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Abstract. The article shows the results of research on microstructural and phase transformation in

aluminium-lithium alloys caused by laser welding followed by heat processing based on quenching and

artificial aging. The microstructure and phase composition were examined with the help of synchrotron

X-ray diffraction analysis and high-resolution electron microscopy. Two heat hardenable aluminium-
lithium alloys used in the study are V-1461 and V-1469. The chosen alloys are notable for their high
corrosion resistance, fracture and fatigue strength. V-1461 and V-1469 are third-generation alloys de-
veloped in FSUE "VIAM" and covered by Russian Federation Patents. The research shows that the
structural-phase composition of alloys changes in the result of laser welding.

Keywords: laser welding, aluminum-lithium alloy, scanning electron microscopy, synchrotron radiation,

x-ray diffractometry, mechanical properties.

Citation: A.G.Malikov, I.E.Vitoshkin, E.V.Karpov, K.E.Kuper, M.I.Mironova,
A.P.Zavialov, Microstructural and Phase Transformations in Aluminium-Lithium Alloys

after Laser Welding, J. Sib. Fed. Univ. Math. Phys., 2024, 17(1), 126-135. EDN:

ZAGUGJ.

*smalik707@yandex.ru,

9 igor.vitoshkin.97@mail.ru § evkarpov@mail.ru

TK.E.Kuper@inp.nsk.su, ¥ m.mironova@g.nsu.ru, [ zav__alexey@list.ru
© Siberian Federal University. All rights reserved

—126 —



Aleksander G. Malikov . .. Microstructural and Phase Transformations in Aluminium-Lithium. ..

Introduction

As of now, one of the principal objectives of aerospace engineering is to improve the weighting
efficiency of the final product. Today, among the most challenging tasks in cooperative develop-
ment of both new materials and advanced joint technologies lies the reduction of weight. In the
early 90’s, scientists introduced a number of third-generation Al-Li alloys with a reduced con-
centration of Li (Li < 2 mass.%) in the following alloying systems: Al-Cu-Li (V-1461, V-1469,
2195, 2196, 2198, etc.), Al-Cu-Mg-Li (1441) and Al-Mg-Li (1424) [1, 2]. The indicated alloys
are noted for their high mechanical properties due to special heat treatment, which, as a result,
forms a number of strengthening phases: ¢’(AlsLi), T1(AloCuli), 6'(AloCu) [1, 3].

One of the most significant problems of aerospace engineering manifests itself in the necessity
to find a substitution for the technology of riveting of modern aluminium alloys in the production
of complex parts with unique performance properties that are constantly exposed to high thermal
and mechanical stress through the use of new highly-efficient material-saving technologies that
provide the target mechanical properties. Experts from All-Russian Scientific Research Institute
of Aviation Materials (FSUE "VIAM" SRC of the Russian Federation) have estimated that
substitution of riveted joints with welded joints comprised of aluminium-lithium alloys could
reduce the weight of an aircraft by up to 25%. Airbus SE describes it as a «soft revolution»
in aerospace engineering. However, it is important to note that modern technologies in fusion
welding made it possible to produce heat hardenable aluminium and lithium-aluminium alloys
with mechanical characteristics resembling 60 or 80% to that of an initial alloy [4].

Laser-welding of aluminium alloys of the Al-Cu-Li system requires knowledge of transforma-
tions that take place in structural and phase composition of weld joints. Phase composition of
melting zone in a weld joint is determined by concentration ratio of alloying elements Cu, Li, Mg.
in an initial alloy and by the filling material. Furthermore, the arrangement of strengthening
phases in a solid solution and on the edge of dendrite in a weld joint can differ and not resem-
ble that of the initial alloy. It is worth noting that it is rather difficult to determine a precise
composition of a weld joint. To this day, precise methods of structural and phase composition
management in weld joints are yet to be developed.

In this study, the phase composition was established with the help of synchrotron X-ray
diffraction analysis. It is worth noting that synchrotron radiation has a number of primary
benefits. For instance, it provides hard X-ray, its beam brightness in photons per second is 10°
times higher than that of an X-ray tube, it can detect Li-rich phases with a size of less than 50 nm
and phase composition in the volume of material, has a small beam area (100x400 pm), which
makes it possible to carry out a local analysis of the material volume. Moreover, synchrotron
does not require complicated specimen preparation.

