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ABSTRACT

EFFECT OF PUNCH STROKE APPLICATION STRATEGIES ON
FORMING OF FUSELAGE PANEL LAY-UP MOLDS
HIZARCI, Melis

Master of Science in Mechanical Engineering

Supervisor: Prof. Dr. Can COGUN
June 2022, 36 pages

This study proposed three punch stroke application strategies to cold form the
Invar FeNi36 plate into a fuselage panel lay-up mold. The same number of punch
strokes but at different positions was applied to the plate in the strategies. The
strategies' effectiveness was evaluated using the Finite Element Method (FEM). The

strategy yielded the closest form to the desired plate form was considered the best.

Keywords: Cold Forming, Forming strategy, Invar FeNizs, Finite Element Analysis,
QForm.



Oz

UCAK GOVDE PANEL YATIRMA KALIPLARININ
SEKILLENDIRILMESINDE ZIMBA VURUS STRATEJILERININ ETKIiSi

HIZARCI, Melis

Master of Science in Mechanical Engineering

Danisman: Prof. Dr. Can COGUN
Haziran 2022, 36 sayfa

Bu calisma, Invar FeNi36 plakasmi gévde paneli yatrma kalibina soguk
sekillendirmek i¢in (¢ farkli zimba wvurus uygulama stratejisi Onerilmistir.
Stratejilerde plakaya ayni sayida ancak farkli pozisyonlarda zimba vuruslari
uygulanmistir. Stratejilerin etkinligi Sonlu Elemanlar Metodu (FEM) kullanilarak
degerlendirilmistir. Istenilen plaka formuna en yakin formu veren strateji en iyi

olarak kabul edilmistir.

Anahtar Kelimeler: Soguk Sekillendirme, Sekillendirme Stratejisi, Invar FeNiss,

Sonlu Elemanlar Analizi, QForm
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CHAPTER I

INTRODUCTION

Airplane fuselage panels being produced today are made of composite
materials. The production of the necessary lay-up mold is one of the most critical
stages of composite structure production and affects the product quality. The surface
quality of the molds, the behavior of the mold materials at elevated temperatures
(during firing, autoclave or curing) and the expansion-contraction properties directly
affect the final product quality [1, 2]. In cases where many composite fuselage panels
are desired, a durable lay-up mold will be necessary. Considering the cases where the
mold is damaged or cannot be used again during the separation of the produced
composite product, it should be perceived as an economic necessity to determine a
mold production method according to the needs [1].

Molds are composed of Male Mold and Female Mold, whereas the male
mold shapes the inner part of the structure and the female mold shapes the outer part
of the structure [3]. Convex surfaces such as wings and fuselage are more common in
aviation and space structures due to their aerodynamic properties, and therefore
female molds are used more frequently. Since the outer surface quality is sought in
the parts to be produced, either a one-to-one male model is produced and a female
mold is obtained from this model, or the mold material is processed as a female mold
in CNC and similar machines.

Although different methods are used for the composites to take the final
shape, generally, the fibers in the form of fabric are laid-up on the mold (Figure 1.1).
After the resin is injected, it enters the autoclave furnace for curing (Figure 1.2).

In producing the lay-up mold, the first stage is the cold forming of the plate
material into the desired final form as close as possible. The second stage is
machining the cold-formed plate to provide better lay-up surface roughness and
dimensional accuracy. The cold-forming of lay-up mold reduces the machining time

and cost. The machined mold is spot welded or fastened to the support structure



(fixture) (Figure 1.3) to constrain its movement during composite lay-up. Generally,
the Invar (Nickel-Iron alloy) material is used as a lay-up mold in the production of
the inner composite fuselage panels of the aircraft due to its low coefficient of

expansion.

