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CHARACTERIZATION OF EXPLOSIVE WELD JOINTS BY TEM AND SEM/EBSD

CHARAKTERYSTYKA STREFY POLACZENIA UZYSKANEGO METODA ZGRZEWANIA WYBUCHOWEGO
Z WYKORZYSTANIEM TEM ORAZ SEM/EBSD

The layers near the interface of explosively welded plates were investigated by means of microscopic observations with
the use of transmission electron microscopy (TEM) equipped with energy dispersive spectrometry and scanning electron
microscopy equipped with electron backscattered diffraction facility (SEM/EBSD). The metal compositions based on carbon or
stainless steels (base plate) and Ti, Zr and Ta (flyer plate) were analyzed. The study was focused on the possible interdiffusion
across the interface and the changes in the dislocation structure of bonded plates in the layers near-the-interface.

It was found that the extremely rapid temperature increase followed by high cooling rates in the areas near the interface
favour the formation of metastable phases. The crystalline or glassy nature of the phases formed inside melted zones strongly
depends on the chemical composition of bonded metals. The amorphous phases dominates the melted zone of the (carbon or
stainless steel)/Zr whereas the mixture of amorphous phases and nano- grains were identified in (carbon steel)/Ti and (stainless
steel)/Ta clads. The elongated shape of the (sub)grains and the randomly distributed dislocations inside them as well as the
shear bands and twins observed in the layers near-the-interface of all investigated clads, clearly indicated that during explosive
welding, the deformation processes were prevailing over the softening ones.
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W pracy analizowano zmiany strukturalne oraz skladu chemicznego, jakie zachodza w poblizu powierzchni polaczenia
plyt metalowych spajanych z wykorzystaniem energii wybuchu. Badano kompozycje materialéw bazujace na stali weglowej lub
stopowej (plyta bazowa) w polaczeniu z Ti, Zr lub Ta (plyta lotna). W prowadzonej analizie wykorzystano transmisyjny mikro-
skop elektronowy (TEM) wyposazony w spektrometr promieniowania X (EDX) a takze skaningowy mikroskop elektronowy
wyposazony w system pomiaru orientacji lokalnych (SEM/EBSD).

Zaobserwowano, ze ekstremalnie szybki wzrost temperatury a nastgpnie szybkie chlodzenie prowadzi do uformowania
si¢ w strefie przetopiefi faz niestabilnych o silnie zr6znicowanym sktadzie chemicznym. Krystaliczna lub amorficzna natura
formujacych si¢ faz uzalezniona jest od skladu chemicznego taczonych metali. Faza amorficzna dominuje w strefach przeto-
pient formujacych si¢ w ukladzie plyt (stal austenityczna lub weglowa)/Zr podczas, gdy mieszanina faz amorficznych i ultra
drobnokrystalicznych dominuje w ukfadach plyt (stal weglowa)/Ti oraz (stal astenityczna)/Ta. Analizy strukturalne pokazuja,
ze w warstwach taczonych ptyt polozonych przy powierzchni polgczenia, obserwuje si¢ podstrukture komérkowa z duza ilo-
Scig dyslokacji zgromadzonych w ich wnetrzu a takze bliZniaki odksztalcenia (Zr, Ti) oraz pasma Scinania (stal, Zr). Fakty
te pozwalaja na stwierdzenie, ze procesy odksztalcenia dominujg nad procesami zmigkczenia wywotanymi oddziatywaniem
wysokiej temperatury. Udokumentowano takze, ze pomimo trudnosci w preparatyce prébek wynikajacych z silnie odmiennych
wlasnosci elektrochemicznych faczonych metali, polaczenie technik opartych o TEM oraz SEM/EBSD pozwala w pelni opisaé
zjawiska zachodzace w meso- i nano- skali w poblizu powierzchni potaczenia.

