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ABSTRACT: In this study, flat composite panels were fabricated to find the effect of different manufacturing parameters, including

stacking sequence, part thickness, and tooling material, on distortion of carbon fiber-epoxy composite parts. L-shaped and U-shaped

panels were also made to investigate the effect of stacking sequence on spring-in angle and warpage of the curved panels. Results

showed that distortion of the flat panels caused by asymmetry in the stacking sequence was an order of magnitude greater than dis-

tortion of the panels with an unbalanced stacking sequence; whereas in the curved panels, the panel with an asymmetric stacking

sequence showed the least spring-in angle, and the largest angle was observed in the symmetric panel. MSC Marc was used to predict

distortion of the panels, and the simulation results were compared with the experimental results for several stacking sequences of the

flat and the L-shaped panels. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40439.
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INTRODUCTION

Residual stresses induced during curing of composite material

parts could result in undesirable dimensional changes once the

part is removed from the tool. Several factors could contribute

to development of residual stresses during cure. The mismatch

between the coefficient of thermal expansion (CTE) of resin

and fiber,1 and chemical shrinkage of the resin during cure2–5

are considered as the most important sources of residual stress

formation. Moreover, fiber misalignment, laminate defects such

as voids, and tool-part CTE mismatch3,6–8 could create residual

stress during the manufacturing process of composite material

parts.

Cured parts may exhibit different dimensional changes depend-

ing on the original geometry of the part. Warpage and spring-in

are two common dimensional changes that occur during the

cure of contoured-shape parts.1,9–11 The unfavorable dimen-

sional deviation of the cured parts leads to assembly process

issues, which, in a worst case scenario, may result in rejection

of the part.12 The current industry practice is to determine final

geometry of the cured part based on trial-and-error. An impor-

tant part of the process is to modify the tooling geometry to

compensate for the distortion of the cured part.3 The current

practice is time-consuming, costly, and imprecise. Prediction of

curing distortion will help to overcome the current challenges

facing the manufacturing of composite materials. Finite-element

analysis (FEA) has been used to predict the distortion of

contoured-shape composite parts.13–15 However, laminate stack-

ing sequence in most of these studies has been symmetric

only.1,13,14 Therefore, the effect of laminate asymmetry on the

distortion of contoured-shape parts has not been studied exten-

sively. As discussed in the present study, asymmetric stacking

sequences reduce the spring-in angle in cured parts. In addition,

while the current study demonstrates that 3D simulations are

more sophisticated for an accurate estimation of distortion,

many previously published studies have utilized simple 2D FEA

to estimate the geometry of composite parts after curing.15 It is

also notable that only 3D models can accurately capture the

warpage of the flat parts.16

This study presents an investigation into the effects of stacking

sequence, thickness, and tooling material on distortion of com-

posite parts. As stated before, previous studies have mostly

investigated simple lay-up configurations such as balanced and

symmetric laminates and have paid less attention to other stack-

ing sequences. The effect of laminate balance and symmetry on

the distortion of cured parts can be observed only when a vari-

ety of symmetric and asymmetric stacking sequences is studied.

The results of such studies were used later to validate simula-

tion results.

This study also presents a new approach to capturing 3D distor-

tion patterns in panels with square geometry, based on scanning
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of both sides of the panels. Most previous studies have reported

the 2D distortion of panels which were narrow on one side and

sufficiently long on the other side only to eliminate the 3D

nature of distortions.17,18 However, the distortions that occur in

cured panels are often 3D and the assumption of simple 2D dis-

tortions is far from the real case scenario. In addition, the pro-

posed 3D scanning approach makes the comparison between

simulation results and experimental observations easier and

more accurate. Using this approach, distortion patterns can be

obtained more accurately for complex geometries. Raghavan

and Zeng reported the final 3D distortion pattern of the cured

composite part by displaying discreet data points of a coordi-

nate measurement machine CMM.3 However, proposed method

in this study provides more consistent data and, therefore,

could be well utilized for comparison between experimental and

simulation results which, in turn, could enhance the accuracy of

simulations sufficiently to allow them to be used for industrial

applications.

In this study, the effect of stacking sequence on the 3D distor-

tion of L-shaped and U-shaped composite parts fabricated with

IM7/977-2 UD was also investigated. A seven-axis Romer arm

equipped with a laser scanner probe was utilized to scan the

deformed cured parts. The scanning data was further analyzed

with PolyWorks software to obtain the warpage and the spring-

in angle. MSC Marc 2008r1 was utilized to conduct a during-

cure 3D simulation of flat and L-shaped panels, and the

obtained results were validated by the experimental data. In L-

shaped panels, the effect of tool geometry and curve radius on

the spring-in angle was also investigated. As will be shown later,

the distortion of composite parts could be predicted more accu-

rately with the 3D simulation.