Figure 1.2: Autoclave Furnace



Figure 1.3: Lay-up Mold and Its Fixture

The production of the lay-up mold from a thick plate (about 1-inch thickness)
by cold forming is the most critical step since it lowers the machining time and cost.
A method called the "incremental sheet forming process™ for cold forming the sheet
material into irregular concave down form is introduced by Shahare et al. [9]. In this
method, the die (hammer) slowly moves down the z-axis, following a linear path on
the x- or y-axis. The hammer also simultaneously applies strokes (hammerings) to
the plate to form incrementally. Since the technique is only valid for thin sheets
(about 1 mm), it is not applicable for the cold forming of thick plates (above 1-inch
thickness), which is the primary concern of this thesis. In another research on spring-
back of the three-dimensionally curved metal plates shaped by cold forming plate,
multiple small punches were combined to form the male and female molds. The
forming method is named as "multi-point forming proses"”. The results revealed that
the spring back increased and forming the plate became difficult when plate



thickness was increased [10]. In Li and Hu's study [11], ultrasonic vibration is
applied to enhance the cold forming of sheet material in the multi-point forming
proses. The finite element analysis results revealed that forming the sheet with
vibration enhanced the forming accuracy (less spring back) compared with the no-
vibration cases. In Bojahr et al. study [12], a 1-inch thick plate was formed by
combining rolling and bending processes using multiple rolls. Since the produced
forms are continuous, the plates' final form was not exactly in 3-D curvatures.

In nowadays level of technology, the application points of the punch strokes
on the plate surface during cold-forming operation depend on the previous
experience of the press operator. The operator does not know precisely the effect of
punch application points on the final geometry of the plate. So, there is a strong need
for research studies on the effect of punch application points on the final shape of the
cold-formed plate. In this study, three punch stroke application strategies were
proposed to cold form the Invar FeNi36 plate into a fuselage panel mold to fill the
literature gap. The same number of punch strokes but at different positions was
applied to the plate in the strategies. The strategies' effectiveness was evaluated using
the Finite Element Method (FEM). The strategy that yielded the closest form to the

desired plate form was considered the best strategy among the others.



CHAPTER 11
THE COLD FORMING OF LAY-UP MOLD

Figure 2.1: The Cold Forming of the Invar Plate

As shown in Figure 2.1, the punch strokes the plate to fit it into the shape of
the bottom female mold. Vertical plates support the mold. The mentioned technique
is applied in the cold-forming of thick Invar plates (about 25 mm thick) only in a

limited number of companies in Tlrkiye.



Figure 2.2: The Plate After CoId—Formig

At the end of each punch stroke, a slight plastic deformation (penetration) on
the plate surface is also observed (Figure 2.2). When the punch is retracted, a spring-
back occurs. The fewer punch strokes will yield less damage on the plate and extend
female mold life. The correct positions and sequences of punch strokes with a
minimum number will result in a faster and geometrically reliable (i.e., the desired

final form) cold forming operation.



In this study, before the application of punch strokes, the plate was deep-
drawn by a male mold (Figure 2.3) to reduce the number of punch strokes and yield a

< Male Mold

much closer plate form to the desired.

Figure 2.3: Plate Material, Male and Female Molds



CHAPTER Il

MATERIAL AND METHOD

1.1 FINITE ELEMENT METHOD (FEM)

In this study, the cold forming of the fuselage panel lay-up mold is simulated by
FEM using the QForm 10 Metal Forming Simulation software (shortly, QFform). In
this part of the thesis, the material properties, boundary conditions and motion

constraints of the mold, punch and invar plate are given.

1.1.1 QForm Simulation Program

QForm is used for cold forging, hot forging, rolling, aluminum profile
extrusion and other metal forming processes. It has been designed to conduct
optimization studies in the program microstructure, thermal process analysis, and
user-specified custom substructure. There are modules with various additional
features, such as creating functions and simulation of die stress-strain state for cold
forming [4]. The software is compatible with automatic mesh generation
infrastructure [5]. Automatic re-meshing is done without user intervention during
analysis. It is necessary to input the process type (with or without regard to the heat
problem), problem type (2D or 3D deformation), workpiece and tool geometry,
workpiece parameters, including the parameters of the material rheological model,
initial temperature and accumulated degree of deformation, tool parameters,
including tool material rheological model, lubricant properties, type and parameters
of equipment actuating the tool, boundary conditions, conditions of operation
completion etc. [6]. Since the deformation problem is nonlinear, it is resolved with
the iterative method. The user can choose an explicit or implicit multi-step procedure
organization method. The difference between the explicit and implicit methods is

determining the location of finite element mesh nodes at the simulation step.



1.1.2 Modeling

The analyzed system consists of four parts: A female mold (Figure 3.1), eight
limiting plates (Figure 3.2), a 25 mm thick Invar plate (Figure 3.3) and a punch
(Figure 3.4). Except for the Invar plate, the others were considered rigid in the
analysis. The overall system is given in Figure 3.5. In this study, the initial forming
of the plate by the deep drawing process (Figure 2.3) was not included in the FE
analysis. Initially, the plate was assumed to contact the female mold at the outer ends
(670 mm in length). The maximum distance between the plate and the female mold

at the plate's center was assumed to be 25 mm.