1. Introduction bium, tungsten, etc., and their alloys, joined on steels perfectly

fulfil the above expectations. However, joining these metals

The application of laminar products as construction el-
ements has significantly increased. It is usually sufficient to
apply a thin layer of a material, of highly anti-corrosive prop-
erties on a relatively inexpensive base (construction) material
to meet the operation requirements, i.e. to obtain element char-
acterized both by high corrosion resistance and strength. High
melting materials, such as zirconium, titanium, tantalum, nio-

with steels still pose a technological problem. That is why, an
increase interest in the technology of explosive treatment of
materials, including the technology of explosive cladding, is
presently observed.

The classic definition of the explosive welding defines it
as the process of metal joining in the solid state, as an effect
of a collision of joined plates with high velocities caused by
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a controlled detonation of an explosive charge [1, 2]. At the
collision point (line), the perfectly clean surfaces are brought
together (if the impact angle and the impact velocity are within
the range required for bonding) under very high pressure. The
high velocity oblique collision will ‘produce’ high temperature
and high shear strain near the collision point in a very short
time. This causes local melting of the bonded metals, simul-
taneously with the local plastic deformation, e.g. [1-7]. Since
the process occurs under high pressure and at extremely fast
cooling rates, the solidification terms are far from equilibrium,
and the occurrence (in the melted zones) of non-equilibrium
phases is expected, e.g. [8].

The processes which occur at the interface lead to impor-
tant structural changes in the subsurface areas of the bonded
plates and strongly affect the macroscopically measured ‘pa-
rameters’ characterizing the properties of the clad. In macro-
scale these changes concern the amplitude and height of the
wave being formed and the summarized area occupied by the
molten areas. In micro-/nano- scale the changes concern the
morphology of the solidified liquid, including their chemical
and phase composition, and the changes in the dislocation
structure of bonded plates near-the-interface [9]. The very
short time of the ‘heat influence’, due to the high thermal con-
ductivity of the metals, leads to high cooling rates and thus, in
the solidification process, the melted metals are usually ‘trans-
formed’ into brittle intermetallics of different compounds, e.g.
[5-7]. These changes are associated with strong and unpre-
dictable (due to intensive mixing in the liquid state under
high pressure) changes in the chemical composition within
individual melted zones [7].

Despite that, the explosive weld microstructures have
been examined for half-a-century, in the literature there is still
no agreement on the mechanisms ‘controlling” metal bonding
during such joining process. In the author’s opinion, this re-
sults from the ‘poorly’ investigated processes occurring near
the interface. In an earlier works techniques such as: optical
microscopy, scanning electron microscopy (SEM) and me-
chanical testing were used for the microstructural analyses
of changes near the interface and the clad properties char-
acterization, e.g. [1-4]. Significantly less publications have
been issued on the nano- scale transmisssion electron mi-
croscopy (TEM) analyses, especially of the phenomena that

occur within the melted zones and the parent metals adhering
to the interface. Additionally, they were limited to selected
metals compositions, e.g. the steel/Ti clad [10, 11], Ti/Ti clad
[12], copper to copper clad [10] or a Ni-based amorphous
or metallic glass film clad on stainless steel [13]. Except the
works [9-14] on the Al/Cu clad, nothing has been done, to
our knowledge, in respect to microstructure characterization
by means of SEM/EBSD system.

The present study is focused on the structural changes and
the phase transformations occurring at the nano- and micro-
scales inside the bonding zone. Particular attention was paid
on the description of the interfacial areas without macroscop-
ically visible melted zones between the bonded plates. Con-
sequently, the reaction products formed in the melted zones
were carried out by means of TEM. Next, the microstruc-
ture changes that occur close to the interface in explosively
welded sheets were analysed by means of a SEM equipped
with a high resolution electron backscattered (EBSD) facility.
The strongly different electrochemical properties of the bond-
ed metals necessitated the application of the focus ion beam
(FIB) technique for the TEM thin foil preparation from the
areas covering the interfaces.

