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Abstract: Friction stir welding is an advanced method of joining various metals and alloys in the aircraft and mechani-
cal engineering industries. This type of welding is used to join materials that are difficult to weld or not weldable by con-
ventional methods. The high-strength D16 aluminum alloy is difficult to weld by fusion, which is associated with the for-
mation of a dendritic structure in the fusion zone leading to a decrease in the mechanical strength of the joint. In the work,
the microstructure and microhardness of a welded seam of the D16 aluminum alloy produced by friction stir welding was
studied. Using scanning electron microscopy and optical metallography, the authors identified the presence of three zones:
the weld core, the thermomechanical impact zone, and the heat effected zone. In the central part of the welded joint
(in the core), a laminated onion ring structure was discovered. A change in the chemical composition of the aluminum so-
lid solution was identified in different areas of the weld zones, as well as the presence of a concentration gradient within
each zone. In the upper part of the welded seam, the solid solution is silicon-enriched and depleted in copper. Due to
the solid solution depletion in alloying elements, the aluminum content in the solid solution in the zone of the welded joint
is higher compared to the initial state. The microhardness values in different areas of the welded joint correlate with
changes in the chemical composition. In the welded joint zone, a significant decrease in microhardness was found com-
pared to the initial state, and a change in microhardness associated with the chemical composition gradient within each

zone was also observed.
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INTRODUCTION

Friction stir welding (FSW) is a relatively new method
for producing permanent joints of materials, proposed in
1991 by the Welding Institute of Great Britain. Friction stir
welding is a solid-state joining process, when no volumetric
melting of the base material occurs [1; 2]. Research in re-
cent years has shown that FSW is an effective way to pro-
duce high-quality connections of structures of various sizes
and shapes, including sheets, three-dimensional profiles,
and pipes. It is used to restore worn parts and to weld
cracks and casting defects. Compared to conventional fu-
sion welding methods, during FSW, there are no signs of
a cast structure in the joint zone, the joined parts have little
deformation and residual stress, there is no need to carry
out operations to clean the surface from oxides before
the welding process, and there are no defects resulting from
melting and hardening.

To join parts, frictional heating and plastic deformation
are used, as a rule, at temperatures below the absolute melt-
ing point of the alloys being joined. This is achieved

through the interaction of a rotating tool consisting of a pin
and a shoulder (pin) with the faying surfaces into which it is
immersed until the shoulder contacts with the upper surface
of the blanks, and then moves along the interface between
the blanks (Fig. 1). Due to wide technological capabilities
for producing permanent joints of parts or assemblies, FSW
can be used as an alternative to rivet joints, electric arc
welding, electron beam and laser welding, as well as for
welding dissimilar materials.

A large number of works deals with the issue of select-
ing friction stir welding modes. Usually, the speed of tool
rotation and movement [3; 4], pin shape [5], and sample
preheating [6] are varied. However, no detailed study of
changes in the chemical composition and mechanical pro-
perties in different welded joint areas, including its upper
and lower parts, has been found in the literature.

High-strength D16 grade duralumin for aviation purpos-
es, as a rule, is difficult to be welded by fusion, since, when
using this type of welding, a dendritic structure is formed in
the fusion zone leading to a sharp decrease in mechanical
strength [7]. According to [8—10], during FSW, the metal
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Fig. 1. The diagram of the process of friction stir welding
Puc. 1. Cxema npoyecca ceapku mpeHuem ¢ nepemeuusaniem

does not reach the melting temperature, so FSW can pro-
duce high-quality, defect-free welds when properly select-
ing the welding parameters for high-strength D16 alloys, as
well as avoiding severe heating and cooling cycles that oc-
cur during fusion welding.

When using FSW, it is important to study the mecha-
nisms and identify the physical patterns of the formation of
the structural state, and factors leading to the formation of
structural heterogeneities and discontinuities in the weld.
Identification of such patterns will allow selecting the op-
timal FSW characteristics and making a forecast of
the welded product operational properties. A change in
the chemical composition of the alloy solid solution has
a great influence on the mechanical properties. For disper-
sion-hardening aluminium alloys, except for the main
strengthening intermetallic phases, the presence of seconda-
ry phases is possible. Under certain thermomechanical in-
teractions, they can significantly deplete the solid solution,
and due to coagulation of particles, reduce the general
strength properties of the material [11; 12].