Figure 3.1: Female Mold

Figure 3.2: Eight Limiting Plates



Figure 3.3: Invar Plate

:

Figure 3.4: Punch

Figure 3.5: Assembly of the System

1.1.3 Plate Material
The plate material is Invar (Nilo Alloy 36, 36% Ni and 64% Fe, UNS K93600

and UNS K93601 [7]). Due to its low expansion coefficient, it is frequently used in
aviation, composite materials, reference lengths, measuring devices and meters and

parts requiring high precision. The material strength properties (Table 3.1) are found

10



by tensile testing of five specimens from the same Invar plate. The stress vs. strain
characteristics is given in Figure 3.7.

Table 3.3: Tensile test results of the Invar material (for five specimens)

Tensile stress at yield (at offset 0.2%), MPa 276-280
UTS, MPa 425-427
Tensile strain, % 31-32
Break-tensile stress, MPa 275-278
Break-tensile strain, % 44-44 5
Young’s Modulus, MPa 140800-141800
Energy at break, J 340-345
500
_r_,f—-—’—"_“_‘—'*—'-—*%;‘i
400 \\
E 300 / \ \\
‘E’ | { AM Specimen #
£ 200 é
n 3
= 4
()]
5 100 2
|_
0
0 I 10 I 20 I 30 I 40 I 50

Tensile strain (%)
Figure 3.6: Tensile stress vs. Strain Plot for Specimens 1-5

1.1.4 Boundary Conditions and motions

The female mold movements in the X, y and z axes are constrained. Eight
plates are welded to the plate to constrain its movements in the x and y axes (Figures
3.2 and 3.5). The plate elements' rotational and x, y and z linear motions are free.
Although the male mold shown in Figure 2.3 is used to give the plate initial form by
deep drawing, its FEM and FE analysis was not included in this study. The male
mold is allowed to move in the z-direction. The punch can move in the X, y, and z
axes. After contacting the plate, the punch can move a 25 mm maximum in the -z-

direction (Figure 3.8). If the distance between the punch and the mold was less than

11



25 mm at the instant of the punch and the plate contact, then the punch —z motion
was stopped when the plate contacted the female mold.

Figure 3.7: Maximum punch movement distance at the center of the plate (about 25 mm)

A hydraulic press was used in the analysis. The punch's maximum force and
speed were defined as 10 MN and 25 mm/s. The analysis program worked with the
displacement principle. When the punch descends a maximum of 25 mm after the
punch-plate contact, the plate is assumed to touch the female mold and then punch
retracts.

1.1.5 Meshing
The mesh geometry used in the analysis is tetrahedral. The re-meshing was
done automatically by the software (Figure 3.9). In Table 3.2, the number of nodes

and elements before and after the plate contacts the female mold is given.

12
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Figure 3.8: Mesh Structures and Re-meshing. a) Before and b) After the Invar Plate
Contacts the Female Mold

Table 3. 4: Number of Nodes and Elements Before and After the Plate Contacts the Mold
(Operation 1)

Before After

Remeshing | Remeshing
Nodes (on the surface) 7528 8810
Elements (on the surface) 15052 17616
Total Nodes of the plate 8808 10946
Total elements of the plate | 30950 40101

1.1.6 Punch Stroke Application Strategies
In this study, three punch stroke application strategies (S1, S2 and S3) were

proposed to cold form the Invar FeNi36 plate into a fuselage panel mold. The same
number of punch strokes but at different positions was applied in the strategies. The
strategies are designed according to the experience of the press operators and general
rules of cold forming. The best strategy is the one that completes the forming
operation with minimum deviation from the plate's desired (ideal) shape. In this
study, the ideal plate shape is the shape of the female mold. The deviation of the
cold-formed plate from the ideal was found by calculating the volume between them.
The volumetric calculations were done according to the results obtained from the
QForm analysis. The space between the final shape of the plate and the ideal form
was converted into a solid model (Figure 3.10). Afterward, the volume of the solid
model was calculated. The strategy with minimum volume indicated the best

strategy.

