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Abstract. The phase evolution in the joint zone of the 08Cr18Nil0Ti—AIMg6 bimetal obtained by explosive welding
followed by isothermal annealing at 500—550 °C was investigated using the method of layer-by-layer XRD analysis. It was
established that after explosive welding, a metastable quasicrystalline phase, AlggFej4, forms in the near-surface layers.
This phase decomposes during isothermal annealing, leading to the formation of equilibrium intermetallic compounds
AlsFe; and Alj3Fes. Additionally, after annealing, the formation of a ternary phase, CrpMg3Al;g, is detected, indicating
the activation of diffusion interaction between the components of the steel and the aluminium alloy. Thus, a sequential
evolution of the phase composition in the joint zone after explosive welding and thermal exposure is demonstrated.
The results obtained expand the understanding of the mechanisms of phase formation and diffusion processes at the joint
interface in the 08Cr18Nil0Ti—AlIMg6 bimetal during explosive welding, as well as the influence of thermal exposure on
phase evolution.
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AHHOTanusi. MeToIoM THOCIIOWHOrO peHTreHoCTpyKTypHoro ananu3a (PDA) uccnenoBana (azoBasi SBOJIOLHUS B 30HE
coequaenus ommerammia ctanb 08X18H10T-AMr6, noiay4eHHOr0 CBapKOW B3PHIBOM, C MOCTEIYIONIUM H30TEPMHUYECKIM
omkurom npu 500-550 °C. YcraHOBICHO, YTO TMOCHE CBAapKH B3PHIBOM B MPHUIIOBEPXHOCTHBIX CIOSX (opMupyercs

MeTacTaOWiIbHas KBasWKpucTauimdeckas (aza AlggFers, KoTOpas pacmamaercss NpU  H30TCPMUYECCKOM  OTXKUTE
¢ o0pa3oBaHKEM PaBHOBECHBIX HHTepMETaTHueckux coequnenuii AlsFey u AljzFes. Takke mocie oxura Gukcupyercs
dopmupoBanue TpoiHoit (assl CryMg3Aljg, uTo cBuAeTenbcTBYeT 00 akTUBH3aLuK AW(G(GY3MOHHOTO B3aUMOJACHCTBUS
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KOMITOHEHTOB CTaJlil M AJIIOMHHHEBOTO cCIUIaBa. TakuMm o0pa3oM, NOKaszaHa IOCIeAoBaTeNbHas SBOJIOLUS (Ha30BOro
COCTaBa B 30HE COCMHEHUS IOCIIE CBAPKH B3PBIBOM M TEPMHYECKOTO BO3ACHCTBU. [1oydeHHBIE pe3ysIbTaThl PaCIIUPSIOT
MPEICTaBICHUS O MeXaHm3Max (pa3oo0pazoBaHMS U IUQPQPY3NOHHBIX MPOIECCOB HA TPAHUIE COCTUHEHHUS B OMMeETalIe
cranb 08X 18H10T-AMr6 npu cBapke B3pHIBOM, a TAK)KE O BIUSHUN TEPMUUECKOTO BO3ACUCTBUS Ha IBOJIONHNIO (pas3.

KioueBbie cioBa: cBapka B3pbIBOM; (a3oBoe m3meHeHme; ctamb 08X18HI0T; cruraB AMro6; mocnoiiublit PDA;

PEeKpHUCTAIUIN3AIIHNS.
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1. Introduction

Aluminium alloys are widely used in aircraft,
mechanical engineering, marine construction and the
chemical industry [1]. For example, aluminium-
magnesium (Al-Mg) alloys are used due to their high
corrosion resistance, low density and high strength
[2-4]. At present, bimetallic transition joints
consisting of Al-Mg alloy and stainless steel enable
weight reduction in various structures [5, 6].
The bimetallic transitions have significant potential
for transport equipment and large-scale chemical
vessel production [7,8]. These transitions are
produced by using friction stir welding [9], cold
rolling [10], gas tungsten arc welding [11], spot
welding [12], diffusion welding [13], explosive
welding (EW) [14], and magnetic pulse welding [15].
In contrast to other methods, EW enables the joining
of large-area plates without requiring complex high-
cost equipment [16, 17]. Welding Al-Mg alloys to
steels presents many challenges, inherent in all
welding methods. Primarily, there is a significant
difference in thermophysical properties between the
Al-Mg alloys and steels [18].