TECHNICAL APPROACH

Experimental Study

Material and Process. In this study, IM7/977-2 UD (unidirec-

tional) was used as the main material to fabricate the panels.

This commercial unidirectional prepreg consists of IM7 carbon

fibers impregnated with CYCOM 977-2, a curing toughened epoxy

resin manufactured by Cytec Engineered Materials.19 The resin’s

elastic modulus is 3.5 GPa and its tensile strength is 81 MPa. This

epoxy resin is proposed for press molding and autoclave process-

ing. IM7 is a continuous hex tow carbon fiber with tensile modulus

of 276 GPa and tensile strength of 5,670 MPa. The high tensile

strength and modulus along with good shear strength in IM7 fiber

provide higher safety margins for applications with critical stiffness

and strength. A fully cured IM7/977-2 UD prepreg shows elastic

modulus of 165 GPa in longitudinal direction and about 9 GPa in

through-thickness and transverse directions.

Flat panels, with a size of 430 3 430 mm2, for the study of

thickness and stacking sequence were cured on an aluminum

tool with a size of 1800 3 700 mm2 and a thickness of 12 mm.

Composite and steel tools, both with a size of 600 3 600 mm2

and a thickness of 12 mm were used to study the effect of tool-

ing material on distortion. To fabricate L-shaped and U-shaped

panels, a convex aluminum tooling was used with a geometry

of 500 3 125 3 101 mm3. Using the vacuum bagging method,

all the thin panels were cured according to the manufacturer’s

recommended cure cycle. These panels were heated from room

temperature up to 177�C with a rate of 2.78�C min21, were

kept 3 h at this cure temperature (177�C), and finally, were

cooled down to room temperature at a rate of 2.78�C min21.

The maximum cure pressure of 586 kPa was applied during the

cure cycle. A release agent (Frekote 770NC) was applied on the

tool, and a release film (Airtech WL5200) was used in all cases

to ease removal of the part from the tool and the caul plate.

Using this release system, parts could easily be removed without

applying a noticeable force once the vacuum bag was detached.

Panel Configuration. To study the effect of panel thickness,

stacking sequence, and tooling material on the geometrical dis-

tortion, flat panels were fabricated using the eight manufactur-

ing configurations listed in Table I. Thickness of the panels was

Table I. Manufacturing Configuration of Flat, L-shaped and U-shaped Panels (Each Panel was Repeated Three Times)

Panel no. Panel geometry No. of plies Panel stacking sequence Panel type Tooling material

1 Flat 16 [0/45/90/-45]4 Asymmetric, balanced Aluminum

2 Flat 16 [0/45/90/-45]2S Symmetric, balanced Aluminum

3 Flat 16 [0/45/90/45]2S Symmetric, unbalanced Aluminum

4 Flat 16 [0/45/90/45]4 Asymmetric, unbalanced Aluminum

5 Flat 8 [0/45/90/-45]S Symmetric, balanced Aluminum

6 Flat 8 [0/45/90/-45]2 Asymmetric, balanced Aluminum

7 Flat 16 [0/45/90/-45]4 Asymmetric, balanced Steel

8 Flat 16 [0/45/90/-45]4 Asymmetric, balanced Composite

9 L-shape 16 [0/45/90/-45]4 Asymmetric, balanced Aluminum

10 L-shape 16 [0/45/90/-45]2S Symmetric, balanced Aluminum

11 L-shape 16 [0/45/90/45]4 Asymmetric, unbalanced Aluminum

12 L-shape 16 [0/45/90/45] 2S Symmetric, unbalanced Aluminum

13 U-shape 16 [0/45/90/-45]4 Asymmetric, balanced Aluminum

14 U-shape 16 [0/45/90/-45]2S Symmetric, balanced Aluminum
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kept under 32 plies in order to apply manufacturer’s recom-

mended cure cycle for a thin laminate. Note that each test was

repeated three times. Additionally, the size of the panels and the

number of plies (thickness) were chosen based on the dimen-

sions of those used by previous researchers.16

U-shaped and L-shaped panels (see Figure 1) were also fabri-

cated to investigate the effect of part shape on the residual

stresses and geometrical distortion induced during the curing

process. These panels were laid-up on a convex aluminum tool

using the stacking sequences described in Table I. As shown in

this table, several stacking sequences were considered in fabrica-

tion of the panels to study the effect of fiber orientation on the

processing-induced geometrical distortion. Sixteen layers were

used for all the samples, resulted in a thickness of about 2 mm.

