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Summary. The study describes the theoretical background and technological aspects of the post-weld
explosive treatment of high-strength aluminum alloy FSW joints. Although FSW allows to effective join high-
strength aluminum alloys, the heat generated during the process causes undesirable changes in the strengthening
phase, giving a joint efficiency of about 80%. The load-carrying capabilities of these joints can be increased via
post-weld treatment (e.g. shot peening, laser shock peening). The new, potential post-weld treatment that is
presented in this paper is based on the affection of the welded joint by a shock wave generated during the
detonation of explosive material. Such post-weld explosive treatment would result in the hardening of the low-
hardness zone, which often determines the mechanical properties of precipitation-hardened aluminum alloy FSW
Jjoints. Studies show that explosive welding of annealed aluminum alloys increases their microhardness by about
25% as the result of a high-velocity collision. If a similar effect can be achieved in explosive hardening, the
microhardness of the low-hardness zone will increase entailing an improvement of entire joint mechanical
properties. The variety of explosives materials used in metalworking (covering the values of detonation velocity
from about 2000 m/s to 8000 m/s) and different systems for shock-wave affection gives many technological
possibilities. In this work are discussed two different explosive hardening systems: with direct placement of
explosive material on a treated welded plate and with an additional driven plate, which provides a higher pressure
impulse. Considering that affecting of high amplitude shock wave introduces defects into the structure and
decreases residual stresses in the welded joints, the application of an appropriate technological system creates a
potential for improving the load-carrying capacities of discussed joints, especially in a condition of cyclic loading.
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Statement of the problem. In recent years, friction stir welding (FSW) has become the
subject of many research works due to a number of advantages of this joining technique,
including the high quality of obtained joints, the possibility of joining aluminum alloys difficult
to weld using conventional methods, low energy consumption and neutrality for the natural
environment. Although in the case of pure aluminum and its non-precipitation hardened alloys,
deformation and grain refinement in the thermo-mechanically affected zone (TMAZ) and in the
stir zone (SZ) increases the strength in these areas, FSW of precipitation-hardened aluminum
alloys is characterized by the dissolution of strengthening phases resulting in a decrease in
strength in each zone: SZ, TMAZ, heat-affected zone (HAZ) [1,2]. These phenomena find their
reflection in the distribution of microhardness on the welded joint cross-section (Fig. 1).

Figure 1. Microhardness contour map of AA2519-T62 FSW joint [3] with the marked
low-hardness zone (red dashed lines)
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The zone, which determines the strength of a joint is the low hardness zone (LHZ),
often localized on the boundary between the HAZ and TMAZ [1]. FSW joints of
precipitation-hardened alloys tend to fail in this zone, which is characterized by low
participation of the strengthening phase and coarse grains [4]. In conventional welded
joints, the possible solution to this problem is post-weld heat treatment (PWHT) allowing
for re-precipitation of the strengthening phases [5]. When it comes to the PWHT of FSW
joints there are some problems e.g. in the form of abnormal grain growth, giving relatively
poor fatigue properties [6].

Analysis of the available investigations. In the 70s of the last century, a number of
research works showed a significant increase in the strength of welded joints subjected to
explosive treatment, especially in terms of fatigue strength [7]. Research conducted on the
process of explosive stress relieving of welded joints of 10G2S1 and M16S steels showed
that as a result of treatment with explosive charges with a diameter of 4 mm, the fatigue
strength of the samples increased from 3 to 5 times [8, 9]. Explosive treatment of welded
joints of 14G2 steels not only reduced residual stresses in the weld but also changed their
character from tensile to compressive [9]. The use of a post-weld explosive treatment may
improve the strength of precipitation-hardened aluminum alloy joints as a result of
introducing additional defects into the structure by the affection of a shock wave [7].
Considering the impact of the shock wave on the HAZ, an assumption can be made that the
worst possible case is a complete overage of the precipitates after the FSW process, hence
the HAZ would be in the annealed condition. Some works on the explosive welding of high-
strength aluminum alloys can be useful to estimate the potential hardening of these alloys
during explosive treatment. As an example the explosive welding of AA2519 in the
annealed condition can be given, which causes the increase in microhardness from about 75
HVO0.1 to 95 HVO.1 in the area affected by the high-velocity collision [10]. For the hardness
of LHZ in friction stir welded AA2519-T62 is about 115 HVO0.1, potentially it can be
increased by a shock wave. It has to be noticed that a shock wave can be generated also by
laser shock peening, but it affects only the near-surface area of the joint improving only the
fatigue properties without affecting tensile properties noticeably. The generation of the
high-amplitude shock wave can be achieved by the use of high-explosive material in the
appropriate technological system (Fig. 2).

