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ABSTRACT

Shape distortions, which are also known as spring in, are a major source of problems for composite
manufacturers. These shape distortions are usually accompanied by built up residual stresses. They can deform a
component so that it becomes useless. It also has the capability to reduce the strength of the structure. In this paper, a
three-dimensional version of the plane-strain constitute model originally proposed by Svanberg and Homberg is employed
to predict the shape distortions of various L-shaped composite structures. The model takes into account important
mechanisms such as thermal expansion, resin shrinkage and frozen-in strains developed during curing cycles. The model
was implemented into ABAQUS Finite Element code as a user subroutine UMAT. The macromechanical properties of
each composite layer were predicted using a micromechanics based approach, implemented into MATLAB. A very good
agreement between predictions obtained using the proposed 3D model, experimental and numerical results available in
the open literature was found. Additionally, a parametric study was also performed on L shaped angled composite
structures with different variations in order to evaluate their effects of the residual stresses developed during the curing
process on the final geometry of the component. The simple regression model developed from the study enabled the
predictions of spring in while taking into account various contributions of fiber volume, initial angle and inner radius of
the composite part. The model is fairly accurate and can predict comfortably the spring in of various L shaped structures.

Keywords: Residual stresses, Shape distortions, Spring-in, Composite

1 INTRODUCTION

Distortions and residual stresses are inherently present in composite structures. Distortions are
undesirable effects of the fabrication processes since they deviate the structure from nominal
geometry; which can in turn compromise aerodynamic performance or make difficult the assemblage
of structural components. In the same vein, residual stresses are the driving mechanisms for induced
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distortions. These stresses have the potential to significantly and adversely reduce the strength of
composite structures [1]. In view of the above, a lot of research effort has been geared towards the
understanding and the prediction of shape distortions and residual stresses due to fabrication
processes.

For thermoset composites, research has shown that there are several contributory factors that
dictate the level of shape distortion and residual stresses. These factors can be divided into intrinsic
and extrinsic factors. Intrinsic factors include, anisotropic thermal contraction and expansion, resin
shrinkage, matrix type which affect resin shrinkage, fiber type and fiber volume fraction. Extrinsic
factors include cure schedule, shape and size of the structure, type of mold and tool part interaction
among others [2]. All these factors have various contributions to shape distortions and residual
stresses in the structure. Anisotropic thermal contraction and expansion effects have been relatively
well understood, deformation occurs from difference in temperature between the highest curing
temperature and room temperature. This deformation is reversible if the structure is reheated. For
resin shrinkage in thermoset composites, crosslinking of the polymer leads to shrinkage. This
shrinkage produces irreversible deformation because it occurs due to the curing chemical reaction
taking place. Once a resin is fully cured, resin shrinkage cannot occur any longer. Frozen-in strains
are deformations that are locked into the specimen when the specimen transforms from a rubbery
phase to a glassy state during in-mold cure phase of the structure.

Manufacturing deformations are particularly pronounced in structures with corner sections.
Corner sections usually come out with a smaller angle than the corresponding angle of the mold and
this phenomenon is called spring-in. In this paper, a three-dimensional version of the constitutive
model originally proposed by Svanberg and Homberg is employed to predict the shape distortions of
various L-shaped composite structures at various initial angles, fiber volume fraction, lay-up and
inner radius of the part. The model captures important mechanisms such as thermal expansion, resin
shrinkage and frozen-in strains developed during curing cycles. A three dimensional approach was
chosen because it gives the freedom to model structures with varying thicknesses and profile while
still retaining the necessary accuracy desired. Furthermore, it also gives the freedom to capture the
interaction and contributions of the individual plies to the overall result if required. The study aims
at showing the contribution of various initial angles, thicknesses, fiber volume, lay-up and inner
radius to the overall spring in effect.