Furthermore, the formation of a strong joint is
complicated by: 1) the accumulation of Mg near the
weld interface, 2) the presence of MgO on the Al-Mg
alloy surface [19], and 3) the formation of brittle Fe—
Al intermetallic compounds resulting from the low
solubility of Mg atoms in Fe [20-22]. These factors
are important to consider when plastic deformation
occurs in EW [16, 23]. There are numerous scientific
works that have investigated phase formation
between Fe and Al [25-27]. These works show that
AlsFe and AlsFe, are the dominant phases.

One of the methods for reducing Fe—Al
intermetallic compounds at the weld interface
involves using interlayers (e.g., Ti, Cu, Al, Ta) [24].
However, using interlayers may not prevent the
formation of brittle Fe—Al intermetallic compounds
during service [16].

Chemical composition of the
compounds at the weld interface

intermetallic
is primarily

analyzed on cross-sectional planes [19]. However,
isolated particles and intermetallic compounds with
low concentrations cannot be detected by this
method.

This study investigates phase formation at the
AlMg6 alloy—08Cr18NilOTi steel weld interface via
layer-by-layer X-ray diffraction (XRD) analysis with
sequential layer removal. Thus, this study enabled
high-accuracy  detection of low-concentration
intermetallic compounds at significant distances from
the weld interface.

2. Materials and Methods
2.1. Materials

Initial materials included aluminium-magnesium
alloy AlMg6 sheet (4x200x300 mm) and
08Cr18Nil0Ti stainless steel sheet (3x200x300 mm).
Their chemical compositions are given in Table 1.

2.2. The basic setup for the EW experiment

Prior to the start of the experiment, the initial
sheets were cleaned from the oxide films and rusts.
Figure 1 shows the basic setup for the EW
experiment. The explosive used is a mixture of
microporous ammonium nitrate and diesel oil
(ANFO) at the ratio 96:4. The detonation velocity
was 2500 m-s . The distance between the flyer and
base sheets was 6 mm. For other details of the EW
experiments, see [28]. The EW parameters were
calculated using the formulas in [29].
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Fig. 1. Basic setup for explosive welding:

1 — detonator; 2 — explosive; 3 — flyer sheet
(08Cr18Nil0Ti steel); 4 — support; 5 — base sheet

(AIMg6 alloy); 6 — anvil (low carbon steel)
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Table 1. Chemical compositions (wt. %) of initial materials

Element (wt. %)

Material
Fe Si C Ti Al Mg Cu Cr Ni Mn
AlMg6
(Russian Standard 0.4 0.4 - 0.1 Base 5.8-6.8 0.1 — — 0.5-0.8
4784-2019)
08Cr18Nil0Ti
(Russian Standard Base 0.8 0.08 1.0 - — 0.3 17-19 9-11 2.0
5632-2014)
2.3. XRD analysis specimens underwent the same procedure: grinding

Specimens for XRD analysis were prepared
following the methodology illustrated in Fig. 2a.
The wire cutting machine DK7725 was used to cut
the specimens. Specimens were heat-treated in air at
500 and 550 °C for holding times of 60, 90, and
120 min, respectively. The specimens were split after
EW and heat treatment (Fig. 2b). The surfaces of the
split specimens were analyzed using XRD analysis.

The XRD analysis of the specimens was
performed before and after the EW. On an automated
LAP-1000 grinding/polishing machine, a layer of
(30 +£5) um was removed from the analysis surface
of AIMg6 and 08Crl18NilOTi in two stages, with
approximately (15+5) pm removed per stage,
followed by XRD analysis (Fig. 3). Heat treated

(15+5) pm — XRD — repeat — total removal:

(30 £5) pum.

3. Results and Discussion

3.1. Analysis of initial materials
before explosive welding

The diffraction pattern from the initial surface
(pre-explosive welding) of O08Cr18Nil0Ti steel
reveals two phases — austenite and ferrite (Fig. 4).
A pronounced {220} austenite texture is observed,
evidently resulting from prior rolling. The
microstructure further indicates highly elongated grains.

The diffraction pattern from the initial surface of
the AIMg6 alloy (Fig. 5) reveals that the primary
phase is an aluminium-based FCC solid solution

Target surface

Sample

AlMg6 08Crl18Nil0Ti

(b)

Fig. 2. Specimen preparation:
a — specimen extraction; b — layer separation method; D — detonation direction; P — applied pressure direction

Cu/K{x CuKa CuKa
O I N | RE—— —— ] J \
I DR | e —— [ B _
30pm 115 pm 15 pa
After EW -15 um -15 um

Fig. 3. Schematic of stepwise layer removal
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Fig. 4. Microstructure of 08Cr18Ni10Ti steel with XRD pattern
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Fig. 5. Microstructure of AIMg6 alloy with XRD pattern

(a-phase). Reflections of the solid solution are shifted
relative to pure aluminium angular positions,
indicating dissolution of alloying elements —
principally Mg and Mn, per chemical analysis.
A strong {200} texture in the solid solution is
observed, consistent with elongated a-phase grains
and attributable to sheet processing via rolling.
The diffraction pattern also shows weak, near-
background reflections of secondary Al3sMg, (B-phase)
and AlgMn phases, present as dispersed inclusions at
grain boundaries and within a-phase grains.

