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Summary

The analysis of isothermal forging process of ribbed plates made of multicomponent (Al-Cu-Li-Zn-Mg
system) third generation 2099 aluminium alloy is presented in the paper. Numerical simulation of forging
was performed by finite elements method (FEM) using the QForm v.7 commercial software. Obtained
results were the base for selection of conditions of isothermal forging for examined aluminium alloy. It
was assumed in the work that ribbed plates could be produced by one-step forging. The isothermal forging
at the temperature of 450°C was conducted on designed test bed. Satisfactory shape accuracy and high
quality surface of the forging were found. Evaluation of alloy’s microstructure before (T-83 condition) and
after forging was performed by microscopic examination. It was found that obtained results of numerical
simulation and experimental research can be a base for elaboration of industrial process of plastic forming
of complex geometry flat structural parts made of 2099 aluminium alloy.

Keywords: FEM numerical simulation, isothermal forging, Al-Cu-Li-Zn-Mg alloys, microstructure, aircraft
structures

Analiza numeryczna i doswiadczalna procesu kucia izotermicznego plyt zebrowanych
ze stopu aluminium 2099 do konstrukgcji lotniczych

Streszczenie

W pracy przedstawiono analize wynikéw badain procesu kucia izotermicznego ptyt zebrowanych
z wielosktadnikowego (uktad Al-Cu-Li-Zn-Mg) stopu aluminium trzeciej generacji 2099. Symulacje
numeryczne kucia wykonano metoda elementéw skonczonych (MES) z zastosowaniem komercyjnego
programu QForm v.7. Uzyskane wyniki byty podstawa doboru warunkéw proby kucia izotermicznego
badanego stopu aluminium. W badaniach przyjeto zatozenie, ze jest mozliwe kucie matrycowe ptyt
zebrowanych wykonanych w jednej operacji. Prébe kucia izotermicznego w temperaturze 450°C
prowadzono na zaprojektowanym stanowisku badawczym. Stwierdzono zadowalajaca dokfadno$c¢
ksztattu i wysoka jako$¢ powierzchni wykonanej odkuwki. W badaniach mikroskopowych dokonano
oceny mikrostruktury stopu przed (w stanie T-83) i po procesie kucia. Stwierdzono, ze wyniki symulacji
numerycznej i badan eksperymentalnych moga stanowi¢ podstawe opracowania warunkéw
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przemystowego ksztattowania plastycznego panelowych elementow konstrukcyjnych o ztozonej
geometrii ze stopu aluminium 2099.

Stowa kluczowe: symulacja numeryczna MES, kucie izotermiczne, stopy Al-Cu-Li-Zn-Mg,
mikrostruktura, konstrukcje lotnicze

1. Introduction

Aluminum alloys are extensively used as a struttmterials due to their
properties — low density and high specific stren@®k/p), good electrical and
thermal conductivity and good technological projgsrt- good castability and
plastic deformability. Wrought aluminium alloys hsignificant contribution to
aerospace industry development, including light altid-light aircraft. Despite
the modern airframes are more and more built framposite materials new
generation aluminum alloys are still used in trediearing structures of aircraft
[1, 2].

The use of aluminum alloys containing lithium inr@pace applications
began in the late 1950’s with alloy 2020. Inityalhese alloys did not achieve
widespread use due to properties anisotropy, lowghness, poor corrosion
resistance and/or manufacturing issues. New geoerat Al-Li alloys provides
not only density weight savings, but also many propbenefits such as excellent
corrosion resistance, good fatigue crack growtfoperance, a good strength and
toughness combination and compatibility with staddaanufacturing techniques
[3].

