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Abstract Creep-age forming (CAF) is a relatively new sheet
metal forming method for manufacturing large-scale compo-
nents with accurate shape and desired performance. This pa-
per fully investigates the strain distribution, springback char-
acteristic, mechanical property, and shape quality of an
integrally-stiffened AA2219 alloy plate during CAF process.
A new set of unified creep-ageing constitutive equations in-
corporating the effect of pre-deformation is developed, and its
effectiveness in FE solver MSC.Marc is validated by tension
creep-ageing simulation. CAF simulation of the stiffened plate
is conducted. The results indicate that the final shape of the
plate is simultaneously determined by plastic and creep defor-
mations, while the creep deformation plays a major role, with
corresponding contribution percentage of 33 and 67%.
Comparisons between experiment and modelling show that
the deviations are approximately 11% for springback and
3.2% for yield strength, which confirms the validity of CAF
modelling. Furthermore, yield strengths on the skin of the
plate are more evenly distributed as compared with those on
the stiffeners. In addition, the values of generatrix linearity of
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the formed plate are very small, which demonstrates that the
CAF-formed integrally-stiffened plate has high-precision
shape quality.
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1 Introduction

With the development of aeronautics and astronautics, large
integral panel components have been widely used in civil and
military aircrafts, space crafts, and launch vehicles [1].
Typically, panel component is assembled by riveting the
stringers/ribs and skin, which is also called built-up structure.
For integral structure, the stringers/ribs are machined out of a
thick plate by CNC machine [2]. In contrast, the integral struc-
ture has the advantages as follows: (1) its geometric configu-
ration can be designed with very complex spatial surfaces,
satisfying harsh aerodynamic requirements; (2) the use of
fillet transition between the skin and stringers/ribs can effec-
tively reduce the stress concentration; (3) the weight and
manufacturing cost can be reduced greatly [3]. However, tra-
ditional forming methods have been proved to be inadequate
for producing large integral components, as formed parts can-
not remain stable in dimension and often suffer micro cracks.

Creep-age forming (CAF) is a relatively new metal forming
process for manufacturing large-scale lightweight components
with high level of performance. CAF is composed of stress
relaxation and artificial aging, which are respectively respon-
sible for forming and strengthening materials. In a CAF pro-
cess, part to be formed is pressed completely onto the tool’s
surface by extracting the air between vacuum bagging film
and mold. The part is then heated for a pre-selected amount
of time sufficient for stress relaxation and creep. Finally, the
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part is released from the tool and springbacks due to elastic
recovery [4, 5]. Several constitutive equations have been pro-
posed to predict creep deformation behavior or springback of
material. Sallah et al. [6] presented a simplified inelastic con-
stitutive equation for autoclave age forming using a cylindri-
cal tool shape and a good agreement was obtained between the
predictions and Textron data. Kowalewski et al. [7] derived a
mechanism-based constitutive equation with three internal
state variables, which could model the primary, secondary
and tertiary creeps. As microstructural evolution theory devel-
oped, constitutive equations are more comprehensively
established by incorporating the interactions of precipitate nu-
cleation and growth, dislocation density, mechanical proper-
ties, and creep deformation [8—11].

So far, successful applications of CAF include the upper
wing skins of Gulfstream GIV, B-1B long-range combat air-
craft, and Airbus A330/340/380 [1, 12]. However, most of
these components are panel-shaped. A few attempts have been
made concerning the creep-age forming of integrally-stiffened
plate. Adachi et al. [2] studied the CAF of a lower wing with
stringer structure. They established an analytical model to pre-
dict the amount of springback through introducing a parame-
ter of CAF equivalent modulus. CAF test was carried out on
AAT475 lower wing panel, revealing that the maximum dif-
ference between the experimental and predicted values was
approximately 7%. Based on the classical plate bending the-
ory, Inforzato et al. [13] employed the concept of equivalent
height to simplify the geometry of complex stiffened panel,
which enabled the springback magnitude of creep-age-formed
part to be estimated easily. They found that the calculated
springback was very close to the average value measured in
the part. Lam et al. [14] developed a novel forming technique,
which made use of PTFE pocket fillers and intermediate
sheets to reinforce and protect stiffeners during CAF process,
to research the effects of different stiffener designs and pre-
form age conditions on springback of formed part.