The aim of this paper is to study the structural and phase transformation of aluminium alloys
caused by laser welding followed by heat processing based on quenching and artificial aging with
the use of synchrotron radiation and high-resolution electron microscopy.

1. Experimental procedure

In the present study laser welding of a 1.5 mm Al-Cu-Li system aluminium-lithium alloy
was carried out with the help of a CO5 laser with maximum power output of 8 kW. The above
mentioned laser is a part of ALTC "Sibir" developed at the ITAM SB RAS (Russia).

Two aluminium-lithium alloys were used in the research, namely V-1469 of the Al-3.9Cu-
0.3Mg-1.2Li system and V-1461 of the Al-2.7Cu-0.3Mg-1.8Li system developed at FSUE
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"VIAM" [5]. These alloys come in the form of a-Al solid solution with phase-creating alloy-
ing elements applied on aluminium. Tab. 1 represents a number of principal strengthening
phases [5, 6]. Notation used is as follows: p is density, A is thermal conductivity, C, is heat
capacity, ous is ultimate tensile strength, o, is yield strength, ¢ is elongation at break.

Table 1. Physical and mechanical properties of aluminium-lithium alloys

Alloy Principal 0, A, Cp, Outss Oy, d,
strengthening | g/em® | W/(m-K)| J/kg'K | MPa MPa %
phases
V-1461 0’ (Al3Li), 2.64 92 910 550 470 10.1
T1 (A12 CuLl)
V-1469 6'(Al;Cu), 2.69 86 930 556 514 10.4
Tl (A12 CuLl)

Fig. 1 represents a scheme used over the course of metallographic analysis with the help of
optical and scanning electron microscopy along with the structural-phase analysis carried out
using synchrotron radiation on a megascience class facility.

laser
beam

- ,/wzzle

L/ 20
X-ray = - >
SR Q’V/ L > 50 :ﬂ@
&=~ Weld test 25
| )|

oM
SEM

Fig. 1. Scheme of welding and specimen preparation for metallographic analysis

Specimen preparation process is described in detail in [7]. Post heat treatment process was
optimized. Quenching was conducted in water following a 30 minutes’ heating in a muffle furnace
under 500°C to 560°C temperatures. Heating rate equaled 5°C/min. Artificial aging was
completed in 12 to 32 hours’ time under temperatures of 140°C to 200°C. Heating rate is
5 °C/min.

2. Experimental results

An optimization process was carried out for energy parameters of laser welding, such as
welding speed, radiation rate, diameter, depth and location of the focal area.

Visual defects imply cracks, lack of penetration, discontinuity flaws, undercuts, cavities, in-
sufficiencies and open porosity of weld joints. The quality factors of the internal microstructure
and morphology of a laser weld joint are minimum porosity, equal width of both its upper and
root parts and also its capability of forming an X-shaped vertical joints with two curvilinear
bevels [8].

Laser beam power range W was 2-3.5 kW, focal area of laser beam ranged from -3 to +3
mm of the surface, welding speed V' was 2-5 m/min (33.3-100 mm/s), nozzle gas consumption
— from 3 to 15 1/min. Laser beam was focused with the help of a ZnSe lens with a focal distance
of f =254 mm.
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Tab. 2 suggests optimal conditions under which it is possible to produce laser welded joints
with no visual defects such as undercuts, discontinuity flaws, cracks, pores and sagging. W
indicates laser beam power, V is welding speed, ¢ is alloy thickness, h is average width of the
weld joint. The table also represents the energy requirements needed to produce a high-quality
weld joint under optimal conditions for the suggested plate thickness. Heat input P = W/V,
energy to weld joint height Pyepth = W/V, Eqepth = W/tV is energy to linear surface, E = W/Vyy,
is energy to one volumetric unit of melted material, in which W denotes power, V is welding
speed, t is alloy thickness, h is average width of a weld joint.

Table 2. Optimal conditions for laser welding

AHOy t, VV7 V, Af, ]D7 Pdepth7 Edepthv E,
mm kW m/min | mm J/mm | J/smm | J/mm? | J/mm?3
V-1461 2 3.3 4 -3 49.5 1650 24.75 25.25
V-1469 1.8 3.5 4 -3 52 1944 29.17 22.27

Fig. 2 represents the general view of the cross section of the weld joints, microstructure of the
weld junction of the fusion zone (FZ) and of the heat affected zone (HAZ). Images were taken
with the help of an optical microscope.