The punch stroke sequences, X, y coordinates and the plate's forms in some
instances of S1-S3 strategies are shown in Figures 3.11-3.13. The horizontal distance

13



between the successive punch strokes was chosen for all strategies as 150 mm. This
distance enabled covering the overall plate surface in 35 punch strokes.

Figure 3.9: The solid model created between the female mold and cold-formed plate.

14



REF.| X Y
1 0 0

2 o [15,59

3 0 |31,18

4 o [46,76

5 | 10 [47,65

6 | 10 [32,06

7 | 10 [16,47

8 | 10 |o0,88

9 | 20 [4,71

10 | 20 |20,29

— 12 20 8 .35 11 | 20 |35,88
Ly | 27 12_|21,47| 50

19 by 13 | 30 [42,94

5 b i 29 .34 14 | 30 |27,35
4 26 15 | 30 [11,76

. 18 16 |33,82] 0

> b - 30 33 17 | 40 |9,41
15 18 40 25

17 s 19 | 40 [40,59

LB 0 i PRl >|?2 20 |46,18| 50
Yo X 21 | 50 [38,24
X 22 | 50 [22,65
23 | 50 |7,06

24 |58,53] 0

25 | 60 |14,12

26 60 |29,71

27 | 60 |45,29

28 | 70 49,12

29 | 70 [33,53

30 | 70 [17,94

31 | 70 | 2,35

32 | 80 |3,24

33 | 80 [18,82

34 | 80 [34,41

35 | 80 | 50

(b)

D X

(c)

Figure 3.10: S1. a) Coordinates and sequence of punch strokes, b) plate geometry at the end
of the first punch stroke, c) plate geometry at the end of the 35th punch stroke (coordinates
in cm).



REF.[ X Y
1 0 0
2 | -8,88| 4,06
3 |-11,49| -2,56
4 | -3,02] -5,44
5 6 -4,96
6 | 10,5 | 5,82
7 [-10,02] 8,61
8 |-20,23| -1,45
9 [-7,15| -9,25
10 | 8,64 | -8,95
11 [ 19,07 | 8,06
12 | -9,36 | 15,75
13 [-27,82| 1,83
14 [-12,93|-14,82
15 | 11,16 |-15,33
16 | 28,47 | 7,77
17 | -4,96 | 22,24
18 [-32,73| 7,29
19 |-19,64| -18,5
XQ 28 29 2% 20 | 12,45 [-20,96
21 | 35,23 8,25
22 [ 17,61 | 24,58
23 | -0,04 | 27,29
24 | -17,7 | 24,56
25 [-33,15| 15,74
26 |-40,58| -0,03
27 [-33,11[-15,78
28 |-17,64|-24,57
29 | 0,01 [-27,29
30 [ 17,67 |-24,57
31 | 83,13 |-15,76
32 | 44 29
33 | -44 29
34 | -44 | -29
35 | 44 -29
€Y
X

(b)

j X

(c)

Figure 3.11: S2. a) Coordinates and sequence of punch strokes, b) plate geometry at the end
of the first punch stroke, c) plate geometry at the end of the 35th punch stroke.



REF.| X Y

1 0 0

2 [15,59] 0

3 |31,18] 0

4 |46,76] 0

5 |62,35| 0

6 |77,94] 0

7 |76,47| 10

8 [60,88] 10

35 34 33 32 31 30 g E B
35 10 |29,71] 10

24 = = == = 11 |14,12| 10
23 2 51 50 19 12| 0 | 11,47
18 13 | 7,06 | 20

13 14 15 16 17 14 |22,65 20
15 |38,24| 20

12 44 10 9 8 7 16 |53,82| 20
17 |69,41| 20

1 2 3 4 5 6 18 | 80 25
¥ 19 |69,41| 30
% 20 |53,82] 30
21 [38,24] 30

22 |22,65| 30

23 | 7,06 | 80
24 | 0 | 38,53

25 [14,12] 40

26 [29,71] 40

27 |45,29] 40

28 [60,88] 40

29 |76,47| 40

30 |77,94] 50

31 (62,35 50

32 [46,76] 50

33 [31,18] 50

34 [15,59] 50

35 | 0 50

(b)

j X

(c)

Figure 3.12: S3. a) Coordinates and sequence of punch strokes, b) plate geometry at the end
of the first punch stroke, c) plate geometry at the end of the 35™ punch stroke.