AA2219 is extensively used in aerospace industries due to
its excellent weldability, good high-and-low temperature per-
formance. Our previous research [15, 16] shows that 7%
stretching of 2219 aluminum alloy between solution treatment
and creep aging can simultaneously improve shape precision
and mechanical properties of creep-age-formed plate. The aim
of this paper is to study the forming characteristics of 7% pre-
deformed AA2219 plate with stiffeners by methods of exper-
iment and modeling. A new set of creep-aging constitutive
equations which considers the effect of pre-deformation is de-
veloped and its effectiveness in FE solver MSC.Marc is vali-
dated by tension creep-aging simulation. Then CAF simulation
of the stiffened plate is performed. Strain distribution,
springback behavior, mechanical property, and shape quality
of the integrally-stiffened plate are fully analyzed.
Furthermore, CAF experiment of the stiffened plate is conduct-
ed and the experimental and simulation results are compared.
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2 Constitutive and numerical modeling
2.1 Unified creep-aging constitutive modeling

The unified creep-aging constitutive model is derived based
on microstructural state variable approach, relating material
responses to microstructural state variables [15]. During creep
aging, the variation of precipitates is described by average
length (/), aspect ratio (g), and normalized volume fraction
( f,), which take the effect of dislocation density (p) into
account. The following set of equations is established:

I = Co(a+ bod)™(1+ kyp")

q = Csexp [—k4 (t_t*>2—o'n5:| 1" 4+ 1

B (1)
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where Cl’ C2, C3, C4, my, msz, N3, Ny, Ns, Ng, A, b, kz, k3, k4, and
f*are material constants. The /, ¢ and f, are obtained by sta-
tistical analysis of TEM photos. The term (a + b - o) represents
the peak value of average length of precipitate under varying
applied stresses (o). The ¢ and #* respectively denote current
and peak-aging time of material. Material constants a, b, and
t* can be measured experimentally. The normalized disloca-
tion density (p ) is defined as p = p/p,, with p and p,, being
current and maximum dislocation density of material, respec-
tively. Li et al. [17] claimed that there is a limit of the pre-
stretch level, above which the age hardening progress would
be hardly affected by further increasing pre-stretch levels. For
the Al-2.45Cu—2.45Li alloy, the limit is about 6%. For
AA2219 in this study, the 7% pre-stretch in initial temper
may have reached the limit level and thus the initial disloca-
tion density can be supposed to be saturated state. During
creep aging, under the action of high temperature thermal
activation and high stress, the saturated dislocations are prone
to annihilate and dynamically recover. So the normalized dis-
location density rate is formulated as a decreasing trend. The
yield strength (o,) of age-hardenable aluminum alloy has con-
tributions from the intrinsic strength (o7;), solid solution hard-
ening (o), precipitation hardening (o,,,), and dislocation
hardening (o). The intrinsic strength, which may include
strengthening components from dispersoids and grain size, is
considered constant [18]. And the latter three components are
associated with microstructural state variables, which are
expressed as follows:
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where Cg, C,,, Cuis, n1, and n, are material constants.
With creep-aging time, the concentration of solute atoms
and dislocation density gradually decrease, leading to re-
duction in solute hardening (o) and dislocation hardening
(04;5)- The aspect ratio (g), which increases until peak age
and then decreases [19], is added in the precipitation hard-
ening (0,,,) equation to characterize the mechanisms of
dislocation cutting and bypassing. The creep strain rate is
not only a function of applied stress (o) but also the func-

tion of yield strength (o))

B-(0—00) (1 + k1p) }”’
Oy

o= A-sinh{ (3)
where A, B, k;, and m; are material constants. o, is
threshold stress of creep. In the case of o>o0y, creep
strain occurs, and vice versa. Pre-deformation exerted
on aluminum alloy before creep-age process provides
massive moveable dislocation, which promotes creep de-
formation [15, 20]. Here, a positive effect of mobile
dislocation on creep strain rate is considered.