Detonated layer of explosive material

efected, hardene

Propagating shock wave.

Figure 2. Scheme of FSW joint cross-section affected by a shock wave

The explosive hardening of FSW joints. Two factors determine the effect of
explosive hardening: the detonation parameters of the explosive material and the used
technological system used [11]. From the technological point of view, the post-weld
explosive treatment is easiest to perform by «oblique wave», what can be achieved in two
systems (Fig. 3 a, b).
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Figure 3. Explosive hardening systems: direct (a), and with intermediate plate driven by the detonation (b).
1 —base plate (anvil), 2 — hardened plate, 3 — explosive material, 4 — electric igniter,
5 — intermediate (driven) plate, 6 — distance [11]

In the first case, the shock wave is generated by the direct impact of detonation products
(Fig. 3a). The basic parameter of explosive material is the value of detonation velocity. The
common industrial explosives used in mining and metal treatment are ammonals, ANFO
(ammonium-nitrate fuel oil), emulsion explosives, and plastic explosives, covering the values
of detonation velocity from about 1800 to 8300 m/s [12]. It provides wide possibilities for
selecting material that gives the highest value of hardening. Selected explosives materials used
in metalworking together with their detonation velocities are set in Table 1.

Table 1

Selected explosive materials used in metalworking

. Detonation Lo
Explosive velocity Application Ref.
Ammonal (5%) 2400 m/s Explosive wel?énsgte(g Hadfield steel 13
ANFQ—based 2000 m/s Explosive welding of aluminum to 14
mixture steel
Emuls%on 2800 m/s Explosive welding of aluminum to 14
explosive steel
ANFO 2700 m/s Explosive welding of Inconel to steel 15
RDX-based plastic 7600 m/s Explosive harcsiferlgfl g of Hadfield 16
Explosive hardening of AA7075-
C-2 5730 m/s T73651 17
C-4 7746 m/s Explosive hardening of Cp-Titanium 18

An additional factor is the thickness of the explosive material layer, which can be
optimized in terms of the highest hardening. From the technological point of view, the most
suitable form of explosive for the post-weld explosive treatment would be a plastic
explosive due to its easy forming and sticking to a welded construction. Nevertheless,
plastic explosives are often characterized by a high value of detonation velocity, what can
damage a treated element or lead to the generation high amount of heat during the treatment
resulting in the overaging of aluminum alloy. The plastic explosives can be modified to
severely decreased their detonation velocity by e.g. the addition of ZnO [19], what can be
a compromise between accessible form and appropriate detonation parameters for post-weld
explosive treatment.

In the second explosive hardening system, the wave is generated by the impact of the
intermediate plate which is driven by the detonation products (Fig. 3 b). As a driven plate,
a simple steel sheet can be used with a thickness of 1-2 mm. Generally, the most efficient
hardening is obtained in this system, but there are problems that can limit its application in
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the post-weld explosive treatment of FSW joints. The system is relatively difficult to
construct on the spatial welded structure and there is a risk of explosive welding of the
hardened and driven plate. The explosive welding risk can be limited by the use of an
additional, thin, protective layer (machine oil, plastic), what further complicates the
construction. In both systems (Fig. 3 a, b), the appropriate base plate (anvil) should be used
to limit the deformation of hardened welded plates, what is easy to achieve only in the case
of flat, simple welded structures (e.g. butt-welded plate). In more complex welded
structures the base plates should be temporarily installed as a part of post-weld explosive
treatment or it can be skipped in the case when the welded plates have high enough thickness
(e.g. 50 mm), the layer of explosive material is low and some deformations of construction
are acceptable.

Conclusions. The post-weld explosive treatment may be a possible solution for
increasing FSW joints’ mechanical properties. Considering that affecting of high amplitude
shock wave introduces defects into the structure and decreases residual stresses in the welded
joints, the application of an appropriate technological system creates a potential for improving
the load-carrying capacities of discussed joints, especially in a condition of cyclic loading. The
variety of explosives materials used in metalworking (covering the values of detonation
velocity from about 2000 m/s to 8000 m/s) and different systems for shock-wave affection gives
plenty of technological possibilities. In the current state of the art, there is no research on this
subject, but referring to studies on explosive welding, the conclusion can be drawn that an
increase in precipitation-hardening aluminum alloys microhardness in the annealed condition
by about 25% can be achieved. In order to verify the concept presented in this paper series of
investigations will be carried out in the near future.