Measuring Method for Flat Panels. A seven-axis Romer arm

equipped with a laser scanner probe with a minimum point-to-

point resolution of 42 mm was utilized to obtain 3D pattern of

distortion and maximum amount of distortion for each panel.

Measuring the maximum distortion, a surface was created using

the scanned data and three corners of the surface were fixed on

a flat reference surface. The maximum distortion was defined as

the maximum distance between the positioned surface and the

reference surface. The 3D pattern of distortion was also estab-

lished for each panel by comparing each point of the positioned

surface with an equivalent point on the reference surface using

PolyWorks. The panels were held vertically during the scan to

minimize effect of weight on the measured distortion.

Measuring Method for L-shaped and U-shaped Panels. Distor-

tion of the L-shaped and the U-shaped panels was categorized

into two parts: warpage and spring-in angle. As illustrated in

Figure 1, spring-in angle was defined as the angle formed

between the deformed shape and the original shape of the

panel. In addition, warpage was observed in the flanges of the

L-shaped panels and the webs and the flanges of the U-shaped

panels as a deviation in flatness from their original shape.

The seven-axis Romer was also used to scan the tool side and

the bag side of the panels. The spring-in angle was obtained for

the tool-side of the panels with different stacking sequences by

analyzing the data in PolyWorks. The 3D warpage pattern was

also achieved for the flat sections of the panels. Similar to the

flat panels, a surface was created from the scanned data

obtained from the flat sections of the panel and subsequently

compared to a flat reference surface to obtain the warpage

pattern.

Numerical Study

MSC Marc 2008r1 was utilized to conduct 3D simulations

aimed at estimating the distortion of L-shaped and Flat carbon

fiber-epoxy composite panels. For this purpose, distortion was

modeled using virtual panels with the dimensions mentioned in

Table I. Subsequently, simulation results were compared with

the experimental data obtained by the abovementioned 3D

scanning. The simulation methodology was introduced in a pre-

vious study of authors for flat panels.16 As shown in the study,

several Fortran codes were incorporated into the model to

account for different phenomena including cure shrinkage,20

cure kinetics, thermal strains,21 tool-part interaction,22 and

development of mechanical properties during cure. Different

models were also implemented into the simulation to estimate

development of the material properties during cure. For

instance, Springer–Loos23 model was used to estimate the

degree of cure, and a modified version of Bogetti–Gillespie24

model was utilized to account for the effect of cure shrinkage

on distortion of the composite part.

In this study, the former computational model was extended to

flat panels with different stacking sequences and other geome-

tries such as L-shaped panels and the results were compared

with the experimental results.

Flat Panel. The 3D simulations were conducted for flat panels

to estimate the maximum value of distortion as well as the 3D

distortion pattern. As shown in previous work of the authors16

each composite panel was confined by the caul plate on the top

and the tool at the bottom. To mimic autoclave conditions, a

temperature cycle was applied on free surfaces of the tool and

the caul plate, and pressure cycle was exerted on the caul plate

to indirectly consolidate the panel. Notice that an eight-node

composite brick element was used, which comprised of different

layers with individually defined thickness, material properties,

and orientation.

L-shaped Panel. A methodology similar to that used for flat

panel was implemented to estimate the warpage and spring-in

angle of L-shaped panels using a 3D model. Figure 2 illustrates

the finite element mesh used for the panel and the tool. A tem-

perature cycle was applied on free surfaces of the tool and top

of the panels, whereas autoclave pressure was applied only on

top of the part. The asymmetric stacking sequences were con-

sidered intentionally to show capability of the simulation in an

estimation of more complicated cases. To study the effect of

curve radius on the spring-in angle of L-shaped panels, two

panels with curve radii of 23 and 5 mm were simulated. In

addition, to investigate the effect of tool geometry on spring-in

angle, curing of an L-shaped panel with a curve radius of 5 mm

was simulated on tools with two different geometries (concave

and convex).

RESULTS AND DISCUSSION

Flat Panels

Effect of different stacking sequences, part thickness, and tool-

ing material on distortion of composite parts was investigated

Figure 1. Schematic depiction of spring-in angle and geometry of (a)

L-shaped, and (b) U-shaped panels. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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using a 3D FEA computational approach, and results were com-

pared with distortion measured in real parts.