2 BACKGROUND

In the literature, there are many models simulating shape distortions of different composite
systems. Spring-in; will be used interchangeably with shape distortions in this paper; is the increase
of the external angle in a corner of a composite component after curing as shown in Figure 1 below.
Radford and Rennick showed in [3] that the spring-in angle, A8 for corner sections can be predicted
from geometry and expansion strains by using equation (1) below.

& — &3
1+€3
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where g1 and &3 are the free expansion in the in-plane and through-thickness directions respectively.
A® is the spring-in angle and 8 is the angle surrounded by the bend. In this way, the strains due to
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thermal expansion and cure shrinkage can be accounted for. Equation (1) can be modified to capture
the contributions of thermal expansion and cure shrinkage as described in equation (2) below

46 = (6 — 180)
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Where AT is the change in temperature, oz and oz are the coefficient of thermal expansion in the in-
plane and transverse directions respectively. Also, B1 and B3 are the coefficient of chemical shrinkage
in the in-plane and transverse directions respectively. This equation can be used to predict spring-in
of angled shaped components, it does not capture the effect of other contributors such as frozen in
strains to the spring in phenomenon.

A8
\f*’

Y

.
. "‘ .

l J \a;

Figure 1: Angle section showing spring-in [4]

Huang et al in [5] investigated experimentally the spring in in advanced composite tools (ACT)
with varying angles and radii. It was concluded that the spring-in angle decreases as the mold angle
increases, but it is independent of the mold radius. Wiersma et al in [6] investigated the contributions
of various factors to the spring in effect. It was concluded that the spring in cannot be predicted
completely from the mismatch in thermal shrinkage due to cooling from the stress free temperature
to the ambient temperature; the prediction is about 67% of the actual value for all lay-ups.

Dong et al in [7] used a FEA-based dimension variation model to predict deformations of
typical composite structures. Thereafter, a regression-based dimension variation model were
developed to provide a quick reference guide for prediction of several shapes. However, the
regression model shown in equation (3) did not consider the contribution of the initial radius of the
structure; which according to Huang [5]; contributes significantly to the spring-in effect. The model
did not capture some other structural shapes like Z shape and top hat shaped structure. Dong in Ref
[8] investigated the use of effective coefficients of thermal expansion in 3D modelling for spring in
prediction. He observed that layer-wise modelling for spring in can be laborious and computationally
expensive. Using the effective CTE (Coefficient of Thermal Expansion) in 3-D finite element
analysis, the results showed good agreement with the layer-wise approach. This approach reduced
significantly the number of elements and the computation time.



VI International Symposium on Solid Mechanics - MecSol 2017
April 26 - 28, 2017 - Joinville - Brazil

180 — 6 3
A6 = C,(—0.826 + 0.951Vf)% @)

Fernlund et al in [9] used a 6-step method that uses a two-dimensional (2D) special purpose
finite element (FE) based process simulation code and a standard 3D structural FE code. The approach
avoids the need to develop a full 3D process model, significantly reducing the computational effort
yet retaining much of the detail required for accurate analysis.

Svanberg in [4] presented experimental data for spring-in of glass fiber epoxy composites. The
experiments were performed with angle brackets manufactured by RTM, in a steel mold with accurate
temperature control. Different in-mold temperature were used to point out and separate different
mechanisms responsible for spring-in. The investigation revealed that three mechanisms were
majorly responsible for the spring-in phenomenon observed. The investigation also revealed that the
cure schedule affects spring-in. The three mechanisms responsible for the shape distortions are:
thermal expansion (different in glassy and rubbery state), chemical shrinkage and frozen-in
deformations. A simple spring-in model that accounts for these mechanisms was used to illustrate
and separate the contribution from each mechanism at different cure schedules, showing that they are
all significant. The work concludes that constitutive models for the curing matrix and models for
residual stress development and shape distortions must be able to treat both thermal effects, including
glass-rubber transitions, and chemical shrinkage as well as frozen-in deformations caused by
constraints experienced by the structure while undergoing in-mold cure.