Funding. This work was financially supported by the National Science Centre (NCN)
in Poland, Miniatura 5 no. 2021/05/X/ST8/01480.
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KOHLEIIIIA BUBYXOBOTI'O SMIIHEHHA 3’°€EAHAHDb FSW
BUCOKOMIIHUX AJIIOMIHIEBUX CIIJIABIB

PobGept Koctypek

Biticoxosa Texniuna Axaodemis, Ilonvwa

Pestome. YV pobomi npedcmasneno meopemuyni OCHO8U ma MmexHoN02IYHI acneKmu nicis 36apioeanbHOi
6U0YxX060i 00pobKU 3 €OHanb FSW amominicsux cnaasis niosuwenoi miynocmi. Xoua FSW do3zeonaec ompumysamu
AKICHI 3 €OHAHHA AMIOMIHIESUX CNIABIE NIOBUWEHOI MIYHOCTI, MENIo, Wo BUOLIAEMbCA N0 4AC YbO2O NPoyecy,
BUKTIUKAE HeOAJICANT 3MINU Y IMIYHIOBATILHUX (DA3aX Y CAMOMY 3 €OHAHHI, CHPUYUHAIO YU 3HUIICEHHS e) eKMUGHOCINI
3’eonanns 0o 80%. Hecyyy 30amuicmv yux 3’ €OHaHb MOXNCHA 30iMbuUmu 3a OONOMO2010 8ION0BIOHOI 06POOKU
RICA 36aPI06AHHA (HANPUKIAO, KYII0BANHS, A3epHe yOapHe 3MiyHenHs). Y cmammi npeocmasiena 6i0HOCHO HOBA
MemoouKa niciis 36aplo8anbHoi 06poOKu, KA ONUPAEMbCA HA 6NIUGT HA 36apHe 3 €OHANHA YOAPHOIO XEUNEI0, U0
8UHUKAE nio uac demonayii eudyxosozo mamepiany. Taka oOpobka 6ubyxom nicisi 36aplo6anHs npuszeeoe 00
3MIYHEHHs. 30HU HU3LKOI Meepoocmi, KA 4acmo GUSHAYAE MEXAHIUHI 61aCMU60Cmi OUCNEPCIiHO 3MiYHeHUX
3’conany FSW 3 anmominiceozo cnnagy. Hocniodcenns noxkasyiome, wjo 38aplo6aHHsA 6UOYXOM GIOnaneHux
anominiesux cnnagie nioguuye ix mikpomeepoicme npubnuzno na 25%, wo € pesyrbmamom  ix
BUCOKOWBUOKICHO20 3imKHeHHs. AKujo nodibnozo egexmy eoacmuvcs O0ocsemu npu 6UOYX080MY 3MiYHEHHI,
MiKpomeepoicmy 30HU HU3LKOT MEepOOCmi MAKOIC 30IMbUUMbCA, WO CHPUYUHUMb NOTINUEHHS 6CIX MEXAHIYHUX
enacmugocmetl 3'cOnanns. Pisnomanimuicme eubyxoeux mamepianis, ki GUKOPUCHOGYIOMbCS 8 MEManooopobyi
(weuoxocmi demonayii npudauzno 6io 2000 m/c 0o 8000 m/c), i pisHi mexHono2iuHi cucmemu YOapHO-X8ULLOBO2O
6naUBY 0aroms 6a2amo MexHoNoIUHUX ModcIusocmell. Posansanymo 06i pizni mexnonoziuni cucmemu 6ubyxo6020
SMIYHEHHA: 3 NPAMUM POSMIWEHHAM 6UOYX08020 Mamepiany Ha 0OpoONeHill 36apeHill NIAcmuti ma 3 6e0eHoI0
000amKo80I0 NAACMUHOIO, AKA 3a0e3neyye uwull IMRYIbC MUCKY. Bpaxoeyiouu, wo enaue yoapHoi Xeuni 6enuxoi
amnaimyou eHocums Oeghekmu 6 KOHCMPYKYIIo ma 3MEHULYE 3aNUKOG] HANPYICEHHS Y 36APHUX 3 €OHAHMHAX,
3aCcmMocy8ants 8I0N08IOHOI MEXHONIO2IYHOT cucmemMy CMeoprOE Nomenyian O niO8UUEHHS Hecyyoi 30amHocmi
PO3NAHYMUX 3 €OHAHb, 0COONUBO 8 YMOBAX YUKTTUHO20 HABAHMANCEHHS.

Kniouogi cnoga: aniominiii, 36apioeants mepmam 3 nepemiuly8anHsAM, niCiA36apioganvHa 0OpoodKa,
6UOYX06€ 3MIYHEHHS.
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