The 2099 alloy (also designated C460) is a thindegation aluminium alloy.
Its chemical composition has been developed orbésis of the experimental
knowledge of the first and the second generatilmysl It belongs to 2xxx series
alloys which contain Cu as the main alloying elem&he 2099 aluminium alloy
found applications in the aerospace industry, @uistunique mechanical and
functional properties. Higher strength and stiffnegth lower density, better
weldability, excellent tolerance for damage andhbigcorrosion resistance in
comparison to conventional aluminium alloys, theae some of the
characteristics of the 2099 alloy. The precursothef 2099 is the 2090 alloy.
Comparison of these two alloys indicate that tHe92@as fever planar anisotropy,
higher ductility and toughness and the same cryiogemoperties as the 2090.
Increased specific strength, defined as the rdtterssile strength and density, is
the main property of the alloy. It is achieved logition of lithium. Every 1% of
lithium added to the alloy lowers its density by a%d enhances Young modulus
by 5 to 6% [4-12].

Those extraordinary properties make 2099 aluminallny suitable for
manufacturing structural elements of an aircrafitgihg allows to obtain the
required mechanical, macro- and microstructurati gaometrical parameters
together with high quality of the surface. Manutaittg elements of very complex
cross-sections are usually too expensive or ev@ossible with application of
various techniques.
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The analysed material can replace aluminium alRxy, 6xxx, 7XXx series
in applications with statically and dynamically dal structures of the hull, the
lower wing stringers and other elements which neghigh stiffness [5-11].

The 2099 alloy is subjected to precipitation handgnlts final structure and
properties depend on the conditions at each sthitie @roduction process. The
research should be oriented for optimisation oftbl@momechanical conditions
of technological processing of the alloy Al-Cu-Ln=21g [5].

The forging of light alloys is commonly used in #ngation industry. In case
of complex shape elements, having ribs and recesgesial thermal and
mechanical conditions of forging process shouldiged. The main aim of this
work was to analyse the possibility of isothernalyfng of ribbed plates made
from the new generation 2099 aluminium alloy.

2. Experimental procedure

Commercial 2099-T83 aluminium alloy was used inestigation. The
material was prepared by melting accurately weigteadponents (Tab. 1) in an
electric arc furnace, cast and extruded into shapesls. The prepared rods were
afterwards cut and subjected to the processedutf@oannealing (stretching in
the range of 1-4%) and aging (T-83 condition). Tiiigcedure ensures optimal
combination of mechanical and plastic propertiesh(T2) [12].

Table 1. Chemical composition of the investigate8R083 alloy [12]

Alloying element, wt.%

Cu Li Zn Mg Mn Zr Ti Al
2.4-3.0 1.6-2.0 0.4-1.0 0.1-0.5 0.1-0.p  0.05-0.12.1 rBax bal.

Table 2. Physical and mechanical properties ofrthestigated 2099-T83 alloy [12]

Density p, g/cn? 2.63
Young modulusg, GPa 78

Yield Strength gys, MPa 595 (L), 520 (T)
Ultimate tensile strengthais, MPa 505 (L), 470 (T)
Elongation & % 9 (L)
ToughnessKic, MPa. nf-5 30 (L-T), 27 (T-L)

L and T — longitudinal and transverse directiorpeesively

The microstructure of 2099-T83 aluminium alloy racs composed of
grains of a (Al) phase elongated in the extrusion directiord gmecipitates
homogeneously distributed in the matrix (Fig. 1).
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Fig. 1. Microstructure of investigated 2099 allayais-received condition (T-83) — longitudinal (a)
and transverse (b) cross-section [5]

The conditions of forging were established basethemumerical modelling
of the process in the Q Form 3D v.7 software supldpy the literature review.
Commercial program QForm is convenient for the tmgyment of open die
forging process, checking plastic deformation distion inside the ingots,
evaluation the heating and cooling during the whelehnological chain and
technology optimization. QForm is a program thdidsed on a complex approach
for the simulation. Finite-Element Method (FEM) axdronoi Cells (VC) are
implemented for discretization and solving the thermechanical problems. The
discretization of the thermal problem is carried bw dividing the simulation
domain into small finite volumes (Voronoi Cells) fehfor discretization of the
mechanical problem implemented FEM is used. Thd gfiVoronoi Cells is
based on the finite element mesh. QForm provideslation of the coupled
thermo-mechanical problem during the contact ofkpm@ce-dies. The dies may
be considered as an assembled body. It is postibleonsider the plastic
deformation of the several workpieces in the mutitact. The isothermal
forging was proposed in the investigation [13].