CHAPTER IV

RESULTS AND DISCUSSION

The following results are obtained at the end of the FEM and simulation of

the processes:

1)

2)

3)

A maximum of 25 mm distance was observed between the mid-bottom
surface of the plate and the mold after the deep drawing of the plate by the
male mold (Figure 2.3) due to spring back.

The volumes of the solid models created between the cold-formed plate and
the ideal plate form in the S1 and S2 were higher than that of S3 (Table 4.1).
The S1 and S2 yielded 216% and 333% higher volumes than the S3. In this
study, a mean distance between the final shape and the ideal plate form was
also defined. The distance was found by dividing the calculated volume by
the area of the plate (1.25 x 0.67=0.838 m?). Although the mean distance was
not equally distributed on the surface, it provided a metric for comparing
distances between ideal and actual plate forms for the strategies. As shown in
Table 4.1, the mean distance was the lowest in S3 and the highest in S2. This
result is consistent with the volumetric differences found for the strategies.
So, it was deduced that the S3 was the best strategy among the others in
reaching the ideal plate form, whereas S2 was the worst.

In this study, the plate's maximum temperature (Tmax) under the punch at the
instant of contact with the mold was also investigated. The plate's
temperature rise under the punch was due to the plastic deformation of the
plate in bending and squeezing modes. Figure 4.1 indicated that the Tmax
range, except for a few stroke positions, was 22-50°C. At the first 15 strokes,
the S2 yielded higher temperatures than the other strategies. The equivalent
plastic strain (eep) values at the instant plate contact with the mold were also
found by FE analysis for each stroke of the strategies (Figure 4.2). The gep

increment dep was calculated from,

18
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Here, deii® is the equivalent strain increment component in the principal
direction. The &ep values observed in the strategies were between 0.0065 and
0.016. Since the plastic deformation (yield) was assumed to start at 0.002
strain (0.2% offset), the &ep vValues of the strategies were high enough to cause
plastic deformation of the plate. So, the temperature rise was attributed
mainly to the plastic squeezing of the Invar material with the punch down
movement (i.e., stroke). The local plastic deformation (penetration) marks on
the plate surface (Figure 2.1) due to the localized high compressive stress
exerted by the sharp punch side explains the slight temperature rise (typically
10 to 25°C) on the plate.

The &ep values were very close for S1 and S3. Yet, S2 yielded much higher &ep
values than the other two. The higher eep values observed in S2 (Figure 4.2)
resulted in the higher maximum temperatures (Figure 4.1).

4) In this study, maximum stress (Von Misses based, omax) values of the plate
under the punch at the instant of contact with the mold were also studied. The
variations of omax With punch stroke sequence for the S1-S3 are shown in
Figure 4.3. The omax values, between 260-500 MPa, were generally higher
than the yield strength of the Invar material (276-280 MPa) in all strategies

causing the plastic deformation of the plate locally (i.e., penetration marks).

Table 4.1: The volume difference and mean distance between the final shape of the cold-
formed plate and the ideal form for the strategies

Strategy Volume difference (m®) Mean distance (m)
S1 0.026 0.031
S2 0.040 0.048
S3 0.012 0.014

19
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Figure 4.1: Variation of Tmax With Punch Stroke Sequence for the S1-S3

Punch Stroke Sequence
Figure 4.2: Variation of ¢, with Punch Stroke Sequence for the S1-S3
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Figure 4.3: Variation of oma With Punch Stroke Sequence for the S1-S3
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CHAPTER V

CONCLUSION

This study proposed three punch stroke application strategies (S1-S3) to cold form
the Invar FeNi36 plate into a fuselage panel lay-up mold. The strategies'
effectiveness was evaluated using the Finite Element Method (FEM). The following
conclusions are drawn from the FEM and simulation of the processes:

-The S3 was the best strategy among the others in reaching the ideal plate form,
whereas S2 was the worst.

-The equivalent plastic strain (gep) Values at the instant plate contact with the mold
were high enough to cause plastic deformation of the Invar plate. So, the temperature
rise was attributed mainly to the plastic squeezing of the plate with the punch stroke.
The higher ¢ values observed in S2 resulted in higher maximum temperatures.

-The maximum stress (omax) Values of the plate under the punch at the instant of
contact with the mold were higher than the yield strength of the Invar material (276-
280 MPa) in all strategies causing the plastic deformation (penetration marks) of the

plate locally.
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