2. Materials and experimental procedures
2.1. Materials and explosive cladding process

The plates of zirconium, titanium and tantalum explosive-
ly welded with (carbon or stainless) steel plates were analyzed
in this study. Sizes of plates were of 300x500 mm?. A sys-
tem of parallel arranged plates was applied to manufacture of
two-layered clads. The contact surfaces of the joined plates
were grounded, cleaned of solid particles and degreased. The
detonator was located in the middle of the shorter edge of the
flyer plate. In all the cases, in the middle of the plate’s width,
the jetting direction was parallel to the rolling direction (RD)
of the hot rolled sheets. More details of materials and the
selected applied process parameters for the particular cases of
clad are presented in Table 1. The explosion welded materials
evaluated in this study were manufactured by High Energy
Technologies Works ‘Explomet’ (Opole, Poland).

TABLE 1
Selected parameters of explosive bonding
. . Thickness .
Applied Applied Collision
clad Metals composition: ‘stand-off | detonation ofgg:éied I:rllpzllzt point
base plates/flyer plate | distance’ velocity (ﬂyer}baseAplate) ( deg ) velocity
(mm) (m/s) (mm) g (m/s
(Stainless Steel)/ | 5\ 109-10/2r700 4 2200 2513 12.1 464
Zirconium
(Carbon Steel)/ | ¢\ 51 6Gr70/2700 6 2200-3500 203 10.7 - 16.8| 409-643
Zirconium
(Carbon Steel) | ¢\ 51 6Gr70/Ti(Gr1) 6 2200 22/6 12.4 477
Titaniu
(Stainless Steel)/ | 109-10/Ta 3 2600 12/1.5 17.7 799
Tantalum




2.2. Microstructural and chemical composition analyses

All the samples were cut-off from the ‘properly’ bond-
ed clad. The nano-/micro scale microstructure observations
and the chemical composition measurements were performed
by means of a TEM with the use of a FEI Technai G?
microscope, operating at the accelerating voltage of 200kV.
The TEM was equipped with a field emission gun and a
high-angle annular dark field scanning/transmission detector
(HAADF/STEM), combined with an energy dispersive X-ray
(EDX) microanalyser. The resolution of the system for the
chemical composition measurements was ~1nm. The Focus
Ion Beam (FIB) technique was applied for preparing thin foils
along the ND-TD section (where: ND and TD are the normal
and the transverse direction, respectively).

The more global microstructural analyses of the interfa-
cial zone (in the same ND-RD section) were performed by
means of a SEM, with the use of Zeiss Supra 55VP, equipped
with a field emission gun (FEG) and electron backscattered
diffraction (EBSD) facility. The microscope control, the pat-
tern acquisition and the indexing were performed with the use
of the TSL OIM Analysis 6 software. The orientation maps
were created in the beam-scanning mode with the step size
ranged between 50nm and 500nm.

3. Results and discussion

At the macro-/meso-scale, the interfaces were outlined
by a characteristic sharp transition indicating that there was
no mechanical mixing between the welded metals in the solid
state. In all the clads the morphology of the joints was charac-
terized by the mixture of wavy and flat patterns, as presented
in Fig. 1 for the (carbon steel)/Zr700 clad. The morphology
of the joints is strongly affected by explosion velocity and
stand-off distance [1-4, 15-17]. The melted zones, if they oc-
curred, were preferentially located near the front slope of the
waves or within the vortex of the waves. In some cases, cracks
within the brittle melted inclusions were observed. The macro-
cracks were situated almost perpendicularly to the interface,
whereas micro-cracks (observed only at the SEM or TEM
scales) forming non-regular network. It is important to note
that the cracks were always limited to the melted zones.

4 : 21700 i (a)
200/

melted zones . 7 (b)

Fig. 1. Morphology of the joint area of plated coatings welded at
different detonation velocities: (a) 2200 m/s, (b) 2800 m/s and (c)
3500 m/s characterized using SEM. A constant distance between the
plates was used — 6 mm. ND-ED sections
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3.1. Microstructure, chemical composition changes and
phase constitution inside the intermetallic inclusions.
Nano- scale analysis