Combining Egs. (1), (2), and (3), we obtain the unified
creep-aging constitutive model which can describe creep de-
formation and yield strength of material simultaneously dur-
ing CAF process. Constant tensile stress creep-aging tests are
carried out using 7% pre-deformed AA2219 test-pieces, at the
temperature of 165 °C and at stress levels of 120, 150, and
180 MPa for 11 h (peak-aging time of the tested 2219 alumi-
num alloy). Material constants within the model are calibrated
from experimental data and listed in Table 1. More detailed
description of the constitutive equations can be referred to
[15].

To validate the effectiveness of the developed creep-aging
constitutive model in the FE solver MSC.MARC, the FE
model of the tensile creep test at 165 °C for 2219 aluminum
alloy is established and shown in Fig. la. The constitutive
model is programmed by FORTRAN language and imple-
mented in the FE solver by user defined subroutine,
CRPLAW. In terms of creep strain and yield strength, the
comparisons between experimental and computed results are
conducted to verify the above model, as depicted in Fig. 1b
and c. Obviously, the experimental data agrees well with sim-
ulated results. This illustrates that the constitutive model can
accurately predict the creep-age behavior of 2219 aluminum
alloy in FE solver.

2.2 FE modeling

Figure 2 shows the FE model for CAF process of an
integrally-stiffened plate using MSC.Marc. The geomet-
ric dimension of the plate is shown in Fig. 3. The plate
is modeled as 3D deformable shell element with the sim-
plification of removing hole and fillet features. Three-
node triangular shell element is used at the skin area of
the plate. While the two ends and stiffeners of the plate
are meshed by using four-node quadrilateral shell ele-
ment, so that the skin area and stiffeners of plate could
share the same nodes at the intersections. The tool sur-
face of 1160-mm radius is set as rigid body. Four springs
at the corners are used to support the weight of the plate
and to separate the plate from the mold at the end of
simulation. Young’s modulus of 67.552 GPa and
Poisson’s ratio of 0.3 are assigned for the studied
AA2219 and the room-temperature engineering stress-
strain behavior of the material shown in Fig. 4 is
imported into the model. The verified subroutine,
CRPLAW, is implemented to model the creep-aging pro-
cess of the integral plate. The symmetric boundary con-
ditions are defined on nodes along the dotted lines in
Fig. 2. And the bottom node of each spring is completely
constrained.

Simulation process can be divided into three steps.
Initially, the pressure is incrementally applied on the
upper surface of the plate until it reaches 0.45 MPa,
under which the plate is fully contacting with the sur-
face of mold. Subsequently, this load is kept for 8 h to
allow the creep deformation and age hardening to take
place. Last the pressure is released and the surface data
of the simulated plate is obtained.

3 Experimental
3.1 Materials

The raw material, AA2219 plate of 1900 mm x 1000 mm X
20 mm, was provided by a company. The as-received
material was in a T37 temper which had undergone solu-
tion heat-treatment at 535 °C for 80 min, water-
quenching, followed by 7% pre-stretching. The chemical

Table 1 Material constants of pre-deformed AA2219 at 165 °C

Ay B ooMPa)  o{MPa) CyuMPa) C,,(MPa) CuMPa) C, C, G Cy ki ky ks
0.95 0.14 154 111.2 70.3 79.1 125.1 37¢-6 1.0 1419 2718 1.63 038 0.56
kah®  n ny ns ny ns ne m my ms a(nm)  b(nm/MPa) t*(h)
0.01 022 0.05 5.0 4.68 0.17 0.1 32 0.55  0.60 94.0 - 0.1 11
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Fig. 1 Comparisons between
experimental and computed
results of tensile creep tests at
165 °C. a FE model of tensile
creep test. b Creep strain. ¢ Yield
strength. Symbols and solid lines
denote experimental data and
computed curves, respectively.
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compositions of AA2219 are given in Table 2. The
integrally-stiffened plate in Fig. 3 were machined parallel
to the rolling direction of as-received plate. A laboratory
autoclave was used in this study, and the temperature and
pressure in the autoclave are controlled by PID system
with the accuracy of + 1.5 °C and + 0.01 MPa. The
Atos Raster Scanner was used to scan the outer shape of
the formed plate, and the mechanical properties were mea-
sured by an INSTRON 5500 machine.
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3.2 Experimental method