The following parameters have been adopted inithelation:

* batch temperature: 450°C,

* tools temperature: 450°C,

* pressure: 5 MN,

« forming speed: 0.5 mm/s.

The calculated volume of the forging batch of agkinplate was about
11451,69 mrhwith the large flash of approximately 45%. Thige¢ated to the
complex shape of the forging (Fig. 2), where theexd filling of the die cavity
requires a wider groove for the flash. The forgimgcess was carried out in the
open dies, and the shape of the finished ribbedpia shown in Fig. 1.
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a) b)

Fig. 2. The ribbed plate taken into consideratarop view, b) isometric view

The isothermal forging process was performed oarktbry test bed based
on hydraulic press Zamet 500 Mg (Fig. 3) in Depantof Metal Forming of
AGH University of Technology. Graphite-water emalsiwas used as a lubricant
in the die surface while the surface of feed iseted with glass in order to reduce
a friction during forging. The temperature was d¢any monitored with three
thermocouples placed in the chamber of the furn@ibe. process carried out
in the isothermal conditions at temperature of €58hd the forming speed of
0.5 mm/s.

Fig. 3. The test bed for isothermal forging process

The forging was cooled in the water after plastifodmation process and cut
for metallographic specimens preparation. Micradtral investigations were
carried out using Carl Zeiss Axio Vert 200 MAT lighicroscope (LM) and JEOL
JEM — 2100 transmission electron microscope (TEM).
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3. Results and discussion

3.1. FEM analysis

The complicated shape of the forging results i higidity, toughness and
fatigue resistance. In spite of such features efftinging a single operation was
planned, which is an important attribute of théhtesdogical process. During the
open-die forging filling of the dies is carried dayt complex operations, such as
upsetting, extrusion and piercing. The difficultielsthe modelling process are
mainly related to the selection of the optimal pagters. This make filling of the
die cavity possible in one operation without anfedts. Furthermore, the forging
should be characterized by fine-grained fibrousrastructure and high quality
surfaces [4, 5].

Based on numerical analysis results it was foundt tbeformation
temperature of forging during the isothermal preassery homogenous (Fig. 4)
— the temperature spread is less than 2°C.

a) b)

44444
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Fig. 4. Distribution of deformation temperaturele forging: a) top view, b) end view

Numerical analysis confirmed the complex statetmsses in the forging
during plastic deformation (Fig. 5). The compresstresses in the forging were
predicted, while tensile stresses were possiblg onthe flash. It is generally
advisable during the forging — compressive stresshance plastic formability of
material and allow to avoid microcracking.

FEM analysis of plastic strain in the forging refeebthat the most intensive
plastic flow of the material is in the flash volurfi€ig. 6). The lowest values of
strain were found in the region between ribs (Bay. — dead zone. Formation of
the dead zone is either caused by the rapid ocweref the flash or a large height
difference and a high radius in the ribbed plate.
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a) b)

Fig. 5. Distribution of mean stress in the forginytop view, b) end view

a) b)

Fig. 6. Distribution of effective strain in the fng: a) top view, b) end view

Performed numerical simulation enabled calculatibparameters (Tab. 3)
of one-step isothermal forging of ribbed panel. phgsical process of forging on
laboratory test bed was planned and carried outhi®verification of obtained

results.