Fig. 2. Microstructure of the cross section of the welded joint and the alloy. General view: (a)
— V-1461 of the Al-2.7Cu-0.3Mg-1.8Li system, (b) — V-1469 of the Al-3.9Cu-0.3Mg-1.2Li system

As shown in Fig. 2, an equiaxial dendrites grains can be observed in the fusion zone. Heat
affected zone consists of rod-like dendrites, while Zr- and Li-rich aluminium alloys, in addition to
rod-like dendrites, have an equiaxed zone of spherical dendrites. Today, heterogeneous nucleation
that comes out of 8'(Al3Zr) and Als(Lix,Zrl-x) phases present in the initial alloy is generally
accepted as a building mechanism of the equiaxed zone [9]. The f’(Al3Zr) equilibrium phase
provides a proper and efficient center for heterogeneous nucleation during crystallization.

It is of note that during the process of laser welding crystallization structure is largely de-
termined by heat conditions and temperature changes. As for microstructure, it is determined
by two key parameters: temperature gradient G and crystallization rate R. When it comes to
dendrite structure, it is regulated by G/ R relation, and, since laser welding provides a high crys-
tallization rate R, the structure of weld joints in aluminium alloys is comprised of dendrite grains.
Thus, relation of thermal influence (cooling rate) with present parameters is dT'/dt = GR.

Therefore, G/R relation forms the morphology of the resulting grain structure, while an
increase in cooling rate leads to intensification in nucleation, in other words, to grain refinement.
Hence, G-R determines the grain size. According to the literature [10], the equation for the
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temperature gradient on the isotherm liquidus line becomes as follows:

Ty — To)°
G/R = 27T(2hq—0>)\VpCp. (1)

2
Nabs * Pdepth

The equation for the cooling rate becomes:

dT Ty — To)°
Y _GRrR= 2WM)‘PCpa 2)
dt Nabs * Edepth

where Tiiq is liquidus temperature, 7,15 is radiation absorption coefficient. Tjiq =650 °C, naps =
=0.8. Target values of G/R and dT'/dt are listed in Tab. 3.

Table 3. Target values of G/R and dT/dt

Alloy dT/dt G/R
V-1461 2570 0.58
V-1469 1805 0.4

Fig. 3 shows the fusion zones of alloys under study at 4000* and 100 000* zoom SEM analysis.

Mag= 100 000 10 kV 200 nm Mag= 100 000 10 kv 200 nm

Fig. 3. SEM analysis of micro- and nanostructures of the weld joint: (a) B-1461 alloy, (b) B-1469
alloy. 4000 and 100 000” zoom

As it is seen in Fig. 3, dendrite structure has been formed during crystallization in the result
of laser welding. Agglomerate particles of various phases are mainly located on the edges of
dendrite grains. Specifically, a number of small 60-150 nm bright particles can be observed on
the edges of dendrites.

Fig. 4 shows X-ray patterns of the initial alloy, heat affected zone (HAZ) and fusion zone of
the laser welded joint. The results were obtained with the help of synchrotron X-ray diffraction
analysis.
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Fig. 4. X-ray patterns of the welded joint specimens: (a) V-1461 alloy, (b) V-1469 alloy. 1 —
alloy, 2 — HAZ, 3 — FZ
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According to the results of synchrotron analysis and high-resolution microscopy (Figs. 3
and 4), it is safe to assume that T (AlyCulii) and T9(AlgCuLiz) phases form on the dendrite
boundary of V-1461 alloy. As for V-1469 alloy, which is relatively Cu-rich, the formation of
T (AlyCuLi) and 6(AlyCu) phases can be observed. The role of the above mentioned phases in
the process of strengthening depends on the concentration of the alloying elements Cu, Li and
Mg. It is worth noting that the mechanical properties of the welded joint specimens become
relatively low (Tab. 4).

Table 4. Mechanical properties of the welded joint specimens

Alloy Welded joint specimen

Tutsy MPa Oys, (S, % kl,% kQ,% kg,%
V-1461 341 333 0.7 62 71 7
V-1469 310 295 0.7 55 57 6

In this table k; denotes ultimate tensile strength, ko — yield strength, ks — elongation at
break as compared to the properties of the initial alloy.

Now, the mechanical properties are relatively low due to a rapid change of structural-phase
composition of the welded joints that occur as the result of heating, melting and crystallization.

To improve the mechanical properties, such post heat treatment methods as quenching and
artificial aging have been used.