The rate of the heat transfer, the severe plastic deforma-
tion and the high pressure are the most important factors which
control the reactions occurring at the boundary between the
solid and the liquid phase [8]. From the point of view of the
temperature influence, the events taking place during explosive
bonding can be attributed to one of the two periods. In the first
period, the temperature increase is dominant with respect to
transferring the heat away from the collision point (which is
too slow to be effective). It is widely accepted that the kinetic
energy of the jet and the large plastic work of deformation,
induce the melting of the materials close to the weld interface
[7]. As the process is very fast, there is no time for the heat to
be transferred away from the interface, hence any increase of
temperature and melting is local. In the second period (as the
collision point (line) is moved forward), the cooling process-
es are dominant. During solidification, the melted volumes
are subjected to extremely high cooling rates. Consequently,
a series of metastable phases (i.e. the phases that do not ap-
pear in the equilibrium phase diagram) can be formed [18].
The very short time of the ’impact’ of the high temperature
caused the melted metals to frequently show a strong tenden-
cy to form amorphous phases in the process of solidification.
The described processes lead to important structural changes
not only inside the melted zones but also in the subsurface
areas of the bonded plates (e.g. inside the microstructure of
the bonded plates near the interface); these changes strongly
affect the macroscopically measured parameters characterizing
the properties of the clad, in particular during cyclic loading,
e.g. [19]. The changes near the interface for different clads are
described below.

3.1.1. Zirconium to carbon or stainless steel composites

Figures 2a and b and 3a are the TEM/BF mi-
crostructures of the area near the interface of the (car-
bon steel (CS))/(zirconium (Zr700)) and (stainless steel
(SS))/(zirconium (Zr700)) metal compositions, respectively.
The internal microstructures of the broad (a few um) inclusion
and the extremely thin (<50nm) layers were qualitatively simi-
lar. The structure composed of nano- grains ‘immersed’ within
the rapidly solidified liquid was the most frequently formed
inside the melted zones. The diameter of the nano-grains only
rarely exceeds a few tens of nanometers. They were observed
as single isolated grains ‘immersed’ in the solidified melt or as
compact chains of grains. However, the crystallization process
always preferentially starts from both — (pure metal)/(solidified
melt) interfaces. The chemical composition of the phases that
form within the intermetallic layers (or inclusions) is strongly
diversified, and very often far from the phases observed on the
equilibrium phase diagram, i.e. starting from Zr—Fe: Zr;Fe,
Zr,Fe, ZrFe, or ZrFes (in the case of the CS/Zr clad) and, e.g.
Fey1 8Zr750Ni1 §Cry.4 and Ferp 0Zra64NipoCry ¢ (for SS/Zr).
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melted zone

Fig. 2. TEM/BF images presenting microstructure of an interfacial area of the (carbon steel)/Zr700 clad produced with the detonation velocity
of 3500 m/s: (a) of the joint area including the Zr layers, the melted zone and the carbon steel layer, (b) detail from (a) showing the inside of
the melted zone and the formation of amorphous and ultrafine grains. (c)-(f) SAD patterns from the area of: (c) steel, (d) and (e) solidified

liquid confirming its partly amorphous nature and (f) Zr700

Fig. 3. TEM bright field image presenting microstructure of an in-
terfacial area of the (stainless steel)/Zr700 clad: (a) the joint area
including the Zr layers, the melted zone and the carbon steel layer,
(b) SAD patterns from the area of solidified liquid confirming its
amorphous and ultra-fine grained nature

3.1.2. Titanium to carbon steel composite

Figures 4a and b are the HAADF/STEM microstructures
of the area near the interface of the CS/Ti metal composition.
The melted zone between Ti and CS plates was ~6 um thick
and their interior is composed of very fine grains with the di-
ameter mostly ranged between 150 nm and 200 nm. Some of
the grains resemble small dendrites with a clearly marked core
and arms. Generally, the grains showed a typical crystalline
contrast during tilting in TEM, but very often neighbouring
thin areas were amorphous. (This can be deduced from the

slightly marked ring on the diffraction pattern from the area
of grains, as visible in the SAD pattern of Fig. 4). A simi-
lar structure of the melted zone interior was also observed by
Song et al [6] for the same type of (carbon steel)/Ti clad. Near
the both interfaces (of the (melted zone)/(pure metal)-type) a
structure of coarse or even columnar grains was observed.
The chemical composition of the phases that form within this
melted zone is roughly homogeneous and can be described as
~F62Ti3.