Svanberg and Holmberg in [10] presented a simple mechanical constitutive model that
accounted for thermal expansion, chemical shrinkage and finally frozen-in deformations. The model
is a limiting case of linear visco-elasticity that removes the need for rate dependence and replaces it
with path dependence on the state variables: strain, degree of cure and temperature. The model, which
was derived in incremental form, is applicable for a homogenized curing composite. The accuracy of
the model showed that it could be used to study various angled structures and could be used to predict
trends more accurately than the Radford and Rennick equation. Svanberg and Holmberg constructed
a constitutive model including different glassy and rubbery material properties and chemical
shrinkage. Svanberg et al in [11] validate the simplified material model developed in the companion
paper in [10] for a material and cure schedule typical for RTM and autoclave processes. Comparisons
between predicted and experimental shape distortion showed that the model and simulation approach
used captured both effects from different cure schedules as well as the mechanical interaction between
composite and tooling during in-mold cure. The results show that changing the mechanical boundary
conditions significantly affects the shape distortion prediction. Therefore accurate modelling of the
composite tooling interaction is an important part of a shape distortion analysis.

In this study, various structural sections are examined in ABAQUS using a three-dimensional
version of the plane-strain constitutive model originally proposed by Svanberg and Homberg in [10].
The model is employed to predict the shape distortions of various L-shaped composite structures.
The model was implemented into ABAQUS Finite Element code as a user subroutine UMAT. The
macro-mechanical properties of each composite layer were predicted using a micromechanics based
approach, implemented into MATLAB. Additionally, a parametric study; using regression-based
dimension variation model; was performed on angled composite structures with different geometries.
This was done to provide a quick reference guide for prediction of several shapes. The factors
considered include thickness of the structure, initial angle of the structure, lay up considerations, fiber
volume fraction and radius of structure.
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3 COMPUTATIONAL STUDY/EXPERIMENTAL STUDY

For the cure simulation to capture residual stress development and shape distortion, using the
process model and simulation tool described in Ref [10] a number of material properties are needed.
The determination of those properties is discussed below. In this study, x direction is taken along the
length of the part.

3.1 Material Properties and Cure Kinetics
3.1.1  Material Properties

The materials used for the simulation was the same used by Svanberg in [4] [10] [11]. The
matrix used was Araldite LY5052/Hardener HY5052 because of its suitability for Resin Transfer
Molding while the Fiber used for the simulation was Hexcel 7781-127. The properties for the Araldite
LY5052/Hardener HY5052 were obtained from [11] [12] and are shown in Table 1 while the
properties of Hexcel 7781-127 were obtained from [11] [13] are shown in Table 2. These properties
were used to calculate the lamina and laminate properties for various laminate thicknesses and lay up
configurations. The lamina and laminate properties were calculated using Halpin Tsai Model [14]
and 3D laminate theory [15]. The lamina properties are shown in Table 3 while the properties of the
laminate are shown in Table 4. For the lamina properties, the fiber volume of 49 percent was used
for the calculation. For the laminate properties, a cross ply layup of ((0/90)s)1s was used with a
thickness of 4mm,

Table 1: Mechanical Properties of Araldite LY5052/Hardener HY5052

Property Symbol Value Unit
Rubbery | Glassy

Young’s Modulus Em 2.8 2.6 GPa
Poisson Ratio )\ 0.5 0.38 -
Coeff. Of Thermal Exp o 178 71 10e-6/deg Cel
Shear Modulus Gm 9.4 0.94 GPa
Bulk Modulus Km 1.4 3.6 GPa
Chemical Shrinkage B -2.33 -2.33 %

3.1.2  Cure Kinetics

Properties of the cure kinetics were also required for the simulation. For the cure kinetics and
schedule, the manufacturer’s recommendation was followed. The matrix manufacturer recommends
a cure schedule of 24 hours at 23°C deg C and 4 hours at 100°C. However, as the simulation is path
based and not rate based, the time of the cure schedule would not be considered.
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Also, the degree of cure at gelation was fixed at 35 percent based on data presented by the
manufacturer in [12]. For the glass transition temperature T, the DiBenedetto equation shown in
equation (4) as given by [16] is used. Where Tg and T, are the glass transition temperature of the
uncured (X=0) and the fully cured (X=1) respectively. For lambda (1), the value of 0.44 was used and
Xis the current degree of cure.

