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This study presents the microstructure and physicochemical properties of explosively welded Inconel 625
and Ti6Al4V platers, which were investigated by scanning electron microscopy, corrosion resistance, and
dilatometric measurements. Firstly, the corrosion behavior of Ti6Al4V was tested in sodium sulfate and
sodium chloride solutions using potentiodynamic polarization and electrochemical impedance spectroscopy
techniques. The experimental results were compared with the data obtained from computer simulation. The
investigated corrosion resistance of the explosively welded Inconel 625/Ti6Al4V system in different solu-
tions showed that this system exhibited significantly higher corrosion resistance in NaCl solution than in
sodium sulfate. In addition, the corrosion potential of the Ti6Al4V surface tested in sodium chloride is
slightly higher compared to the value obtained for the second solution. Moreover, the pioneering dilato-
metric measurements have been carried out in the temperature range of 298-873 K to determine the linear
coefficient values of thermal expansion (o) of investigated samples cut along and perpendicular to the
direction of the explosion. They showed close values regardless of the cutting direction. Additionally,
o possessed the linear character in the whole investigated temperature range, excluding the phase transi-

tions within the bonded plates.
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1. Introduction

Titanium and titanium alloys have unique properties com-
pared to other engineering materials due to their high relative
strength over a wide temperature range, additionally being non-
magnetic, biocompatible, and high corrosion resistant (Ref 1).
Regarding chemical and process apparatus, the most important
property is corrosion resistance, which is the main criterion for
the selection of a given material to work in a specific,
chemically aggressive environment. Therefore, titanium and
titanium alloys attract much attention and are increasingly used
despite their high cost of production (Ref 2). These costs can be

This article is an invited submission to the Journal of Materials
Engineering and Performance selected from presentations at the
symposium “Wetting, High-Temperature Capillarity, Interface Design
and Modeling,” belonging to the area “Processing” at the European
Congress and Exhibition on Advanced Materials and Processes
(EUROMAT 2021), held virtually from September 12-16, 2021, and
has been expanded from the original presentation.

Joanna Wojewoda-Budka, Monika Bugajska, Jan Guspiel,
Sylwia Terlicka, Agnieszka Bigos, and Anna Wierzbicka-Miernik,
Institute of Metallurgy and Materials Science, Polish Academy of
Sciences, 25 Reymonta St., 30-059 Krakow, Poland; and
Zygmunt Szule, High Energy Technologies Works “Explomet”,
100H Oswiecimska St., 45-641 Opole, Poland. Contact e-mail:
j-wojewoda@imim.pl.

7080—Volume 31(9) September 2022

compensated by the use of titanium explosive plating technol-
ogy, which is a major contributor to the widespread use of
titanium in engineering designs. This welding technology can
not only reduce the cost of production but also provide other
valuable properties.

The present work is dedicated to the structural, electro-
chemical, and physical studies of explosively welded platers of
high-melting titanium (Ti6Al4V) and nickel (Inconel 625)
alloys. The examined combination of Ti6Al4V (used for
protection of nickel alloys against oxidation in elevated
temperatures) with nickel Inconel 625 alloy (resistant to high
temperature) can be applied in marine engineering where high
corrosion resistance at different temperatures combined with
good mechanical strength is required (Ref 3, 4), as well as in
the aerospace industry in components where resistance to long-
lasting high temperature plays an important role (Ref 5-7). In
such combinations, explosive welding (EXW) technology can
be an efficient way of joining such materials, especially due to
the jetting phenomenon, that cleans the surfaces right before
joining (Ref 8, 9). Moreover, these welding processes take
place under extreme conditions of pressure and temperature,
and hence the product characteristics and any properties of the
newly formed materials must be carefully studied. One of the
important issues from the point of view of modern engineering
materials obtained by the EXW method is to study their
corrosion resistance after strong impact generated during the
welding and thermal expansion measured for the complete
weld, as well as the materials forming it. However, the data of
the corrosion resistance of the severely deformed titanium alloy
together with the thermal expansion coefficient of the inves-
tigated explosively welded platers are still not known. The only
existing literature for this explosively welded configuration of
materials focuses only on the description of microstructure
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correlated with the mechanical properties (Ref 6) of newly
formed weld, the study of which is important as a first stage.