08CR18NiI1OL

‘Iransition/layer;

(@

3.2 Analysis of the 08Cr18Nil10Ti-AIMg6
weld interface
after explosive welding

As a result of EW, a transition layer forms at the
AlMg6-08Cr18Nil0Ti weld interface (Fig. 6).
The layer thickness varies between 5 and 20 pm.
Due to the limited cross-sectional area of the
transition layer, the diffraction pattern shows only
reflections from the parent phases: the aluminium-
based solid solution (a-phase), austenite, and ferrite.
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o 31 3 - Territe
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Fig. 6. Explosively welded AIMg6—08Cr18Nil10Ti interface:
a — Transition layer morphology; b — XRD pattern showing parent phases only (a-Al, y-Fe, 3-Fe)
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3.2.1. Analysis of the 08Cri8NilO0Ti fracture surface
after explosive welding

The diffraction patterns of the 08Cr18NilOTi
steel specimen after EW shows austenite reflections
(Fig. 7). The intensity of the strongest d-ferrite (110)
peak decreases to near-background levels compared
to the initial O8Cr18Nil0Ti steel. No new phases
were detected at the steel-side weld interface within
the detection limits of XRD.

It should be noted that the preferred {220} grain
orientation in austenite — initially induced by rolling —
is significantly reduced. The relative intensity of the
austenite (220) reflection at the welded surface
decreases by nearly half (2 times). This indicates
recrystallization of austenitic grains in the weld
interface region, likely induced by heat exposure and
severe plastic deformation during EW. The heat
exposure is caused by both plastic deformation and
the impact of shock-compressed gas in the welding
gap [30]. After removing a ~15 um surface layer, the
intensity of the austenite (220) reflection increases,
demonstrating that recrystallization is localized to
areas affected by shock loading.

The angular positions of austenite reflections
remain identical before and after EW, indicating no
change in its lattice parameter. This demonstrates the
absence of significant dissolved aluminium in the
austenitic phase within the 08Cr18NilOTi-side
transition layer. It suggests that either no solid
solution of Al forms in austenite, or its concentration
is insufficient to alter the austenite lattice parameter.
Notably, a-phase reflections (FCC Al-based solid
solution) appear after removing a 15 pm layer from

the 08Cr18Nil0Ti surface, despite this phase being
absent at the immediate weld interface. Furthermore,
a weak reflection of the AlggFej4 quasi-crystalline
phase emerges after the first layer removal — a phase
later identified in the surface layer of the AlMg6
alloy post-welding.

The appearance of aluminium-based phases
suggests material transfer of AIMg6 alloy grains into
the 08Cr18Nil0Ti steel subsurface layer. It should be
noted that the angular positions of several diffraction
peaks for the a-phase (FCC structure) and ferrite
(BCC structure) nearly coincide. Consequently, based
on the obtained data, the presence of ferrite in the
08Cr18Nil0Ti surface layer after explosive welding
cannot be confirmed. Thus, the primary phase in the
steel's surface layer remains austenite, alongside
phases transferred from the AIMg6 alloy during
shock loading.

3.2.2. Analysis of the AIMg6 alloy fracture surfaces
after explosive welding

Thus, this study demonstrates substantial phase
transformation in the AIMg6 surface layer following
EW. The diffraction patterns (Fig. 8) reveal not only
reflections from the original a-phase but also two
new phases: an FCC iron-based solid solution
AlggFeq4.
Removal of a 15 um layer does not significantly
reduce the intensity of these phases. The angular
positions of y-phase reflections match those of
08Cr18Nil0Ti steel's austenite, confirming austenite
grain transfer into the AIMg6 surface during welding.

(y-phase) and metastable icosahedral
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Fig. 7. XRD patterns of the 08Cr18Nil0Ti steel before and after explosive welding
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Fig. 8. XRD patterns of the AIMg6 surface before and after explosive welding

The metastable AlggFe;4 phase — previously
reported by [31] — forms through rapid solidification
(2-106 K-s_l) of Fe—Al melt. It features an icosahedral
quasicrystalline structure lacking Bravais lattice
periodicity. Notably, its diffraction peaks exhibit
significant broadening, indicating nanocrystalline
grain size (< 50 nm).