Table 3. Deformation parameters calculated in nigaksimulation of isothermal forging process

Deformation temperature Stress, MPa Effective strain

°c min max min max
450 21.6 -507.0 0.1 14.9
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3.2. Isothermal forging

Parameters of isothermal forging on hydraulic pi&ssiet 500 Mg used in
investigation were collected by monitoring systédine maximum recorded force
was about 598 kN for time of 30 s (Fig. 7).
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Fig. 7. Tool force during the forging process

Based on temperature measurements (Fig. 7) it wasdf that at the
beginning of forging process the heating up ta¢meperature of 350°C was quite
fast. There were not determined significant diffees between forging and dies
temperature (Fig. 8).
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Fig. 8. Forging and dies temperature during heattage of the process
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Proposed one-step isothermal forging enabled tdym®good quality semi-
product having required shape and dimensions &ig.

Fig. 9. The view of isothermally forged ribbed plat

3.3. Microstructure analysis

The microstructure of 2099 alloy isothermally fadgs fibrous (Fig. 10a).
Grains morphology is strongly related to the stditstress. They are elongated in
the extruding direction and their size decreasélsdrcompression direction (Fig.
10b). Developed microstructure is multiphase — a@ioist dispersed and fine
precipitations (Fig. 10c,d). There is no occurreoceracking or other defects in
the microstructure of the ribbed plate no signewarheating either.

Detailed phase analysis of examined 2099 alloynesaplanned it the frame
of presented work. Based on literature data [F7tHe formation of intermetallic
phases and fine particles precipitates indffd) matrix and grain boundaries is
possible. After forging process at the temperahetveen 400 and 500 the
formation of T (Al.CuLi-Mg) and T (AléCuLis) phases is expected [4,5]. Phases
T1 and T in the 2099 alloy are fine and dispersed and Hawa of regular
spheres. They contain mainly Cu, which improvesptlasticity and mechanical
properties of the alloy.

T1 andd' (Al sLi) phases are essential components of the allaghwhave
an impact on the strengthening. The addition ofd.2% of zirconium results in
a fine dispersoid of the form @f (Al 3Zr) which increases the tensile and impact
strength. The T1 andl started growing above the temperature of 850thereby
contributing to the inhibition of the dynamic restgllization and affecting the
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Fig. 10. Microstructure (LM) of the forged 2099 mlimium alloy: a) plastic flow bands,
b) deformed and elongated grainsxdfAl) phase, c, d) intermetallic phase precipitasio

b)

Fig. 11. Microstructure (TEM) of the ribbed plagg:fine precipitations of intermetallic phases,
b) spherical precipitates of tRephase
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precipitation strengthening. The zirconium commg{}’ phase does not dissolve
during processing and effectively block the subtgaictivity, raising the strength
of the alloy. Another phase, consisted of mangareegeincoherent AICuMns
precipitations formed on the boundaries that pregeains growth. Moreover,
both AboCwMnsz and 3’ phases determine dynamic recrystallization preces
[8, 9].

Microstructure of the ribbed plate observed by ttasmission electron
microscope allowed to confirm the presence of fitteaprecipitation (Fig. 11a)
and recognise dark spherical precipitates of tlesedi (Fig. 11b).

4. Conclusions

Based on numerical and experimental analysis tifiésmal forging process
following conclusions can be formulated:

1. The findings from the analysis of the forgingpgess confirmed that
production of the ribbed plate is possible in akgbrforging operation. However,
it is possible only when the chosen feed has anrateexcess of the material in
order to allow complete filling of the blank matrix

2. High quality of the forging is a result of thepaopriate distribution of the
stresses.

3. No cracks or other defects are found during thetallographic
observations, which confirm proper selection ofpthecess parameters.

4. The microstructure of the alloy after deformatie clearly fibrous. The
grain size depends on the deformation directi@n,larger elongated grains are
observed in the extrusion direction, while smatheains are localised in the
compression zone.

5. The homogeneity of alloy’s microstructure in theging indicate that the
plastic deformation is undergone in steadily arablst conditions. The 2099
aluminium alloy demonstrates predispositions todcwoh the process under
isothermal conditions.
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