Hence, in the present work, for the first time, the corrosion
studies of the Inconel 625/Ti6Al4V system obtained by
explosive welding have been carried out, which have not been
presented in the literature before. In this paper, corrosion
studies were carried out on the outer surface of the plater
composed of Ti6Al4V alloy, because this surface will be
exposed to long-term high temperatures or aggressive corrosive
environment in practical application.

Moreover, this study also presents, for the first time in the
literature, measurements of the linear thermal expansion
coefficient of explosively welded Ti6Al4V and Inconel 625
plater, in the range from room temperature to 873 K. These
measurements allow future prediction of the behavior of such a
materials’ combination under operating conditions.

2. Materials and Methods

The Ti6Al4V sheet with a thickness of 0.84 mm (flyer plate)
was explosively welded with the Inconel 625 sheet with a
thickness of 1.55 mm (base plate). The chemical composition of
the welded materials can be found in Table 1. In the present
configuration, the flayer plate (Ti6Al4V) was accelerated by the
impact of a high-velocity explosion toward the base plate (Inconel
625), which was on the ground. As a result of the impact, a
permanent bond was formed at the plate boundary, the morphol-
ogy of which has been described in this paper and also in (Ref 6).
A schematic representation of the joining process is shown in
Fig. 1. The parameters used to obtain the weld presented in this
paper remain a trade secret of “Explomet” company, that provides
the study material and therefore are not given.

Microstructure and chemical composition changes across
the joined zone were analyzed using a scanning electron
microscopy (SEM, ESEM XL30, FEI) working at an acceler-
ating voltage of 20 kV and equipped with an energy-dispersive
x-ray spectrometer (EDS, EDAX).

Corrosion measurements were performed with an AUTOLAB
PGSTAT302N potentiostat/galvanostat. Each experiment was
controlled using the commercial NOVA 2.1.4 software. The
electrochemical measurements were conducted at 298 K in a Pine
thermostatic cell, using a standard three-electrode system. This
system consisted of a working electrode, which was the
investigated material, a saturated calomel electrode (SCE) (placed
in a Luggin capillary) used as a reference electrode, and platinum
auxiliary electrodes. The total area of the platinum electrodes was
4.5 cm>. 24 h before measurements, the surface of the samples
was prepared by grinding on SiC-based papers (starting with 800,
then 1000, 2000, and finally 7000 gradations) for 2 min. Just
before starting the tests, the side surface of the sample was
protected with a non-conductive layer, leaving only a working
area, which was 0.27 cm?, for immersion. Two different solutions

were used during the measurements. The first one was a 0.5 M
aqueous solution of Na,SO4 with a pH of 6.0, and the second one
was a 0.5 M aqueous solution of NaCl, whose pH value was
corrected to 7.0. Then 500 ml of Na,SO, or NaCl solution
(aerated for 20 minutes) was placed in the electrochemical cell.
The open-circuit potential (Eocp) was measured as a function of
time during the 1800 s. This time was sufficient to establish the
constant value of Eqgcp. The anodic and cathodic branches were
recorded by polarizing the sample within £ 120 mV with respect
to Eocp, With a scanning rate of 1 mV/s. The corrosion potential
(Ecorr) and corrosion current (ico,;) were determined from the
voltammetric curves. The polarization resistance (R,) was calcu-
lated using the Stern-Geary Eq 1:

by - b,
R, =
P23 (by + be) icor

(Eq 1)

where b, and b, are the slopes of the anode and cathode
sections of the polarization curve, respectively.

The electrochemical impedance spectroscopy (EIS) mea-
surements were also performed at a potential with an amplitude
of 10 mV and a frequency varying in the range of 30 kHz-
0.1 Hz. The results of impedance tests were presented as a
Nyquist plot. The impedance characteristics were determined
by approximating the experimental data with physical and
mathematical electrical equivalent circuit models using the
commercial Nova 2.1.4 software.