columnar grains

amorphous &
fine grains

®

melted zone
RS (b)

fine grains &
amorphous

[

‘!“‘*’;;'—‘b ;. t I
_carbon stee -
el K

Fig. 4. HAADF/STEM images presenting microstructure of the melt-
ed zone and the areas of the joined metal sheets which directly adhere
to: (a) Ti/(melted zone) and (b) (melted zone)/(carbon steel) interface
and corresponding particular areas the SAD patterns. The (carbon
steel)/Ti clad
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amorphous layer |

-
S

fine grains

columnar grains |

stainless steel

Fig. 5. HAADF/STEM images presenting microstructure of the melted zone and the areas of the joined metal sheets which directly adhere
to: (a) extremely thin and (b) thin melted zones, formed between Ta and stainless steel plates and corresponding particular areas the SAD

patterns. The (stainless steel)/Ta clad
3.1.3. Tantalum to stainless steel composite

The HAADF/STEM microstructures of the (stainless
steel)/tantalum clad, in the near-the-interface areas, are pre-
sented in Figs. 5a and b. Microstructures show extremely
thin (<20 nm) and thin (~500 nm) melted zone formed be-
tween welded plates. The layers inside the melted zones are
either totally amorphous, crystalline, or form a mixture of
both these phases. In some cases, the new grains that nucleate
within the solidified melt take the form of dendrites, with a
well-developed core and arms. For the case presented in Fig.
5b, an amorphous layer of ~200 nm thick is adhering to the Ta
sheet, whereas the layer of ~500 nm thick, directly adhering
to the steel sheet, is crystalline. The chemical compositions of
particular layers were different and most of the observed phas-
es were far from equilibrium, i.e. the phases were not observed
on the equilibrium phase diagram. The TEM/EDX measure-
ments show, that starting from Ta sheet across the interface,
the chemical composition changes within the molten zone
are as follows: Fe46,2Ta41.2Cr12_6 il Fe4g,3Ta30_9Cr13,9Ni6.9 -
FegoTa113Cr166Nij2 — Feqi3Tay 4Cryz7Niz 6.

3.2. Microstructural changes in base metals near the
interface

3.2.1. Dislocation structure

The dislocation structures in the layers near-the-interface,
independently of the analyzed clad, were qualitatively similar.
In all the bonded materials, a well-defined cellular disloca-
tion structure was observed. At the micro-/nano- scale, the
layers of the base metals adhering to the interface show typi-
cal deformed microstructure features, i.e. structure refinement,
elongated dislocation (sub)grains or slip bands and, in some
cases, micro twins (in Ti, Zr or SS) or shear bands (CS, SS, Ti
or Zr). In all cases, the fine grained structures formed near the
interface were elongated parallel to the impact direction. The
elongated grains within the wavy region (mainly in the crest of

the waves) took a characteristic shape reflecting the rotation-
al character of the material displacement, as observed earlier
for the Al/Cu clad [9, 14]. The dislocation structure in layers
near the interface is composed of elongated regular dislocation
arrangements (forming (sub)grain boundaries) and random-
ly distributed dislocations within particular (sub)grains. The
(sub)grain length was in order of a few microns, whereas their
width — a few tens or hundreds of nanometers. (However, it
could be noted that the TEM/BF imaging counts all the types
of boundaries, i.e. low- and high- angle, without distinction).
The elongated shape of the (sub)grains and the randomly dis-
tributed dislocations inside them clearly indicates that, during
welding, the deformation processes were prevailing over the
softening ones.

3.2.2. Structural changes analysed by SEM/EBSD system

The microstructure across the interface were character-
ized in meso- scale by means of the SEM/EBSD local ori-
entation measurements. Two characteristic places within the
samples in the ’as bonded’ state, i.e. the areas located across
the interface with melted zone and the areas placed near the
interface where the melted zone was very thin or (macroscop-
ically) not observed, were analyzed in detail.