Fig. 5 shows typical relations of the average oy, oys and d of the weld joint specimen in
relation to quenching temperatures.

According to Fig. 5, optimal quenching temperatures that provide maximum ultimate tensile
strength for V-1461 and V-1469 are 530 °C and 560 °C respectively. After quenching, the samples
were subjected to artificial aging under various temperature-time conditions.

Fig. 6 shows specific changes of the ultimate tensile strength in relation to temperature-time
conditions received by means of test value approximation using the least squares method. For
the sake of convenience, the colored ultimate tensile strength 7 scale is depicted on the right.

It has been discovered that weld joints of the V-1461 alloy of the Al-2.7Cu-0.3Mg-1.8Li
system match the mechanical properties of the initial alloy after the following procedure: 530 °C
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Fig. 5. Mechanical properties oys, 0ys, and § of the weld joint specimen in relation to quenching
temperatures: (a) V-1461 alloy, (b) V-1469 alloy
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Fig. 6. Ultimate tensile strength oy in relation to temperature-time condition, (a) V-1461
alloy, (b) V-1469 alloy

quenching with 30 min aging followed by the process of artificial aging under 170 °C temperature
with an additional 32-hour aging.

As for the weld joints of the V-1469 alloy of an Al-3.9Cu-0.3Mg-1.2Li system, the procedure
becomes as follows: 530°C quenching with 30 min aging followed by the process of artificial aging
under 180 °C temperature with an additional 32-hour aging.

Fig. 7 shows X-ray patterns of the initial alloy and the fusion zone of the welded joint before
and after HT. The results were obtained with the help of synchrotron X-ray diffraction analysis.

According to Fig. 7, phase state of the weld joint after optimal heat treatment becomes
somewhat similar to that of the initial alloy.

When concentration of Cu is relatively low (CCU/CH = 1.5, as in V-1461 alloy), the weld
joint has a T;(AlyCuLi) phase and a slight amount of a T(AlgCuLis) phase. However, after
quenching, as T7(AlyCuLi) and T2(AlgCuLis) phases dissolve, a §'(Al3Li) phase is formed.

As concentration of Cu in V-1469 rises (CC"/CH = 3.25), both in the alloy and in the weld
joint without HT, a T;(Al;CuLi) and a #(Al;Cu) phase can be observed. Due to these lithium
particles we can observe a 127 MPa increase of the weld joint strength in the V-1461 alloy.
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Fig. 7. X-ray patterns of the weld joint specimens: (a) V-1461 alloy, (b) V-1469 alloy. 1 — alloy,
2 — weld joint, 3 — weld joint after quenching, 4 — weld joint after quenching and artificial aging

Fig. 8 shows changes in ultimate tensile strength Aos, yield strength Aoy and elongation
AJ of the weld joint in accordance with its phase composition after optimal quenching.
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Fig. 8. Changes in structural-phase composi-
tion of the weld joints after optimal quench-
ing. (SSS — Supersaturated Solid Solution,
GP-zones — Guinier—Preston zones)
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Fig. 9. Changes in structural-phase compo-
sition of the weld joints after optimal artifial

aging

Fig. 9 demonstrates changes in ultimate tensile strength Aoy, yield strength Aoy and
elongation Aé of the weld joint in accordance with its phase composition after optimal artifial

aging.

Therefore, the conducted research makes it possible to determine the phase transformation

chains for the alloys under analysis.

For the Al-Cu-Mg-Li system they are as follows:

For Cu/Li > 3; SSS — GP-zones —§"—0'
For Cu/Li = 1 — 2.5; SSS — GP-zones +§' —¢ +¢ —¢" +T1—>T,
For Cu/Li < 1; SSS — GP-zones +4¢" — §'+5’

3

It is of note that GP-zones, coherent and semi-coherent phases cannot be experimentally
observed. However, thanks to synchrotron radiation, final phase composition after melting,
quenching and artificial aging can be successfully detected with the help of synchrotron radiation.
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Tab. 5 lists the mechanical properties of the weld joints and their relation to the initial alloy:
k1 is ultimate tensile strength, ko is yield strength, k3 is elongation at break in relation to the
properties of the initial alloy after optimal heat treatment.

Table 5. Mechanical properties of welded joints of aluminium-lithium alloys obtained in static
tensile tests

Alloy Welded joint sample

Oyts sy MPa Oys, MPa 5, % kl,% kz,% ]433,%
V-1461 510 440 8.7 93 94 86
V-1469 530 485 3.9 95 94 38

Mechanical strength properties obtained under optimal laser welding conditions become close
or equal to that of the initial alloys as received.