The thermal expansion of explosively welded platers made
of nickel and titanium alloys (that is, Inconel 625 and Ti6AI4V)
was measured using an optical, horizontal dilatometer, Misura 3
FLEX-ODLT. All measurements were performed analogously
to those presented in the works (Ref 10, 11). All specimens
were examined over a temperature range from 298 to 873 K in
the air atmosphere, using a heating rate of 10 K/min. During
the thermal expansion tests, each 5 x 5 x 50 mm paral-
lelepiped shaped sample was placed horizontally in the furnace
of the dilatometer on a ceramic plate placed on two alumina
rods. The dilatometer is equipped with two high-resolution
monochromatic cameras (iCube from NET GmbH), which
accurately record the changes of the sample edges as the
measurement temperature increases. The temperature and
expansion properties of this device are calibrated periodically
using Standard Reference Material 738 - Stainless Steel (AISI
446, NIST). The temperature error in the thermal expansion
measurements was estimated to be + 2 K.

3. Results and Discussion

3.1 Microstructure Observation

The microstructure observations of the Inconel625/Ti6Al4V
interface were the starting point of this study. Although the
continuity throughout the observed length of samples was

Table 1 The chemical composition of the Inconel 625 and Ti6Al4V (Ref 6)

Element Ni Cr Fe Al Ti \% Mo Nb C Mn Si
Inconel 625 (% wt.) Base 21.12 0.48 0.32 0.3 - 9.46 3.81 0.08 0.42 0.34
Ti6AI4V (% wt.) - - 0.04 6.07 Base 3.99 - - 0.01 - -
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Fig. 1 Schematic diagram of the explosive welding process of the Ti6Al4V used as the flayer plate, and Inconel 625 as the base plate. The
following parameters are used in the process: height of the explosive material (%), technological distance between the plates to be joined (H,), angle
of deflection of the plate to be joined (), velocity of detonation (¥;), velocity in the collision area (V?), speed of the plate to be joined (V},)
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Fig. 2 SEM-BSE microstructures of the Inconel 625/Ti6Al4V interface after the explosive welding process (a) and after dilatometric
measurements (annealing at 873 K for 1 hour) (b) together with the corresponding EDS line-scan located below each image and (c) a local crack

visible in the melted region

preserved, locally the large remelted regions taking morphol-
ogy of the layer appeared. As can be noticed in Fig. 2(c),
occasionally the cracks occurred within the remelted regions,
but they did not propagate beyond these areas. The line-scan in
Fig. 2 manifests the change in the chemical composition across
the interface zone. Additionally, the composition of the
remelted region, regarding the main elements was:
432 £ 09 wt.% Ni, 29.8 £ 0.6 wt.% Ti, 11.4 £ 0.5 wt.%
Cr (38.5 £ 0.8 at.% Ni, 30.9 £ 0.6 at.% Ti, 11.4 + 0.5 at.%
Cr), with minor elements: Mo, V, Nb, Al, and Fe. This
composition is a mixture of the flyer and base plate materials,
with a reduction in nickel and chromium concentration and a
substantial increase in titanium (0.4 vs. 29.8 wt.%). Topolski
et al. (Ref 6) investigating the same type of weld observed a
sharp change in the concentration of the elements across the
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Inconel 625 and Ti6Al4V alloys wavy interface, with a large
remelting zone formed due to the welding process. It was also
interesting to compare the microstructure of the interface zone
just after the explosive welding process with the microstructure
after dilatometric measurements (see Fig. 2b) to follow possible
changes occurring due to the diffusion of elements across the
welded zone. However, no significant elemental diffusion was
detected by SEM/EDS after dilatometric measurements (an-
nealing at 873 K for 1 hour), as can be compared in Fig. 2(d)
and (e).