Stacking Sequence. To determine the effect of stacking sequence

on distortion of the flat panels, 3D distortion patterns were

obtained for panels 1 to 4 (Table I). For this purpose, the maxi-

mum distortion was measured using the CMM scanner described

in Experimental Study section, and results were portrayed in Fig-

ure 3. As indicated in this figure, the maximum amount of distor-

tion was strongly influenced by the stacking sequence since the

results showed higher geometrical distortion in asymmetric pan-

els when compared with the symmetric ones. Note that the var-

iance in the maximum amount of distortion between panel 2 and

3 could be attributed to inherent error of the experimental meth-

odology. Therefore, it could be assumed that the maximum dis-

tortion of the symmetric panels (2 and 3), once the panel

thickness was increased, did not depend on the state of being bal-

anced or unbalanced. On the other hand, once the panel was

asymmetric, unbalanced stacking sequences could decrease the

maximum distortion and compensate the effect of asymmetry.

Part Thickness. Effect of part thickness on geometrical distor-

tion was quantified by comparing the distortion obtained from

panels 1, 2, 5, and 6 (see Table I), and results were shown in

Figure 3. Note that panels 2 and 5 were laid-up using a sym-

metric and balanced stacking sequence ([0/45/90/-45]nS), but

the amount of plies was different since panel 2 was twice as

thick as panel 5. Furthermore, the distortion measured in panel

1 was compared with that of panel 6 to find the effect of thick-

ness on distortion of asymmetric and balanced panels. The

results indicated that, in agreement with the previous section,

asymmetric panels depicted a higher amount of geometrical dis-

tortion than symmetric ones. Furthermore, it was evident that

the thinner panel showed larger distortion due to reduced stiff-

ness of the panel. These results show satisfactory agreement

with previous studies.17,18

Tooling Material. To investigate the effect of tooling material

on distortion of a composite part, three panels were fabricated

using three different tools (aluminum, steel, and carbon fiber-

epoxy composite) while the other conditions were kept the

same. The stacking sequence of an asymmetric/balanced panel

[0/45/90/-45]4 was taken into account since the abovementioned

findings indicated that this stacking sequence resulted in a large

amount of distortion compared with other stacking sequences.

The 3D pattern of distortion on the tool-side of the panels

cured on steel (panel 7) and composite tools (panel 8) were

compared with the distortion of the tool-side in panel 1, which

was cured on aluminum.

Using different tools resulted in different amount of distortion

in the panels because the tool-part interaction induced various

amount of residual stresses particularly due to thermal expan-

sion mismatch between the tools and the panels.22 As shown in

Table II, panel 1 (cured on the aluminum tool) represented

greatest amount of distortion among the three panels while

panel 8 (cured on the composite tool) had the minimum distor-

tion, although the difference in the distortion between these

panels was 7%. Therefore, tool-part interface had a low contri-

bution to developing residual stresses, which agreed with the lit-

erature where it was stated that tooling conditions do not have

a significant effect on distortion of composite parts with flat

geometry.13

Finally, results of 3D scanning indicated similar distortion pat-

terns for the three panels (1, 7, and 8), which was attributed to

the fact that they were fabricated with the same stacking

sequences.

Figure 3. Maximum distortion in tool side of Panel 1 to Panel 6 (effect of

stacking sequence and thickness). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
Figure 2. The 3D finite element mesh used for the L-shaped panel cured

on an aluminum tool. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table II. Effect of Tool–Part Interface on Distortion of the Composite

Part

Tooling material

Aluminum Steel Composite

Maximum
distortion (mm)

17.45 6 2.12 17.28 6 2.23 16.1 6 1.02
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Comparison of Experimental Results with Simulation Results

for Flat Panels

Simulation of distortion was conducted for panels with different

stacking sequences and thicknesses (panels 1–6 of Table I). The

simulation results were compared with those obtained experi-

mentally, and results were shown in Figure 4. From these

results, the maximum amount of distortion was obtained for all

the fabricated and simulated flat panels (see Table III). To assess

for the accuracy of the computational model, a statistical treat-

ment was performed for comparison of the experimental results

with the simulations by using a T-test with a equal to 0.05.

This T-test resulted in a P value of 0.77, which is greater than

a, thus indicating that the difference between the experimental

results and the simulations is not statistically significant. In

summary, simulations showed a satisfactory agreement with

experimental results for the maximum amount of distortion.