Table 2: Mechanical Properties of Hexcel 7781-127

Property Symbol | Value Unit
Youngs Modulus Enm 76 GPa
Poisson Ratio v 0.22 -
Coeff. Of Thermal Exp ol 4.9 10e-6/deg Cel
Shear Modulus Gm 31.15 GPa
Bulk Modulus K 45.24 GPa
Chemical Shrinkage B 0 %

Table 3: Mechanical Properties of Hexcel 7781/ Araldite LY5052/Hardener HY5052

(Vs=49 %)
Value

Description Symbol Glassy Rubbery Units
In-plane Youngs Modulus Ei 38.59 37.26 GPa
Transverse Youngs Modulus E: 7.05 0.108 GPa
In-plane Poisson Ratio Vi 0.293 0.361 -
Transverse Poisson Ratio Vi 0.521 0.98 -
In-plane Shear Modulus Gi 2.55 2.75 GPa
Transverse Shear Modulus Gt 2.31 2.74 GPa
In-plane Coeff. Of Thermal Exp o 7.17 4.97 10e-6/deg Cel
Transverse Coeff. Of Thermal Exp o 50.7 136.6 10e-6/deg Cel
In-plane Coeff. Of Chem Shrinkage Bi -8.02E-04 -9.00E-06 %
Transverse Coeff. Of Chem Shrinkage Bt -0.0162 -0.0178 %

Ty =Ty _ X @
Ty, — T,y 1—(1—DX

3.2 Simulation

The simulation was performed using the above mentioned properties and modifying them as
required for any structure under investigation. In the simulation, a solid and homogeneous part is
created for the whole laminate as recommended by Dong in [8].
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3.2.1  Simulation Theory

The model as described by Svanberg in [10] is as follows. The additive decomposition of strain
Is assumed such that the total strain can be written as

£= g, + &+ &, ®)

where ge is the elastic strain, &tis the thermal strain and &c is chemical shrinkage strains. stand
gcare given by

Table 4: Mechanical Properties of laminate (0/90)16

Value
Description Symbol Glassy Rubbery Units

In-plane Youngs Modulus En 22.9 18.69 GPa
In-plane Youngs Modulus Ex 22.9 18.69 GPa
Out-of-plane Youngs Modulus Ess 8.48 2.31 GPa
Major Poisson Ratio V12 0.09 0.0021 -
Out-of-plane Poisson Ratio Vi3 0.45 0.85 -
Out-of-plane Poisson Ratio V23 0.45 0.85 -
In-plane Shear Modulus G 2.55 2.75E-02 GPa
Out-of-plane Shear Modulus Gis 2.43 2.74E-02 GPa
Out-of-plane Shear Modulus Go3 2.43 2.74E-02 GPa
In-plane Coeff. Of Thermal Exp 011 15.15 5.49 10e-6/deg Cel
In-plane Coeff. Of Thermal Exp 022 15.15 5.49 10e-6/deg Cel
Transverse Coeff. Of Thermal Exp 033 6.65 264.8 10e-6/deg Cel
In-plane Coeff. Of Chem Shrinkage B11 -3.60E-03 -7.91E-05 %
In-plane Coeff. Of Chem Shrinkage B2z -3.60E-03 -7.91E-05 %
Transverse Coeff. Of Chem Shrinkage Ba3 -0.0217 -0.0351 %

& =(T- Tya (6)