3.2 Corrosion Behavior

In this study, the surface exposed to the corrosion process
during the measurements was only Ti6Al4V one. Figure 3
shows the changes in the Egcp after the immersion of the
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Fig. 3 Open-circuit potentials (Eocp) as a function of time for
Ti6Al4V flyer plate determined in 0.5 M Na,SO, (blue line) solution
and 0.5 M NaCl (red line) solution. Measurements were made at 298
K, and the surface of Ti6Al4V was exposed to the corrosion process
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Fig. 4 Polarization curves in semi-logarithmic coordinates for the
Ti6Al4V flyer plate in 0.5 M Na,SO,4 (blue line) solution and 0.5 M
NaCl (red line). The surface of Ti6Al4V was corroding

sample in the solution for 1800 s. This was the time necessary
for the Eqcp value to stabilize. At the beginning, the Eqcp value
for both 0.5 M NaCl and 0.5 M Na,SO;, solutions was in the
range of 0.40-0.43 V. Based on the collected plot of Eqcp =A7),
it can be noticed that the potential successively decreased and
then reached the equilibrium state. This state stabilized around
a potential of —0.43 V for both 0.5 M NaCl (red line) and
Na,SO4 (blue line).
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The polarization curves (see Fig. 4) show the dependence of
the current density on the polarization potential. These curves
were used to determine the value of the corrosion current (i.q,,)
and the corrosion potential (E.,) for the investigated system,
by extrapolating the tangents to the anodic and cathodic
polarization curves. As can be seen, the red line indicating the
0.5 M NaCl solution is slightly shifted toward the higher
potential values. The character of both curves may indicate the
behavior typical for the Ti6Al4V alloy at the active—passive
transition.

The corrosion parameters obtained from the plotted Tafel
diagrams, including corrosion current density (jeor), corrosion
potential (E.y), polarization resistance (R,), and the slope of
the anodic (b,) and cathodic (b.) polarization curves are
presented in Table 2. The analysis of the presented values
shows that the explosively plated Ti6Al4V has very good
corrosion resistance, regardless of the used solution. Therefore,
it maintained excellent corrosion resistance, as a result of the
ease of surface passivation (Ref 12), that is, the formation of a
thin layer of Ti oxide on the surface of the material, preventing
from direct contact between the metal and the electrolyte, hence
the alloy does not undergo rapid corrosion (Ref 13).

The measured corrosion potentials for the NaCl and Na,SO,4
solutions were — 0.433 V and — 0.486 V, respectively. The
measurements made with Na,SO,4 solution showed a signifi-
cantly increased corrosion current (jeor) of 10.042:107° A/em?
compared to 3.865-107° A/cm? for the measurements with the
use of the NaCl solution. The tested material shows lower
corrosion resistance in the environment of Na,SO, solution.
The presence of oxides increases the corrosion resistance.
However, the test surfaces were subjected to a grinding process
as part of sample preparation before the corrosion tests. Based
on data presented in (Ref 12, 14), it can be concluded that the
samples prepared in our work for corrosion measurements did
not contain an oxide layer. The standard potential of titanium in
the voltage series is — 1.63 V. This metal can retain its passive
properties, not only in solutions containing oxygen but also in
solutions containing chloride ions of any concentration.

In order to confirm the experimental results obtained in this
study, a model consisting of several elements such as corrosion
environment resistance (R,), electrolyte resistance in the
deposited layer (R,), layer zone surface capacity (C,), charge
transfer resistance at the interface (R.), and electrical double
layer capacity (CPE,;) was prepared and is presented in Fig. 5.

This model perfectly reproduces the experimental results
obtained in the form of fitted electrical circuit elements
simulating the electrical and electrochemical properties. The
calculated results of electrical parameters of the examined
corrosion systems are presented in Table 3, while Fig. 6 shows
the Nyquist plots of the collected data. The red line indicates
the experimental data, while the blue one the data obtained by
the computer simulation.