Conclusions

An analysis of the structural-phase composition of welded joints of aluminium-lithium third-
generation V-1461 and V-1469 alloys was successfully carried out with the help of synchrotron
radiation and scanning electron microscopy.

Evolution of the phase composition of V-1461 of the Al-2.7Cu-0.3Mg-1.8Li system is as fol-
lows: the welded joint (& Al+ T;(AlyCuLi) + T3(AlgCuLi3)) » quenching (& Al + supersatu-
rated solid solution » G-P zones » ¢'(AlsLi) » artificial aging (&+ §’(AlsLi) + T;(AlyCuLi)).

Evolution of the phase composition of V-1469 of the Al-3.9Cu-0.3Mg-1.2Li system is as fol-
lows: the welded joint (& Al+ T (AlxCuLi)) » quenching (a Al + supersaturated solid solution
» G-P zones » 0"(Al,Cu) » artificial aging (& + 6’'(AloCu) + Ty (AlpCuLi)).

This research was funded by the Russian Science Foundation, grant number 23-79-00037
(hitps://rscf.ru/project/23-79-00037/).

Part of the work was done at the shared research center SSTRC on the basis of the VEPP-4
- VEPP-2000 complex at BINP SB RAS.
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Awnnoranus. B nannoit pabore npuBeeHbl PE3yJIbTaThl UCCJIEI0BAHNN CTPYKTYPHBIX U (pa30BbIX IIpe-
BPAIIEHUI B AJIFOMUHUN-TUTUEBBIX CILIABAX MPU BBICOKOIHEPIETHYECKOM JIA3€PHOM BO3IEHCTBUU W I10-
cJretytoreit TepMooOpaboTKe HA OCHOBE IIPOIECCA 3aKAJKHA M MCKYyCCTBEHHOrO crapenusi. CTpyKTypa u
$az0BBIil COCTAB OBLIN UCCIEIOBAHBI C HCIIOJb30BAHNEM CHHXPOTPOHHOI'O U3JIyY€HN U BHICOKOpAa3pela-
FOIIel JIEKTPOHHON MHUKPOCKONMHUU. B KadyecTBe TEPMUYECKHU YIPOUHSIEMBIX AJTIOMUHUA-JIMTHEBBIX CILIA-
BOB OBLIM BBIOpPAHBI cyemayrortne Mapku: ciutas B-1461 u cnmas B-1469. D1u cuassl 001a4a10T BHICOKOM
KOPPO3MOHHOIN CTOMKOCTBIO, TPEIUHOCTONKOCTBIO M YCTAJIOCTHOMN J10/IroBedHOCTbI0. CrutaBbl Mapku B-
1461 un B-1469 sBistrorcst ciitaBaMu 3-ro nokosienust, onn paspaboransl B PI'VII « BUAM» u 3amumensr
natenramu P®. Briio nmokasamo, 9To B mpoIiiecce CBAPKM MPOUCXOINT U3MEHEHNE CTPYKTYPHO-(Ha30BOro
coctaBa. B TBepIoM pacTBOpe CBApHOrO IIBa yIPOYHSIONHME (Ha3bl PACTBOPAIOTCH, & (pa3bl PA3IUIHO-
ro THIa JJIsl MEJECOAEpIKAINX CIUIABOB (bOPMUPYIOTCH Ha rpanune jgesjapura. Ilocr—repmoobpaborka
JIa3ePHBIX CBAPHBIX COEIMHEHMII B BUJIE MIPOIECCA 3AKAJIKHU M MCKYCCTBEHHOIO CTAPEHUS MTO3BOJISET BOC-
CTaHABJIMBATH CTPYKTYPHO-DA30BbIN COCTAB CBAPHOIO IIBa M ITOBBICUTH MEXaHUYECKNE XapPaKTEPUCTUKN
JI0 YPOBHSI NCXOHOTO CILIaBa.

KuroueBrble ciioBa: jasepHasi CBapKa, aJJIOMUHUEBO-JTUTUEBBII CIIAB, PACTPOBAasl JIEKTPOHHAS MUKPO-
CKOIIHSI, CHHXPOTPOHHOE U3JIyJIeHNe, PEHTIeHOBCKAs JUPPAKTOMETPHsI, MEXaHUIECKHE CBOMCTBA.
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