The purpose of this study is to analyse the distribution
of the chemical composition and mechanical properties in
the weld zone of a D16 alloy butt joint produced by friction
stir welding.

METHODS

The authors used for the study the D16 GOST 4784-
2019 (foreign analogues AA2024, AlCuMg,) duralumin
plates. A direct butt welded joint was produced by friction

stir welding using a test stand. A welding tool made of
high-speed R6MS5 steel was used, the tool rotation speed
range was 400—600 rpm, and the tool movement speed was
320 mm/min. Samples cut using an electrical discharge
machine were examined in the transverse and longitudinal
sections of the welded joint. Table 1 presents the chemical
composition of the original D16 alloy plates and the chemi-
cal composition according to GOST 4784-2019.

Structural studies were carried out using a JSM 6490 scan-
ning electron microscope with the Oxford Inca system for en-
ergy dispersive and wave microanalysis and a Micromed MET
optical microscope, with the ability of imaging in polarized
light. Analysis of the solid solution structure, and chemical
composition in the weld zone was carried out along the A, B,
C lines every 4 mm. The centre of the lower edge of the weld
was taken as the first reference point. The area with a zero
position corresponded to the original material. The size of
the analysed area, which does not include the precipitation of
intermetallic phases, was 5x5 pum, the diameter of the probe in
a scanning electron microscope was 3 pm. Microhardness was
measured using a Metalab-502 device, the load was 0.490 N,
the time was 10 s. The microhardness value was determined
from five measurements.

RESULTS

Fig. 2 shows an optical photograph of the cross sec-
tion of the weld of the studied D16 alloy. In the optical
image, differing in colour: the core zone, the ther-
momechanical impact zone, and the heat effected

Table 1. Chemical composition of the D16 alloy, wt. %
Tabnuya 1. Xumuueckuii cocmas cnaaea /16, mac. %

Composition Al Mg Cu Fe Si Mn Zn Ti Cr
According to Base 1.2-1.8 3.849 <0.5 <0.5 0.3-0.9 <0.25 <0.15 <0.1
GOST 4784-2019
Original sample 93.34 1.31 4.23 0.3 0.16 0.54 0.08 0.04 0.004

114

Frontier Materials & Technologies. 2024. No. 2




Shchapov G.V., Kazantseva N.V. “Comparative analysis of the chemical composition and mechanical properties of duralumin...”

zone. In the central part of the welded joint (in the core),
the laminated onion ring structure is observed (Fig. 2,
lines A, B). In our case, line C passes through the thermo-
mechanical impact zone, and line D passes through
the heat effected zone (Fig. 2).

Fig. 3 presents the results of measuring the chemical
composition of the solid solution in various areas of
the weld (along the selected lines) obtained using a scan-
ning microscope. In the thermomechanical impact zone
(region 7) in the lower part of the joint, an increase in sili-
con content (Fig. 3 a) and a decrease in aluminium
(Fig. 3 b) are observed. Compared to the initial state, the
aluminium content in the solid solution of the weld zone is
generally higher (Fig. 3 b).

It is possible to note, as well, an increase in the copper
content in the solid solution in the welded joint core, and in
the thermomechanical impact zone compared to the initial
state. At the same time, in the centre of the core (areas 2
and 3), the copper content decreases, and the silicon content
increases. The main strengthening phase of the D16 alloy is
the S-phase. However, we did not detect macroprecipitates
of this phase.

Fig. 4 shows the results of measuring microhardness in
various areas of the welded joint. In the zone of the welded
joint, microhardness significantly decreases, compared to
the initial state (point 0) (Fig. 4). Point 9 is the boundary
between the core, and the thermomechanical zone, where
a sharp increase in microhardness is observed.

Fig. 2. Microstructure of the welded joint cross section indicating areas of study
Puc. 2. MukpocmpyKkmypa nonepeuno2o ceueHus C6apHo20 COCOUHEHUs ¢ YKa3anuem oonacmeil Uccae008anus
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Fig. 3. Distribution of alloying elements (a) and aluminium (b) in the welded joint area
Puc. 3. Pacnpedenenue necupyroujux snemenmos (a) u anomunus (b) 6 sone ceapnozo coeounenus
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DISCUSSION

According to the literature, three zones can be distin-
guished in a welded joint: the weld core, the thermomecha-
nical impact zone, and the heat effected zone [12]. These
three zones are clearly visible in Fig. 2. According to [12],
the laminated onion ring structure is formed when the tool
rotates in the plasticised metal, which was observed in
the centre of the welded joint.

