with use of the
anisotropic strain components in thickness (ra-
dial) direction €g and circumferential (tangential)
direction €7 and the initial section angle Q.

As the laminate properties depend signifi-
cantly on the layup and the V/, those parameters
are in the focus of the conducted study. While
the thermal expansion parameters of the compos-
ite can be easily derived using classical laminate
thoery (CLT) the corresponding resin shrinkage
induced strain components need further attention.
Therefore, the shrinkage of the isotropic resin
needs to be transfered to corresponding laminate
shrinkage properties.

Regarding a cuboid with the edge-lengths
a,b,c the volumetric shrinkage AV can be derived
based on strain components in edge directions as
shown in equation 3.

AV =¢€,6p€. +€,€p +€4€ +Ep€- + €+ €+ €

3)



For a UD ply, it is assumed that the resin’s vol-
umetric chemical shrinkage results in a homo-
geneously shrinkage in transverse direction g, =
€. = €" and no shrinkage in fiber direction ¢, = 0.

That assumption is based on the fact that resin
shrinkage mainly generates shortly after passing
the gelation-point where the resin stiffness is sig-
nificantly lower than the fiber stiffness. There-
fore, the high fiber stiffness prohibits shrinkage
induced strain in fiber direction. As only the resin
fraction of the cuboid volume shrinks the term
(1 —Vy) needs to be introduced into equation 4
in order to derive equivalent strains for a com-
posite material. Consequently, equation 3 can be
simplified and rearranged to:

e=—1+\/1+(1-V)av @

Thus, strains due to thermal expansion and due
to chemical shrinkage in local UD ply coordi-
nates are denoted as g,, = (at1,0,0)7 - AT and
g, = (0,€*,0)7 respectively. Based on the pre-
ceding, homogenized parameters are derived ac-
cording to equation 5, whereas € denote strain in
laminate coordinate system.

{ &h,1am }:A—l_iQ- 'fk'{ & } )
gch,lam = k=1 =k En
While tangential strain components used within
equation 2 can be derived based on CLT, it is
assumed, that the strain components in thick-
ness direction €g are equal to the UD ply prop-
erties in transverse direction, as both are resin-
dominated. Figure 10 illustrates the origins of
the utilized parameters. The resin’s volumetric
shrinkage and the fiber volume fraction is as-
sumed to AV = —3.75 % and Vy = 50 % within
the following comparison of analytical and ex-
perimental findings. Table 3 lists the fiber and
resin material parameters used within this study.

Rules of mixture are taken from [17, 18, 19].

Applying the analytical model to the C2 lam-
inate reveal good agreement with the experimen-
tal findings presented above. The analytically de-
rived thermal fraction of the spring-in angle Ay,
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Fig. 10 Origins of the strain components used
with the Radford model

Parameter Value Unit

Efl 231.0 GPa
Ef2 21.0 GPa
Vizs 0.25 -
G12f 28.0 GPa
Oy —0.63 ppm/K
O 7.2 ppm/K
Egr 4670 MPa
VR 0.25 -
OlR 65 ppm/K

Table 3 Fiber and resin properties used within the
study (taken from [14, 15, 16])

is obtained to 44.4 %, and the total spring in angle
A@ is obtained to 1.42°. Comparing those results
with the experimental findings given in Table 2
reveal deviations of 2 % in the thermal fraction
and 13 % in the total spring-in angle.

The spring-in angle and it’s fractions as a
function of V; is shown in Figure 11.

Considering the uncertainties of the used ma-
terial parameters and the experimental setup the
accordance between analytical prediction and ex-
perimental findings is satisfying. Nevertheless,
further experimental tests are desirable to im-
prove the developed model.

4 Numerical Model

The preceding experimental and analytical inves-
tigations clearly show that CFRP laminates, com-
posed of differently aligned UD lamina, tend to
deform during manufacturing due to the mate-
rial’s anisotropy.

Following the assumption that a certain
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Fig. 11 Spring-in angle calculation as a function
of V for a [0,90], cross-ply laminate

manufacturing configuration results in a certain
spring-in deformation, as schematically depicted
in Figure 2, measured deformations on test spec-
imen level allow the derivation of corresponding
parameters for FE simulation on part-level.

Therefore, a new semi-analytical simulation
strategy has been developed, which uses a shell
modeling approach, in order to overcome the
drawbacks of fine solid element modeling of cur-
rent numerical approaches.

It should be noted that the approach focuses
solely on part deformations as this parameter is
essential for the derivation of tool-compensation
countermeasures. Within the simulation strat-
egy, measured deformations on L-profile level
are transfered to an equivalent mechanical load.
The model follows the basic considerations of
a bi-metal, as ply-wise inhomogeneous in-plane
strains lead to a resulting bending moment M* as
given by equation 6.

Yo,

Focusing on manufacturing deformations and
therefore disregarding other mechanical loads al-
lows the derivation of curvature change d¢/ds
due to the bending moment M* for a simply
curved geometry as shown in equation 7. It

i—h)  (©

l\)l'—k
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should be noted that this simplification is for sake
of clarity only and it is not a general limitation of
the derived model.