&= (X— Xo)B (7)

where To and Xo are reference temperature and degree of cure. The coefficients of thermal
expansion (a) and chemical shrinkage () depend on the temperature (T) and degree of cure (X) as

a, X< X T2 T,X)
a= {0, X ZXgel, T > Tg(X) (8)

a;, T < Ty(X)

g9
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B, X< Xgao T=TyuX)
ﬁ = ﬁr' X =2 Xgelr T = Tg(X) (9)
By, T< Ty,(X)

where the subscripts 'l', 'r* and 'g' refer respectively to liquid, rubbery and glassy states. Tgis the
glass transition temperature and Xgel denotes degree of cure at gelation. The glass transition
temperature relates Tgto X by the DiBenedetto equation stated in equation (4) above. Equation (5)
can be rewritten as

£, = E— & — &, (10)

Equation (10) can be interpreted, as a way of determining the elastic strains, i.e., if the total
strain is subtracted from the thermal and chemical strains, the remaining part is the purely elastic
strain. Since the model is incremental in nature, then the incremental stresses can be written as

CA(e— & — &,.)—s, T=>T,(X
o = T ( t c) .9( ) (11)
Cgd(e— & — &), T < Ty(X)

Where Cris the rubbery modulus tensor and Cgis the glassy modulus tensor. In the most general
situation Ac contains six stress components: Aoxx, Acyy, Aczz, Atyz, Atxz and Atxy. Similar observation
holds for Ae, Astand Aec, each one also containing six strain components. The incremental thermal
and chemical strain computed in equations (6) and (7) are

Aget = aAT
Agc = ﬁAX. (12)
The state variables s are
A ) T = Ty(X) 13
SEHAD =1 s0)+ (€, - €) ACe— & — &), T < T,(X) (13)

The state variables correspond to stresses that keep track of the loading (thermal, mechanical
or chemical) history. In the rubbery state the state variables become zero, meaning that the stress
history has been erased. In the glassy state, the s variable represent frozen-in stresses.

3.2.2  Simulation steps

The mechanical constitutive model has been implemented in ABAQUS as a user subroutine,
UMAT [17] by using an 8-node linear brick, reduced integration, hourglass control element (C3D8R).
Using this subroutine, the simulation was done is 4 steps. The angle bracket was modelled with an
element to represent one millimeter in the through thickness direction. Two different mechanical

8
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boundary conditions have been used in the model. In the first case which is restricted to step 1, the
whole part was fully constrained to simulate the in-mold cure phase of curing and to obtain a crude
approximation of the constraint from the mould. In the remaining steps, a boundary condition to
prevent rigid body motion was employed. This process simulated the demoulding process from the
mould.

The Manufacturers recommended cure cycle (MRCC) was followed. The MRCC recommends
that the part be cured at room temperature for 24 hours and then followed by post-curing for 4 hours
at 100 degrees [12]. From the MRCC, it was stated that gel time occurs between 5 - 8 hours at room
temperature. Using this information, it was assumed that gel time occurs at approximately 34 percent
degree of cure. Furthermore, from the manufacturer’s recommendation, the Tg attained after 1 day
of room temperature cure was 55° which corresponds to 72 percent degree of cure using equation (4)
above. This information was used in the simulation.

Step 1 was the in-mold cure, in this step, the maximum temperature which the part experienced
was 23° (room temperature) as recommended by the manufacturer. The Tg attained after cure at room
temperature is 55° [12]. Additionally in this step, the part undergoes 3 changes. Starting out as a
liquid, with no modulus, thermal or chemical shrinkage components. Upon gelation; of which 34%
degree of cure was used; it converts to rubbery state. In the rubbery state, the residual stresses
gradually build up. However, as the part is fully constrained, no displacement is observed. Afterwards,
the part converts into glassy state when the Tg of the part exceeds the cure temperature of 23 degrees.
This occurs at around 56 percent degree of cure.