The CAF test is split into three operations: loading, creep-
aging, and unloading. The specific experimental procedure
can be described as follows:

* Loading (Fig. 5a). The mold and plate were wrapped by
breather and then sealed by vacuum bagging film. And the
air in the assembly was extracted by vacuum pump.
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Fig. 2 FE model with the
boundary conditions

Fig. 3 Dimensions of the
integrally-stiffened plate (units in
mm)

Uniform pressure

-4 B-8

*  Creep-aging (Fig. 5b). The sealed mold was sent into the
autoclave. Two thermocouples were mounted in the mid-
dle and end of the mold, respectively. The process param-
eters were aging temperature of 165 °C, holding time of
8 h and applied pressure of 0.45 MPa.

370

360
350
340 1

330 1

Stress /MPa

320 1

310 1

300 I — — :
0.00 0.04 0.08 0.12 0.16 0.20

Plastic strain /%

Fig. 4 Room-temperature engineering stress-strain behavior of AA2219

* Unloading (Fig. 5c). After holding time, the furnace was
ventilated to allow the apparatus to return to room
temperature.

4 Results and discussion
4.1 Strain distribution

Figure 6 displays the final equivalent plastic and creep strain
distributions of the plate after CAF process. In Fig. 6a, plastic
strains are generated in the stiffeners of plate and maximum
equivalent plastic strain reaches 1.208e-2. It is evident that
most plastic strains are accumulated within the ring and side-
ling stiffeners at the middle region of the plate (inside green
box). But plastic strains are barely seen in the axial stiffeners

Table 2 Chemical compositions of AA2219 (mass fraction, %)

Cu Mg Mn Si Fe Ni Zr Ti Al

524 0028 027 0042 0.13 0.03 0.14 0.065 Bal
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Fig. 5 Creep-age forming of the
stiffened plate

Loading

and skin. From Fig. 6b, creep strains are distributed in most
regions of the ring and sideling stiffeners. This is because the
initial stress levels of these stiffeners caused by loading are
higher than other structures, as shown in Fig. 7, and higher
initial stress level results in larger creep strain [11]. For the
sake of contrastive analysis, feature nodes at the top of stiff-
ener (No. 1958) and on the skin (No. 188) are chosen shown
in Fig. 7. The variation of equivalent von Mises stress of two
nodes during the creep aging stage is plotted in Fig. 8.
Referring to Fig. 8, the stress of stiffener node 1958 is relaxed
gradually with creep-aging time by 134.6 MPa. Accordingly,

Fig. 6 Final equivalent strain (a)

distributions of plate. a Plastic 1.208e-002
strain distribution. b Creep strain

distribution 1.055e-002

9.02%9=-003
7.505e-003
5.980e-003
4.455e-003
2.931le-003
1.406e-003

—1.188e-004

4.841e-003
4.220e-003
3.598e-003
2.977e-003
2.355e-003
1.734e-003
1.112e-003
4.908e-004

—1.306e-004
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Creep-ageing Unloading

part of elastic deformation on the stiffener is converted into
creep deformation. While for skin node 188, the initial stress
level is 8.2 MPa lower than creep threshold stress in Eq. (3);
thus, creep deformation does not occur. According to the
above analysis, creep strains are distributed in most regions
of'the ring and sideling stiffeners. Note that stress of skin node
188 is decreased first and then increased for a long time. The
decrease in stress at initial stage may be due to the softening
caused by thermal activation role. With extension of time, the
stress is increased as a result of precipitation hardening.
Referring to Fig. 6, there is almost neither plastic nor creep

Sideling stiffener Axial stiffener

Ring stiffener
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Fig. 7 Equivalent von Mises 3.184e+002
stress distribution of plate after
loading 2.787s+002

2.391e+002
1.995e+002
1.598e+002
1.202e+002
8.054e+001
4.090e+001

1.254e+000

strain occurred in the axial stiffener. This is due to the fact that
the curvature direction of the tool is perpendicular to the axial
stiffeners, which results in low stress levels and ultralow strain
[21]. It demonstrates that the deformation of plate is associated
with the direction of stiffener distribution. To sum up, the
stiffeners have plastic and creep strains synchronously while
the skin just has a few creep strains. It further reveals that the
final shape of plate contributes from plastic and creep strains,
and the stiffeners play a major role. Specifically, the contribu-
tions of plastic and creep deformations account for the propor-
tion of 33 and 67%, respectively.