(09/05,0,0)" =D~" - M* (7)

The integration along the arc length gives the an-

ho hy

=

Fig. 12 Tllustration of the modeling parameter
which is part equation 8

gle change A@ , given by equation 8, as a func-
tion of the nominal section angle @, the nominal
radius in direction of curvature Ry ¢ and a model-
ing parameter, which is illustrated in Figure 12.

6AT 0l (hf — h7_,)
. A

A9 =6 Rog 8)
For the sake of convenient modeling, modifica-
tion strains €* are considered as thermal strains
within the FE tool, whereas €* = @*AT is intro-
duced. Rearranging of equation 8 gives the ex-
pansion parameter in direction of curvature O
as a function of nominal geometric parameters of
the measured specimen, measured spring-in de-
formations of the specimen and a modeling term.
This term is related to the thickness of the manip-
ulated area within the FE calculation.

Ap 1 n
 RoghT 6(i—1 )

(X(p:

9)

It should be noted that the parameter derivation
is directly linked to the underlying simulation
model and cannot be regarded separately.

Model Application

In order to substantiate the suitability of the de-
veloped model for tool compensation issues, the



model has been experimentally validated for a
simple C-profile. Therefore, two different tools
have been fabricated, whereas one with nomi-
nal geometry and one with compensated geom-
etry. As a kind of worst-case scenario, the layup
[45,—45]45 is used for the experimental study, as
it shows the largest spring-in angle on specimen-
level of Ap = 2.22°. According to equation 9, the

corner layup

modified with o,

Fig. 13 FE mesh of the nominal geometry with
modified corner layup

modification parameter Oy in direction of curva-
ture is derived to oy = 50.704 ppm/K, when a
temperature load of AT = —160K , similar to a
cool down of a 180°C resin system to room tem-
perature, is assumed. The simulational model is
based on the nominal tool surface with the geo-
metrical parameters @ = 90° and the section ra-
dius Ro e = 6 mm, which is transfered from the
CAD tool to the FE tool.

magnified 5z
return of the
deformed mesh
2.93° to CAD environment

Fig. 14 Spring-in compensated part shape (mag-
nified 5x) and nominal geometry (transparent)

As shown in Figure 13, the half of the corner
layup is modified. Therefore, o is assigned in
direction of curvature by use of orthotropic ex-
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pansion properties. The application of the ther-
mal load leads to a deformation of the curved
area. In context of a compensation task the sign
of the thermal load is changed. Thus, a spring-in
compensation is achieved, which is shown in Fig-
ure 14. Using the derived node translations of the
FE model within the CAD environment allows
an update of the nominal tool surface. The com-
pensation procedure outlined in the preceding has
been used to design the compensated tooling ge-
ometry depicted in Figure 15. Geometrical mea-

Fig. 15 Nominal and compensated tooling with
fabricated C-profile

surement of the fabricated specimens reveal a
complete reduction of the spring-in angle.

S Summary

An excerpt of a comprehensive experimental
study performed by the DLR is presented, ac-
counting for the effects of varying layups and part
radii on spring-in deformations. Therefore, a set
of 64 L-profile test specimens with four differ-
ent layups has been autoclave-fabricated out of
8552/AS4 prepreg material, whereas the 180°C
MRCC is used. A 3D full-field measurement
technique is used to measure spring-in defor-
mations of the specimens. Experimental results
reveal that the spring-in angle is widely inde-
pendent from part radius but varies for different
layups. However, the range of obtained spring-in
angles is very limited 1.4° < A@ < 2.2°, which
is in accordance with the literature. In order
to quantify the thermal fraction @,; of the to-
tal spring-in, one specimen of each layup has
been reheated using a controllable hot plate. The
aforementioned measurement technique has been
used to measure the changing spring-in angle
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for different specimen temperatures. A linear
thermo-elastic relation of the spring-in angle is
obtained, whereas slopes are different for each
layup. The thermal fraction of the spring-in
varies between 36.6 % and 68 %, dependent on
the layup. An analytical model proposed by Rad-
ford has been used to verify the experimental
findings for a cross-ply laminate. Good agree-
ment is found for an assumed total resin cure
shrinkage of -3.75 %. Finally a new simula-
tion strategy focusing solely on part deformation
is presented, which should support tool design-
ers in their daily work. The main innovation of
the new strategy is that cost intensive parame-
ter derivation, as they are necessary for current
numerical approaches, is substituted by an ana-
lytical parameter calculation based on fabricated
simple L-profile test specimens. Furthermore, it
utilizes simple shell element modeling within the
FE environment, which is a significant advantage
in contrast to existing approaches. The devel-
oped approach has been applied and experimen-
tally validated to a simple test-case. Therein, the
spring-in angle could be successfully compen-
sated.

6 Outlook

Within future work, the potential of the new sim-
ulation strategy will be experimentally and nu-
merically validated for doubly-curved and more-
integral structures. Further experimental stud-
ies with non-prepreg technologies will be per-
formed, in order to widen the area of applicabil-
ity and to account for the particularities of dif-
ferent manufacturing procedures such as RFI or
RTM e.g.. Furthermore, a promising measure-
ment technique will be investigated striving for a
more simplified and thus cheaper way of the pa-
rameter determination. In addition, the presented
approach will be supplemented by a second cal-
culation step, in order to allow a quantification of
induced stresses due to assembly G ;..
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