In Step 2, the part was demolded. In Step 3, the part was reheated up to 100 degrees and the
matrix cure was completed before the part was cooled. It simulated a free standing position for a part
that was demolded and then post cured. In Step 4, the part was finally released and the final spring—
in was calculated based on nodal displacements. All the individual processes employed in the
simulation are shown in Figure 2a below while all the ABAQUS steps are shown in Figure 2b below.
The boundary conditions at each step was also clearly highlighted in the flowchart. Figure 3 shows
the boundary conditions and the regions to which they were applied during the simulation. The
combination of Figure 3(a) and Figure 3(b) alongside the symmetry boundary condition in Figure 3c
accounts for the Rigid body motion constraints. Figure 3(c) shows the fully constrained boundary
condition. Figure 4(a) shows the mesh used for the analysis. The density of the mesh was to ensure
that the each element represents a layer of the woven fiber been simulated.

3.2.3  Simulation Results

Figure 4(b) shows the part before the simulation and after the simulation. The angular
deformation was measured all through the simulation. Figure 5 below shows the deformation of the
part throughout the simulation steps. Point A corresponds to the in mold cure step (Step 1). During
the step, no displacement was witnessed due the in mold total boundary condition. However, residual
stress build up was observed. At Point B, the fully constrained boundary condition gives way to only
rigid body motion constraint. The residual stress in the part is then converted into strains. This results
in the spring-in been observed at point B. Point C—D-E corresponds with the post cure process of the
part. At this point, the temperature is higher than the Tg. Hence, the part is transformed from a glassy
state into a rubbery state. In the rubbery state, the modulus is quite low. Therefore higher strains are
witnessed in the part. Point E corresponds to the completing of the curing process. This is indicated
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by the change in spring-in not resulting from the temperature application. This process occurs in step
3. At the end of the step, the part returns to room temperature at point F. The difference between point
B and Point F is the frozen-in strains which occurred in the part. The spring-in given by point F is
used for the parametric studies. Figure 6 shows the stress and displacement plots of the part before
and after manufacture.

Input Properties at Ply
level and Stacking
Sequence
‘ Step 1. Mould Cure Step
BC — Fully constrained in all directions
Stress build up
No deformation recorded
Micromechanical
Model
‘ Step 2. Demoulding Step 1
BC — Constraints to suppress Rigid Body Motion
Stress released
Deformation of the part recorded
Homogenized
Mechanical Material
Properties for 3D
Lam i nate . Step 3. Post-cure STEP ‘
BC — constraints to suppress rigid body motion

l Deformation occurs continuously throughout the step

Modelling using
ABAQUS /U MAT Step 4. Final Step

BC — constraints to suppress rigid body motion

l Final deformation occurs

Results and Analysis

(a) (b)

Figure 2: Simulation Flowcharts (a) shows the individual processes followed from the
material up to Results and Analysis. (b) Shows the steps followed within the ABAQUS
environment.

10
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A
(a) (b) ()

Figure 3: Boundary conditions for the part. (a) Shows point constrained in Ul and U3
directions (b) shows point constrained in U1 direction. (c) Shows the fully constrained boundary
condition and the symmetry boundary condition. The reference coordinate of Figure 4 below is
used

]

Figure 4: (a) Side view of Mesh and the reference coordinate system employed (b) The part
before and after deformation
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Figure 5: Angular displacement of Part during Curing Process
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Figure 6: Stress and Displacement fringe Plots. (a) shows the residual stresses present in the
part after cure (b) show the deformation of the part away from the intended shape.

4 RESULTS AND DISCUSSION

The simulation was carried out on several structures. The parameters investigated are listed in the
Table 5 below. The results of the various simulations are presented below.

4.1 Results

In order to the see the contribution of each of the properties to spring in, all the other properties
are kept fixed while the one property is varied. This result is plotted to show the trends produced by
the variation of the property. The following subsections shows the effects of different property

12
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Table 5: Parameters investigated in the Study

Initial Angle | Part Inner radius | Layups Part thickness | Vf of Part
60 | 8mm [45/-45]sn | 3mm 45%

90 | 10mm [0/90]sn 5mm 50%

120 | 12mm On 8mm 55%

4.1.1  Effect of inner radius

The influence of the inner radius on the structure was seen to be fairly linear and constant. It
shows that the inner radius has very little influence on the spring-in effect. This effect is in agreement
with the Huang in [5]. Equation (14) is the trend line equations for Figure 7.