4.2 Springback behavior

The magnitude of plate’s springback is represented by
SP=(1-R,/Ry % 100%, where R, and R are the outer sur-
face radii of the plate before and after the load is released. The
smaller the SP value is, the more accurate the formed plate is.
The outer surface radius values of experimental and simulated

250
200
— Skin node 188
— Stiffener node 1958
150

100

Stress/MPa

504 0

1

I/ N

\ 0 ; T T T T T T T

.\ 0, 2 4 6 8
- Time/h

Fig. 8 Stress variation curves of the stiffener and skin nodes

Node 1958

Node 188

plates are measured as 1308.5 and 1500.0 mm, and corre-
sponding springback values 11.3 and 22.7%. By comparison,
it can be seen that springback deviation between experimental
and simulated plates reaches up to 11%. The following two
influencing factors mainly lead to the above deviation. During
CAF of stiffened plate, it is found that it takes about 5 h for
plate’s temperature to increase from room to aging tempera-
ture, as illustrated in Fig. 9. However, during the temperature
rising period, lots of creep deformations take place. Creep
deformation curve of AA2219 test-sample imitating the
temperature-rise process of plate is shown in Fig. 10. It can
be observed that the creep deformation during the temperature
rising period accounts for a total creep deformation of approx-
imately 25%. Therefore, heating process of plate should be
considered in the CAF simulation to improve the prediction
accuracy of springback. It is well known that during the creep
aging forming process, there are simultaneous tensile and
compressive stresses inside the component. Li et al. [17] and
Xu et al. [22] found that under the same conditions, the tensile
stress creep deformation would be greater than the compres-
sive stress creep deformation. In this paper, the parameters in

180

160 +
140 +
120

100

Temperature/ 'C

Heating stage i Holding stage

0 2 4 6 8 10 12
Time/h

Fig. 9 Temperature change curve of the plate during CAF process
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Fig. 10 Creep deformation curve of AA2219 sample simulating the
temperature-rise process of plate

the constitutive model are identified using experimental data
of tensile stress creep aging. As a consequence, in the CAF
simulation of plate, compressive stress creep deformation
computed by FE model are larger than that of practical value,
leading to more creep deformation generated in the plate and
less springback.

4.3 Mechanical property

Figure 11 is the simulation result of yield strength of the plate
after CAF process. On the whole, yield strength varies re-
markably from the skin to stiffeners. Detailed values of yield
strength at different positions (Fig. 3) of the simulated plate
are tabulated in Table 3. Each value takes average of two
specimens. As seen in Table 3, yield strengths on the skin
are more uniformly distributed as compared with those on
the stiffeners, which can be also proven by the lower value

Fig. 11 Yield strength 4.273e+002
distribution of plate
4 205e+002

4.137e+002
4 06%9e+002
4.001e+002
3.933e+002
3.865e+002
3.797e+002
3.728e+002

3.660e+002
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Table3  Simulation values of yield strength at different locations of the
workpiece