Only using transmission electron microscopy, nanosised
precipitations of the strengthening S-phase in the AA2024
alloy (Russian analogue is D16) after friction stir welding
were detected in local areas of the welded joint, with in-
creased microhardness [13]. This explains the absence of
the S-phase in our case during optical and scanning electron
microscopy studies.

The change in the chemical composition of the solid solu-
tion in the welded joint can be explained by the precipitation
of secondary phases enriched in copper and silicon. In [14;
15], in the AA2024 alloy of the Al-Cu-Mg system (Russian
analogue is D16) secondary intermetallic microcrystalline
phases containing silicon and copper were discovered:
Al,Cu, AICuFeMnSi, Mg,Si, Al;Cu,Fe, Aljy(Fe,Mn);Si,
Al,yMg;Cu,. Both in the thermomechanical impact zone, and
in the core of the welded joint, according to the literature, an
increase in temperature up to 500 °C is possible [16-18],
which can cause precipitation of secondary intermetallic
phases leading to a change in the solid solution content.

1351
1304
125
8120+
S 115+
> 110
I 4
1054
1004
95
90

An increase in temperature accelerates the diffusion of
chemical elements in aluminium alloys. Table 2 presents
the coefficients of diffusion of chemical elements in alu-
minium obtained in [16], from which it can be seen that
silicon is the most mobile element at a temperature of
500 °C. Aluminium self-diffusion coefficient is close to
the copper diffusion coefficient. Manganese is the “slow-
est” element. Considering the fact that the diffusion front
moves at the speed of the “slowest” element, at this tempe-
rature, a slow growth of phases containing manganese can
be expected. Therefore, the appearance of such phases can
be caused both by thermal impact and by deformation.

Changes in the microstructure in various zones influ-
ence greatly the mechanical properties of the joint after
welding [19]. A change in microhardness in the welded
joint zone similar to that found in our work was observed in
[20; 21]. In the work [3], it was found that the aluminium
alloy microhardness depends on the rotation frequency of
the pin and the speed of its movement. Comparing the re-
sults obtained in our work with the data of [3], one can talk
of different rates of stirring the material in different areas of
the welded joint. According to the literature, phase ageing
in aluminium alloys leads to both strengthening, and soften-
ing of the material. Softening is associated with coagulation
of particles of secondary strengthening phases [12]. A sig-
nificant decrease in microhardness in the lower part of
the thermomechanical impact zone (area 8 in Fig.2),

Fig. 4. The results of measuring microhardness in the welded joint area:
1 — core; 2 — thermomechanical impact zone; 3 — heat effected zone
Puc. 4. Pesynomamol uzmepeHuss MUKPOMEEPOOCMU 8 30He C8APHO20 COCOUHCHUSL:
1 — s10po; 2 — 30Ha mepmoMexanuuecko2o 8030elicmausi; 3 — 30Ha MEPMUILECKO20 6030elCmEUs.

Table 2. Coefficients of diffusion of elements in aluminium at 500 °C, m*/s [Repr. from 16, p. 10]
Tabnuya 2. Kospduyuenmor oudppysuu snemenmos & amomunuu npu 500 °C, sm’/c [TIpusod. no 16, c. 10]

Al Mg Cu

Fe Si

43%107' 9.9x107' 4.0x107"

8.9x107' 13x107" 7.4x107"8
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may be associated exactly with the enlargement of the pre-
cipitated secondary phases enriched in copper and silicon.
In this case, the increase in microhardness in the upper part
of the thermomechanical impact zone (area 9 in Fig. 2) may
be associated with the precipitation of small secondary
phases. These assumptions are consistent with the results of
studies of the chemical composition of the solid solution in
these areas (Fig. 3).

CONCLUSIONS

1. A change in aluminium content and a redistribution of
alloying elements (Si, Cu) in the solid solution in various areas
of the weld zones were detected. Compared to the initial state,
the aluminium content in the zone of the welded joint in
the solid solution is higher. An increase in the copper content
in the solid solution in the welded joint core and in
the thermomechanical impact zone was detected, compared
to the initial state. At the same time, the copper content
decreases and the silicon content increases in the core centre,
which is probably associated with the precipitation of se-
condary phases such as Alj,(Fe,Mn);Si or AlCuFeMnSi,
enriched in copper and silicon, under the influence of
deformation.