40 = 1.628 — 0.02r (for Vf is 45 percent)
460 = 1.386 — 0.01r (for Vf is 50 percent) (14)
460 = 1.303 — 0.01r (for Vf is 55 percent)

Equation (14) shows that the constant term has a polynomial distribution while the slopes are
fairly equal to each other. Combining the equations to form one equation that captures the
contribution of the three equations gives

A8 = 10.961 — 0.3505V; + 0.0032V? — 0.0633r + 1le 3V;r (15)

4.1.2  Effect of initial angle

The effect of initial angle was also investigated. The results as shown in Figure 8 below shows
a downward trend as the initial angle increases. This showed that as the part tends towards been a flat
plate, the spring-in influence tends to go away. This trend is in agreement with the experimental
results presented by Huang et al in [5]. The trend line from the figure is shown as equation (16)

A0 = 2.3 —0.01190 ( for cross ply)

A6 = 2.84 —0.0150 ( for angle ply) (16)

13
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or the initial angle then becomes

14

(17)

The investigation into the influence of thickness on the spring-in effect showed that the increase
in thickness does not necessarily result to increase or decrease in the spring-in effect. The results for
the simulations show this effect even for different fiber volumes and lay-ups. This is contrary to the
postulation by Doug in [7]. The figure below shows a difference of about 2 percent between
succeeding thicknesses evaluated. This is opposed to a difference of about 20 percent as shown by
Doug in [7]. This means that the model does not capture the effects of thickness. This assertion
requires further investigations
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Figure 9: Effect of thickness on Spring-in
4.1.4  Effect of Fiber volume

The effect of fiber volume on spring-in was studied. The results are shown in Figure 10 below
are for various inner radius and initial angle. The figure shows that there is a downward linear trend
as the fiber volume increases. This is in agreement with Doug in [7]. A cursory look at the trend lines
of the simulation reveals the following:

A0 = 3.5052 — 0.0349V (for 8 mm radius at 60 deg initial angle)
A6 = 2.7348 — 0.0272V (for 8 mm radius at 90 deg initial angle) (18)
A0 = 1.8724 — 0.0187V; (for 8 mm radius at 120 deg initial angle)

. —&#— 60 deg (initial angle)
—— 90 deg (initial angle)
18} 120 deg (initial angle) | 1

Spring-in{deg)

08! s L " L . . L " L |
45 46 47 48 49 50 51 52 53 54 55
Fibre Volume (%)

Figure 10: Effect of Fiber Volume on Spring-in

The constants of the equations have a linear distribution which can also be predicted with a
trend line. Furthermore, the slopes of the equations equally have a linear disposition. Combining the
trend lines for the constants and the slope gives us
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46 = 5.1533 — 0.02726 — 0.0512V; + 3e~*0V; (19)

415  Effect of Lay up

The effect of layup was investigated. The simulations was carried out on 4 parts; 0°
unidirectional, 90° unidirectional, cross ply and angled plies. The results as shown in Figure 11 below
showed that having layup with layers oriented in only one direction has a significant effect on the
spring-in effect. The highest deformation occurred for unidirectional lay-up at 0deg while the second
highest was 90°. The cross ply and angled ply presented fairly equal results in spring in.

/
m

90 deg Crossply  Angle ply

= in {deg)

==
(=8
1]
L]

Figure 11: Effect of Layup on Spring-in

4.1.6  Overall Regression Model

Based on the models earlier described, the overall regression model can be written as equation
(20). Since the contribution of the initial angle has been captured in equation (19), the effect of initial
angle as described in equation (17) was no longer considered.