Location Skin Stiffeners

0° 45°  90°  Axial Ring sideling

Yield strength (MPa) 401

Average strength (MPa)/  398.2/4.7
standard deviation

400.8 392.7 413 385 378
392/18.5

of standard deviation. When the plate is completely pressed
against the mold surface, the initial stress gradient along the
skin thickness is small. That means there is no significant
stress difference through the skin thickness. Moreover, it can
be known that yield strength is related to initial stress accord-
ing to the constitutive equations. Consequently, the skin has
relatively uniform yield strength. For diverse types of stiffen-
er, however, stress levels through the height change consider-
ably. For example, stresses on the axial stiffeners remain slight
during loading; but for the ring/sideling stiffeners, the stress
levels constantly increase. This big stress difference between
them leads to large deviation of yield strength. After loading,
the stress increases from the axial ribs, skin, and other ribs.
Due to the inverse, the axial ribs have largest strength and
other ribs (ring and sideling ribs) are the weakest area in the
formed plate. Mean values of yield strength on the skin are
higher than those on the stiffeners (Table 3). Tensile samples
of dimension shown in Fig. 12 are machined at the different
locations from the experimentally formed plate (Fig. 3), and
the room-temperature yield strengths are determined on all
samples. The test results show that the average value of yield
strength of the different positions is 382.9 MPa, which is low-
er by 3.2% than the finite element simulation results. This
confirms the validity of CAF modeling.
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14
n
10

100

Fig. 12 Dimension of tension sample

4.4 Shape quality

Figure 13 shows that the outer surface of the formed plate and
fitted cylinder surface that was used to calculate plate’s radius
are not coincident. This illustrates that the deformation in
plate’s different areas are not uniform even though the mold
is single curvature. The upper and lower regions of the plate
are above fitted surface (see Fig. 13b) because the breather got
caught in the space between the mold and plate in the process
of vacuum-pumping, which also increases the tool surface
radii of these two regions when compared to the middle area
[16].

The initial flat plate approaches the mold surface grad-
ually and slowly under pressure. However, when the bend-
ing plate nearly touches the tool’s surface, the middle part
of plate will first contact with the bottom surface, because
the bending moment is larger. Under this situation, the two
plates on the left and right sides bear insufficient bending
moment to make them to touch the mold surface complete-
ly which leaves gaps between the plate and mold shown in
Fig. 14. Although the applied pressure gradually increases,
the gaps cannot vanish entirely. As a result, the left and
right sides of the formed plate overtop the fitted surface, as
shown in Fig. 13b.

Figure 15 shows the deflection distribution between outer
surface of the formed plate and the initial flat plate. Due to the
symmetry, five lines on the left side are used to evaluate the
generatrix linearity of the formed plate. Specifically, the de-
flections of seven points on each line with intervals of 45 mm
along Yaxis direction are measured. It can be observed that at
upper and lower edges of the plate, i.e., y = 11.5 and
281.5 mm, the deflections on the lines 2~5 are smaller than
that of the middle area, which further proves that the breather

Fig. 13 Comparison of the outer
surface of formed plate and fitted (a)
cylinder surface. a Overall

diagram. b Magnification

diagram

Left plate Right plate

Gap

Fig. 14 Gaps between the plate and mold during CAF process

got caught in the space during loading stage. The deflections
on each line are evenly distributed and the maximum differ-
ences (generatrix linearity) are 0.18, 0.14, 0.32, 0.42, and
0.36 mm for line 1, 2, 3, 4, and 5, respectively. Normally,
generatrix linearity of the integrally-stiffened plate
manufacturing by roll-bending process method could reach
up to about 3~4 mm [23]. By contrast, the integrally-
stiffened plate possesses high geometric accuracy and defor-
mation homogeneity after CAF process.

5 Conclusions

Creep-age forming of integrally-stiffened AA2219 plate was
investigated under a single curvature bending radius of
1160 mm at for 8 h by experiment and modeling. The follow-
ing conclusions can be drawn:

1. A new set of unified creep-aging constitutive equations
considering the effect of pre-deformation is developed
and then validated by tension creep-aging simulation.

2. Final shape of the integrally-stiffened plate contributes
from plastic deformation and creep deformation concur-
rently, with corresponding percentages of 33 and 67%,
respectively.

3. Comparisons between experiment and modeling show
that the deviations are approximately 11% for springback
and 3.2% for yield strength, which confirms the validity
of CAF modeling. And yield strengths on the skin are
more evenly distributed as compared with those on the
stiffeners.

(b)

Fitted surface
Plate’s surface

\
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Fig. 15 Deflection distribution between outer surface of the formed plate and initial flat plate

4.

Generatrix linearity of the formed plate is less than
0.5 mm, indicating that the integrally-stiffened plate pos-
sesses high geometric accuracy and deformation homo-
geneity after CAF process.
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