Figures 6-8 show the orientation maps made across the
interface and presented as a ’function’ of the band contrast
and phase component maps. The ’band contrast’ maps clearly
reveal the differences observed in the microstructure of both
welded metals. The structure of the plates near the interfaces
was composed of deformed grains elongated along RD. How-
ever, this directionality in the grain geometry (in both metals)
was lost as the distance from the interface increased. Finally,
in the areas distanced about 100 um from the interface, nearly
globular grains were observed, but still with the increased den-
sity of the dislocations (marked as low angle grain boundaries)
inside the grains’ interior.
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Fig. 6. Orientation maps displayed as a ‘function’ of (a) band con-
trast, (b) phases distribution, and (c) inverse pole figure colours of
near-the-interface area of (carbon steel)/Zr700 clad. SEM/EBSD local
orientation measurements with the step size of 100nm

The formation of the extremely fine-grained structure near
the interface is the common characteristic feature observed in
all welded sheets. In the case of Ti and Ta the thickness of the
fine-grained layer was a few micron, whereas in the case of
steels and Zr at least of few tens of microns. The strongly re-
fined structure is especially well-visible inside the areas of the
waves. The crest of the waves was always composed of very
thin (with the thickness below 200 nm) and elongated grains,
separated by large angle grain boundaries. These thin grains
were strongly curved inside the crest of the wave and imitated
well the rotational character of the material displacement dur-
ing the wave formation, i.e. reflecting the non-homogeneous
flow close to the interface.

The ’intensity’ of the plastic deformation decreases as the
distance from the interface increases, as observed earlier in,
e.g. [1, 2, 7, 16]. In the areas placed ‘far’ from the interface,
the grains are nearly equiaxed and their interior is character-
ized by only a slightly increased density of the dislocations. In
all metals the dislocation slip led to well-defined dislocation
cells, as typically observed in the cold-rolled (up to moderate
strains) sheets; both equiaxed and elongated cells were ob-
served. The mechanism of deformation by slip was supported
in some areas of the Zr and Ti by deformation twinning, i.e.
thin deformation twins occurring against the background of the
dislocation cells and by shear banding especially well visible
in steels and Zr.

titanium

stainless steel

melted Zone

< - crack

Phase
I iron - Gamma

B titanium

Fig. 7. Orientation maps displayed as a ‘function’ of (a) band contrast, (b) phases distribution, and (c) inverse pole figure colours of
near-the-interface area of (stainless steel)/Ti clad. SEM/EBSD local orientation measurements with the step size of 100nm
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1 ¢4 SB

Fig. 8. Orientation maps displayed as a ‘function’ of (a) band contrast, (b) phases distribution, and (c) inverse pole figure colours of
near-the-interface area of (stainless steel)/Ta clad. SEM/EBSD local orientation measurements with the step size of 100nm

4. Summary

This work describes the nano- and meso- scale analyses

of the microstructure and the chemical composition changes
that occur in the interfacial layers of explosively welded sheets.
The clads based on stainless or carbon steels as base plates
and Ti, Zr or Ta as flyer plates were analysed in detail. The
following conclusions can be drawn.

‘Metallurgical bonding’ was achieved by a melting of the
explosively welded sheets. The above proves that the prop-
er explosive welding always incorporates the melting of
thin surface layers of joined materials.

The amorphous phases and the nano- grains were iden-
tified in the melted zones placed near the interface in
all analysed cases. The quantity of crystalline or amor-
phous phases in the solidified melt strongly depends on
the chemical composition of the bonded sheets.

During the bond formation, the layers of parent sheets
near the interface underwent intense plastic deformation.
Consequently, the deformation microstructure features, i.e.
the elongated shape of the (sub)grains and the random-
ly distributed dislocations inside them, the deformation
twins (in Ti, Zr) and the shear bands (steels and Zr) were
observed. This clearly indicates that, during welding, the
deformation processes were prevailing over the softening
ones.
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