2. In the welded joint zone, a significant decrease in mi-
crohardness compared to the initial state is observed, which
may be caused by the coagulation of particles of secondary
strengthening phases enriched in copper and silicon.

3. Within each zone of the weld, a gradient in the solid
solution chemical composition is observed, which also cor-
relates with a change in microhardness.
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Annomayun: CBapka TpeHHEM C TEpEeMEIINBaHUEM B aBHACTPOCHUU M MAITMHOCTPOCHUH SBISETCA MEPEIOBBIM CIIO-
co0OM COeaMHEHHS PAa3TUYHBIX METAJUIOB M CIUIABOB, IIOXO CBAPUBACMEBIX TN HECBAPHUBACMBIX OOBIYHBIMH CIIOCOOAMH.
AKTHBHO HCIIOJIB3yEMBI B aBUACTPOSHUH BBICOKOIIPOYHBIA aIFOMIUHHEBBIN cIiiaB J[16 mIoxo mommgaeTcs: CBapKe IUIaBiIe-
HHEM, 9TO CBS3aHO C 00pa30BaHMEM ICHAPUTHON CTPYKTYPHI B 30HE CIUIABIICHUS, IPUBOIAIICH K CHIKCHHUIO MEXaHHWYe-
CKOI1 MpoYHOCTH coeqnHeHMs. B paboTte uccinemoBana MUKPOCTPYKTYpa U MEKPOTBEPIOCTh CBAPHOTO IIBa aTFOMHHHUEBOTO
cruaBa /116, momy4eHHOTO METOZOM CBapKH TPEHUEM C MepeMelBaHneM. MeTolaMu CKaHUPYIOIIEH 3JIEKTPOHHOM MHUK-
POCKOIIMHK U ONITHYECKOM METaJUTOrpadyu BBISIBICHO HAIMYKME TPEX 30H: spa I1Ba, 30HbI TEPMOMEXaHHYECKOTO BO3ACHCT-
BHS M 30HBI TEPMHUYECKOTO BO3JCHCTBUs. B IeHTpaabHON YacTH CBapHOTO COeIWHEHUs (B sAape) oOHapy>KeHa CIOUCTast
CTPYKTYpa «JIYKOBUYHBIX Koyiely. OOHApyKEHO M3MEHEHHE XMMHUYECKOI'O COCTaBa TBEPIOTO PacTBOpa allOMHUHUS B pas-
JIMYHBIX OOJIACTSIX 30H CBAPHOIO IIBAa, a TAKXKE MPUCYTCTBHE KOHIICHTPAIMOHHOTO TIPAJMEHTa BHYTPU KaXKIOH 30HBI.
B BepxHeii gacTu cBapHOTO MIBa HabIromaeTcs oborameHne TBEpAOro pacTBopa KpeMHUEM U obeqHeHne Menplo. biaro-
Iaps 00OCTHEHHIO TBEPAOTO PAacTBOpA JETHPYIOIIUMHE dJICMEHTAMH COJEpKAHNE ATIOMHUHUS B 30HE CBAPHOTO COCTUHCHUS
B TBEPJIOM PaCTBOPE BHIIIC 110 CPABHEHHUIO C MCXOTHBIM COCTOSIHHEM. 3HAUCHUS MUKPOTBEPIOCTH B PA3ITUIHBIX 00JIACTIX
CBapHOTO COCIUHCHUS KOPPEIUPYIOT ¢ M3MEHEHHEM XHMHUYECKOTO COCTaBa. B 30HE CBapHOTO COeNWHEHHS OOHApPYKEHO
3HAYUTEIBHOE CHIDKEHHE MHUKPOTBEPIOCTH IO CPABHCHHIO C MCXOTHBIM COCTOSHHUEM, a TaKKe HAaONIOJaeTCs U3MEHEHUE
MHUKPOTBEPIOCTH, CBI3aHHOE C TPAAHEHTOM XUMHUECKOTO COCTaBa BHYTPH KaXKIOH 30HBL.

Knrouegwie cnoea: cBapka TpeHHEM C IepeMelIMBaHUEM; AIOPATIOMUH; alIOMUHHIM; CIOUCTas CTPYKTYpa; CTPYKTypa
«JTyKOBHYHBIX KOJIEI».
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