Heating would inevitably decompose the
metastable AlggFej4 phase. The differential thermal
analysis in [31] demonstrated decomposition at 400 °C
via AlggFej4 — AlgFe + Al, followed by further
transformation AlgFe — AlsFe + Al at ~530 °C.
Thus, the altered phase composition in the AIMg6
surface layer results directly from shock-induced iron
transfer from 08Cr18Ni10Ti steel during EW.
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Fig. 9. XRD patterns of the 08Cr18Ni10Ti steel surface after explosive welding and isothermal annealing:

a—500°C; b—-550°C
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3.3. Analysis of specimens after explosive welding
and isothermal annealing at 500 and 550 °C

3.3.1. Analysis of the 08Cr18Nil0Ti steel surfaces
after explosive welding and isothermal annealing
at 500 and 550 °C for 60, 90, and 120 minutes

Isothermal annealing of explosively welded
AlMg6—08Cr18Nil0Ti specimens at 500-550 °C for
60—120 min alters the phase composition in the steel
interfacial region adjacent to AIMg6. Diffraction

patterns (Figs. 9a, 9b) reveal reflections of two iron
aluminides — AlsFe, and Al;,Fe — alongside the
dominant austenite phase. Intermetallic peak
intensities increase with higher temperatures and
longer durations. Given the absence of new phases at
the steel interface in the as-welded state, these
transformations confirm post-heating aluminium
diffusion into the steel substrate and subsequent
formation of iron aluminides upon cooling.
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! 2 - Ferrite
. | 60 min, -30 um 3 - AlsFe, :
o 4- Al ke
3 2 J\ 1
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Fig. 10. XRD patterns of the 08Cr18Ni10Ti steel surface after explosive welding, isothermal annealing (at 500 °C),
and surface layer removal for: @ — 60 min; b — 90 min; ¢ — 120 min
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The layer-by-layer XRD analysis of the
08Cr18Nil0Ti steel surface confirms that removing
a 15 um layer eliminates reflections from iron
aluminides formed during 500 °C annealing for
60-90 min (Figs. 10a, 10b). Reflections of a-phase
(Al-based) and AlgsFe 4 — previously detected in the
steel subsurface after EW — also disappear. Critically,
post-anneal diffraction patterns after 15 um removal
lack the characteristic a-phase (111) reflection at

20 =~ 38.5°, which was prominent in the as-welded
subsurface layer. This demonstrates that annealing
dissolves aluminide phases through aluminium
diffusion into austenite and ferrite solid solutions.
For 120-minute treatments, aluminium penetration
depth increases significantly: iron aluminide
reflections persist until removal of a second steel
layer (Fig. 10c¢).
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Fig. 11. XRD patterns of the 08Cr18Nil10Ti steel surface after explosive welding, isothermal annealing (at 550 °C),

and surface layer removal for: a —

60 min; b — 90 min; ¢ — 120 min
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An identical trend occurs at 550 °C heat
treatment (Figs. 11a, 115). Iron aluminide reflections
virtually disappear after 30um layer removal for both
60- and 90-minute annealed samples. Layer-by-layer
analysis further reveals that material removal
progressively increases ferrite reflection intensity.
After grinding away 30 pm, the intensity matches the
pre-welding state of 08Cr18Nil0Ti steel (Fig. 11c¢).
The preferred {220} grain orientation in the bulk
08Cr18Nil0Ti steel persists after 500 and 550 °C
heat treatments. Consistent with this, removing
30 um of material increases the intensity of the
austenite (220) reflection (Figs. 10 and 11).

Thus, recrystallization of austenitic grains occurs
exclusively at the weld interface region, driven by
localized heating to high temperatures at the contact
zone between 08Cr18NilO0Ti steel and AIMg6 alloy
sheets following shock loading.