The model accurately predicted the maximum amount of dis-

tortion in most of the panels, except in panel 4 where an error

up to 30% was measured. This error was attributed to the fact

that an asymmetric and unbalanced stacking sequence encoun-

ters several load couplings that may not be estimated accurately

by the numerical analysis performed in this research. Therefore,

the analysis of this complex state of stress is proposed as a

future area of research to improve the numerical analysis and to

develop appropriate models for this particular case of asymmet-

ric and unbalanced stacking sequences. Furthermore, modules

corresponding to the behavior of stress relaxation25 and resin

flow26 should be incorporated into the FEA model.

Additionally, Figure 4 portrays comparison between the simu-

lated and the experimental 3D distortion patterns for the pan-

els. Results indicated that the model could predict the

distortion pattern in all the measured panels since the simula-

tion successfully predicted the experimental pattern for panels

1, 2, and 4. Although panel 3 [Figure 4(c)] showed a large dis-

crepancy, note that the distortion pattern was predicted from

the top right corner toward the bottom left corner as obtained

experimentally.

L-shaped and U-shaped Panels

Stacking Sequence. Figure 5 shows spring-in angle in the L-

shaped panels with various stacking sequences. As shown in the

Figure 4. Comparison of tool-side distortion pattern for (a) Panel 1, (b)

Panel 2, (c) Panel 3, and (d) Panel 4. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table III. Comparison of Simulation Results with Experimental Results for Maximum Distortion of Flat Panels with Various Stacking Sequences and Dif-

ferent Thicknesses

Maximum amount of distortion (mm)

Panel no. No. of plies Panel type Experiment Simulation

1 16 Asymmetric, balanced 17.45 6 2.12 17.70

2 16 Symmetric, balanced 1.08 6 0.22 1.02

3 16 Symmetric, unbalanced 1.00 6 0.12 1.02

4 16 Asymmetric, unbalanced 15.34 6 1.5 13.46

5 8 Symmetric, balanced 3.20 6 0.53 3.15

6 8 Asymmetric, balanced 43.25 6 4.5 30.23
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figure, the panel having a symmetric and balanced stacking

sequence showed the largest spring-in angle, while the panel

with asymmetric and unbalanced stacking sequence had the

least spring-in angle. In addition, higher warpage was obtained

in the flanges of the asymmetric panels compared with the sym-

metric panels (see Figure 6). Warpage of the flanges could be

one reason to make less spring-in angle in the panels with the

asymmetric stacking sequences.

The effect of symmetry on the spring-in angle of the U-shaped

panels was also investigated. Table IV shows the spring-in angles

in the U-shaped panels compared to the spring-in angles of the

L-shaped panels with the identical stacking sequences. In gen-

eral, the U-shaped panels resulted in larger spring-in angles

than the L-shaped panels, as shown in previous studies,1

because of more geometry locking once the part was removed

from the tool.

The effect of symmetry on warpage in U-shaped and L-shaped

panels was also investigated. For this purpose, same flanges of

two panels with asymmetric and symmetric stacking sequences

were selected. As illustrated in Figure 6(a,b), the asymmetric

panels showed higher warpage compared with the symmetric

panels. Similar results were obtained in flat panels with sym-

metric and asymmetric stacking sequences. A maximum distor-

tion of 0.84 mm was observed for the U-shaped panel with the

balanced and asymmetric stacking sequence, while the balanced

and symmetric U-shaped panel had 0.33 mm for maximum dis-

tortion. Comparing color bar in Figure 6(a) with the one in

Figure 6(b) shows that the U-shaped panels resulted in more

than twice as much warpage as the L-shaped panels. Patterns of

warpage are shown for webs of the U-shaped panels having two

different stacking sequences of symmetric and asymmetric [Fig-

ure 6(c)]. Likewise as with other cases, the asymmetric panel

was distorted more than the symmetric one.