40 = C{8.05715 —1.36e7%6 — 0.20085Vf — 3.165e¢7%r + (1.6e‘3Vf

20
+0.5e3r + 1.5e7*0)V} } (20)

Where

O is the initial angle of the part.

R is the inner radius of the part.

C is 2.74 for 0° unidirectional laminate, 1.987 for a 90° unidirectional laminate and 1 for a cross
ply laminate.

Vs is the fibre volume of the part

4.2 DISCUSSION

The model was plotted against the original ABAQUS simulation values and shown in Figure
12. It shows that the model is fairly accurate at acute initial degrees up to 90 degree with an error
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percentage of less the 8 percent. However, as the initial angle of the part rises above 90 degrees, the
spring in values then over-predicted by up to 30 percent of the value. Table 6 shown in the appendix
is a legend showing the variables used for the simulation shown in Figure 12 below.

—&#— Regression Model
* —— Simulation
I\ L

18[ o\
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/ /
\ |,-" \X\ / %
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L . " L " " ]
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Figure 12: Comparison between fitted values and original values of Spring-in

5 CONCLUSION

In this paper, a regression-based dimension variation model was developed to accurately predict the
spring in in several L shaped parts. Firstly, a three-dimensional ABAQUS model based on Svanberg’s
model was used to simulate several cross-sections. The model takes into account important
mechanisms such as thermal expansion, resin shrinkage and frozen-in strains developed during curing
cycles. The model was implemented into ABAQUS Finite Element code as a user subroutine UMAT.
A very good agreement between predictions obtained using the proposed 3D model, experimental
and numerical results available in the open literature was found.

The regression model was developed by first carrying out simulation on various L-shaped parts
using a three-dimensional model of Svanberg’s theory. The data gathered from these simulations;
done by varying design parameters like Lay-up, initial angle, inner radius, fibre volume and thickness;
was then used to build the model. The model also incorporates a coefficient for unidirectional,
crossply and angle ply lay-up. The model was validated against the ABAQUS simulations. The
results show that the model is accurate for acute angle predictions while it over predicts; by up to 25
percent; angles larger than 90 degrees. However, this can be used comfortably as a yardstick for
predicting the effect various contributions to the spring-in effect.

During the simulation carried out in ABAQUS, it was discovered that Svanberg’s model did
not capture the effect of thickness in predicting spring-in effect. This effect requires further
investigation. Furthermore, the model would be replicated for other structures like Top hat stiffeners,
U shaped and Z shaped structures.
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APPENDIX

The table below shows the variables that were used for the simulation in Figure 12 above. The
fifth column (Regression Model) gives the results for the regression model while the sixth column
(ABAQUS Simulation) gives the ABAQUS results.

Table 6: Variables used for the Regression Model and Abaqus Simulations.

Fibre
Model Initial Initial Volume Regression ABAQUS

Number | Angle Radius Fraction Model Simulation
1 60 8 45 1.77 1.93
2 60 8 50 1.60 1.76
3 60 8 55 1.50 1.58
4 60 10 45 1.76 1.87
5 60 10 50 1.58 1.71
6 60 10 55 1.49 1.53
7 60 12 45 1.74 1.8
8 60 12 50 1.57 1.64
9 60 12 55 1.48 1.48
10 90 8 45 1.57 1.51
11 90 8 50 1.41 1.38
12 90 8 55 1.34 1.24
13 90 10 45 1.55 1.48
14 90 10 50 1.40 1.35
15 90 10 55 1.33 1.21
16 90 12 45 1.53 1.45
17 90 12 50 1.39 1.33
18 90 12 55 1.32 1.19
19 120 8 45 1.36 1.03
20 120 8 50 1.23 0.94
21 120 8 55 1.18 0.85
22 120 10 45 1.35 1.02
23 120 10 50 1.22 0.93
24 120 10 55 1.17 0.84
25 120 12 45 1.33 1.01
26 120 12 50 1.20 0.92
27 120 12 55 1.16 0.83
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