3.3.2. Analysis of AIMg6 alloy surfaces
after explosive welding and isothermal annealing
at 500 and 550 °C for 60, 90, and 120 minutes

Isothermal annealing of explosively welded
AlMg6—08Cr18Nil0Ti samples at 500-550 °C for
60—120 min alters the phase composition in the

AlMg6 interfacial region adjacent to the steel.
Diffraction patterns (Fig. 12) reveal reflections of
intermetallic phases AlsFe, and Alj3Feq — previously
identified in the steel interfacial layer after annealing-
alongside the primary o-phase (FCC Al-based solid
solution). Additionally, reflections of the ternary
phase Cr,Mg3Al;g are observed. This confirms that
heating to 500 °C decomposes the metastable
quasicrystalline AlggFe4 phase formed in the AIMg6
surface layer during EW, resulting in crystalline iron
aluminides AlsFe, and Alj3Fe4. This transformation
aligns with prior differential thermal analysis (DTA)
study [1], where AlggFe4 (produced by rapid Fe-Al
melt quenching) decomposed at ~530 °C. Formation
of the Cr,Mg3Al;g ternary phase during annealing
indicates chromium diffusion — a primary alloying
element in 08Cr18NilOTi steel — into the AIMg6
surface layer, where it reacts with B-phase (Al3Mg))
present in the alloy. Intermetallic peak intensities
increase with higher temperatures and longer
durations.
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500 °C . 2-solid solution Fe[Al] 5 - Al,,Fe
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Fig. 12. XRD patterns of the AIMg6 alloy surface after explosive welding and isothermal annealing
for 60, 90, and 120 min at: a — 500 °C; b — 550 °C
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The layer-by-layer XRD analysis of the AIMg6
alloy surface reveals that removing 14-42 pm of
material does not fully eliminate intermetallic
reflections formed during 500 °C (Fig. 13) and
550 °C (Fig. 14) annealing for 60-120 min.
The thickness of the aluminide-containing layer
increases with prolonged annealing. Consequently,
even after grinding away two layers (~30 um) from
the AIMg6 surface, reflections from AlsFe;, Alj3Fey,

and CrpMg3Al;g retain significant intensity.

Thus, the explosive-welding-modified layer depth is
greater in AIMg6 alloy than in 08Cr18NilOTi steel,
attributable to localized melting of the AIMg6
surface. The presence of a liquid
phase — where bulk diffusion coefficients exceed
solid-state values by 4-5 orders of magnitude —
enables dissolution of iron and alloying elements
from the steel into the molten AIMg6 layer, followed
by formation of aluminium-based intermetallic

phases (Fig. 14).
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Fig. 13. XRD patterns of the AIMg6 surface after explosive welding, isothermal annealing (at 500 °C),

and surface layer removal for:

a— 60 min; b — 90 min; ¢ — 120 min
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Fig. 14. XRD patterns of the AIMg6 surface after explosive welding, isothermal annealing (at 550 °C),
and surface layer removal for: @ — 60 min; b — 90 min; ¢ — 120 min

the formation of new phases. In the surface layer of
the AIMg6 alloy after explosive welding, changes in
The observed recrystallization of austenitic  the phase composition are observed, associated with
grains in 08Cr18Ni10Ti steel near the weld interface  the transfer of iron from O8Cri8NilOTi steel.
is determined by the combined effect of plastic  This leads to the formation of an FCC iron-based
deformation and localized heating during explosive  golid solution (y-phase) and the metastable
welding. The presence of the a-phase and the .ocahedral AlggFe4 phase.
quasicrystalline AlggFej4 phase in the subsurface Isothermal annealing of the bimetallic sample
layer of 08Cr18Nil0Ti steel after removing a 15 um-  results in the diffusion of aluminium deeper into the
thick layer indicates the transfer of aluminium from  steel and the subsequent formation of iron aluminides
the AIMg6 alloy. This process likely occurs due to  upon cooling. It is evident that annealing leads to the
mechanical mixing and localized melting, promoting  dissolution of aluminide phases, forming solid

4. Conclusion
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solutions of aluminium in austenite and ferrite. Thus,
it is clear that the recrystallization of austenitic grains
occurs only in the weld interface region and is
associated with localized heating to high
temperatures in the contact zone of 08Cr18NilO0Ti
steel and AIMg6 alloy plates after exposure to plastic
deformation and shock-compressed gas. The layer-
by-layer XRD analysis revealed that the removal of
material layers leads to an increase in the intensity of
ferrite reflections. After removing a 30 um-thick
layer, the reflection intensity reaches values
characteristic of the material's initial state before
explosive welding. This indicates that the top layer,
subjected to the most intense impact during welding,
contains structural changes that can be eliminated by
removing a thin surface layer. The restoration of the
initial ferrite characteristics after removing 30 pm
confirms that these changes are localized in the
surface zone and do not affect the deeper material
layers. The findings extend the current understanding
of the mechanisms governing phase formation and
diffusion processes during explosive welding, and
also shed light on the effect of thermal exposure on
phase evolution.
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