Comparison of Experimental Results with Simulation Results

for L-shaped Panels

Effect of Stacking Sequence. Effect of stacking sequence on

dimensional changes of the L-shaped and the U-shaped parts

during the curing process has been discussed in detail in Stack-

ing Sequence section. In this section, the curing process of the

L-shaped panels with asymmetric stacking sequences was simu-

lated as explained previously to predict the dimensional changes

during cure. As shown in distortion of flat panels (Stacking

Sequence section), the asymmetric stacking sequences resulted

in more residual stresses and consequently more distortion

compared to the symmetric stacking sequences. Therefore, in

this section, asymmetric stacking sequences were considered for

simulation of L-shaped parts because they represent the worst-

case scenario for distortion due to residual stresses. Figure 7

depicts the comparison of simulation results with the

Figure 5. Effect of stacking sequence on spring-in angle of the L-shaped

panels. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 6. The 3D warpage patterns in (a) flanges of the L-shaped panels,

(b) flanges of the U-shaped panels, and (c) webs of the U-shaped panels.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table IV. Comparison of the Experimental Results for Spring-in Angle in U-shaped and L-shaped Panels

Panel stacking sequence No. of plies Panel type

Spring-in angle (�)

L-shaped U-shaped

[0/45/90/-45]2S 16 Symmetric, balanced 0.64 1.48

[0/45/90/-45]4 16 Asymmetric, balanced 0.37 0.88
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experimental results for both balanced and unbalanced panels.

Satisfactory agreement was obtained between the simulation

results and the experimental results; therefore, asymmetric and

balanced stacking sequence was chosen for further investigation

to predict the effect of curve radius and tool geometry on

spring-in angle of an L-shaped part presented in following

sections.

Effect of Curve Radius. Simulation was conducted for the

stacking sequence of [0/45/90/-45]4 to study the effect of curve

radius on the spring-in angle. Simulation results showed that an

L-shaped panel with a larger curve radius resulted in bigger

spring-in angle [Figure 8(a,b)]. Larger curvature would result in

greater residual stress due to higher geometry locking or more

composite material involved in the curvature section which

would cause the spring-in angle. Significant warpage was

obtained in both panels due to asymmetry of the stacking

sequences.

Effect of Tool Geometry. Finite element analysis was conducted

to investigate the effect of tooling geometry on the spring-in

angle of an L-shaped panel. For the stacking sequence of [0/45/

90/-45]4, the L-shaped panel cured on a concave tool resulted

in 30% less spring-in angle compared with the identical panel

cured on a convex tool [Figure 8(c,b)] in agreement with Rad-

ford’s study.27

Distortion in composite parts is a costly and time-consuming

issue in industry. The authors are introducing a methodology to

address the problem and reduce the cost/time. As proposed, less

geometry locking occurs using a concave tool compared to the

panel cured on a convex tool, resulting in less spring-in angle,

although it may involve a one-time cost increase for the tool.

CONCLUSIONS

In this study, a methodology was presented and a Romer arm,

equipped with a laser scanning probe along with Polyworks

software were used to obtain a 3D distortion pattern for com-

posite panels. Using current method, not only was a 3D contin-

uous distortion pattern obtained, but also the location and

amount of maximum distortion was determined for each panel.

Effect of stacking sequence and panel thickness on distortion of

the flat parts was investigated. The results revealed that distor-

tion primarily depends on symmetry in the stacking sequence

and not balance. For the panels with similar types of stacking

sequences but different thicknesses, it was found that the eight-

ply panels were distorted more than twice as much as the

sixteen-ply panels. Study of different tooling materials revealed

that maximum distortion is aggravated by increasing the CTE

mismatch between the part and the tool; however, the difference

between maximum amounts of distortion in such panels was

<7% especially due to lack of geometry locking in flat parts.

A similar study was performed on L-shaped and U-shaped parts

to find out effect of stacking sequence on warpage and spring-

in angle of the panels. Among all of the L-shaped panels, the

one with unbalanced and asymmetric stacking sequence showed

the least spring-in angle, and the balanced and symmetric panel

had the most spring-in angle. Although asymmetric panels had

less spring-in angle compared to the symmetric ones, greater

warpage was observed in the flanges of the panels with asym-

metric stacking sequences. Similar results were also obtained for

the U-shaped panels. However, the U-shaped panels generally

showed greater spring-in angle than the L-shaped panels.

MSC Marc was utilized to simulate distortion of the panels.

The simulation results for flat and L-shaped parts with different

stacking sequences were validated by the experimental results.

Using simulation, effect of tool geometry and curve radius on

Figure 7. Comparison of simulation and experimental results for the L-

shaped panels with asymmetric-balanced and asymmetric-unbalanced

stacking sequences. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 8. Effect of curve radius and tool geometry on spring-in angle of the L-shaped panel (scale factor of 3 is used for illustration purposes). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the spring-in angle of an L-shaped panel was studied. It was

observed that the L-shaped panel with larger curve radius

showed a greater spring-in angle. It was also shown that the

spring-in angle in the L-shaped panel laid on a concave tool

was 30% less than that for the identical panel cured on a con-

vex tool.
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