The calculated data show very good agreement with the
experimental data. This proves the correct fitting of the
equivalent circuits and their parameters. Particularly notewor-
thy is the low error value (%), which determines the quality of
the measurement and confirms the correctness of the fit of the
obtained values. The value of the exponent (V) is close to unity
typical for capacitors and indicates a very good quality of the
passive layer. The capacitor (C,) in the electric circuit model
determines the capacitance of the protective layer. This
characteristic depends on the thickness of the layer and the
electrical permeability of the material.
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Table 2 Corrosion parameters such as E.q; jeorr and R, were determined for Inconel 625/Ti6Al4V for NaCl and

Na,SOy solutions at room temperature

Solution Eeor V Jeor, Alem? b,, Videc b., Videc Ry, Q-em’
NaCl — 0.433 3.865-10°¢ 0.158 0.179 10188
Na,SO, — 0.486 10.042:10°¢ 0.167 0.185 4096

Cp A significant flattening of the semicircles, for both solutions,

| I may indicate that surface area after the impact underwent strong

plastic deformation, therefore, grain boundaries may play role

‘ | CPEdI in the formation of such semicircles shape. In the case of the

T AN e

Rct

Fig. 5 Electrical equivalent circuit of a given corrosion system
fitted to the data obtained from electrochemical impedance
spectroscopy

For a 0.5 M NaCl solution (Fig. 6a), the R; is equal to 1.48
Q-cm” and R, is equal to 3.73 Q-cm?. During the simulation,
CPE4 was used to better fit the experimental data with the
proposed circuit model in both cases. Table 3 contains the
equation for calculating the CPE value. In this formula, we
use the exponential term N characterizing the quantity of
surface inhomogeneity and the value Y, which indicates the
value of the admittance of the CPE,. The capacity of the
surface zone of the layer is 81.48 uF s™' cm™ 2, and the value
of Nis equal to 0.705. In the case of the 0.5 M Na,SO, solution
(Fig. 6b), the obtained resistance of the corrosive environment
(Ry) is 1.01 Q-cm? while the electrolyte resistance in the
Ti6Al4V layer (R,) is equal to 0.96 Q-cm?. The determined
capacity of the protective layer is 102.22 pF-s"'-cm™, where
N= 0.695, which may indicate a negligible porosity of the
material. The low R, value proves the good conductivity of the
solutions used. The obtained values of the charge transfer
resistance (R,,) are consistent with the values of the polarization
resistance (R,), resulting from the potentiodynamic measure-
ments, while the value of the R, resistance proves an excellent
corrosion resistance of the material. Additionally, the semicircle
is flattened and its center is below Z’ axis. Depression of the
semicircle may result from aspects such as porosity, diffusion
phenomena, grain resistance distributions, and local conduction
paths. The chi-squared (;%) value presented in Table 3 deter-
mines the quality of the adjustment of the simulated values to
the obtained experimental data. Low % values confirm the very
good agreement between the simulated values and the obtained
experimental data, which proves a correct fit of the equivalent
systems and their parameters.
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presented semicircles, shown in the form of Nyquist plots
(Fig. 6), it is noted that the one obtained for the Na,SOy4
solution has the smallest diameter. This proves the highest
corrosion resistance of Ti6AI4V in the studied environment and
confirms the results obtained potentiodynamically.

3.3 Dilatometric Results

For comparison, samples for dilatometric studies of thermal
expansion and linear coefficient of thermal expansion (o)) were
cut perpendicular and parallel to the direction of propagation of
the detonation wave. Additionally, the measurements were also
performed for two reference samples: Inconel 625 and Ti6Al4V
(each layer of weld separately) in the same temperature range
and heating rate as the tested platers’ samples. Each specimen
was measured three times on both the Ti6Al4V and the Inconel
625 layer sides. Figure 7 presents the obtained results, and
Table 4 summarizes the average values of the o in the studied
temperature ranges.

Generally, the linear coefficient of thermal expansion of a
material increases with the increasing temperature of the
process because the potential energy characterizing interatomic
interactions increases with increasing distance between atoms
(Ref 15). When a phase, allotropic, or polymorphic transition
occurs in a material, the values of the o and thermal expansion
change rapidly (a sharp increase or decrease of their values),
caused by a change in the packing of the crystallographic lattice
of the material after and before the transition (Ref 15-17). In the
case of the investigated platers, the obtained results present
only a linear relation of the thermal expansion coefficient with
temperature, which suggests the lack of phase transitions in the
sample in the whole investigated temperature range.

The values of thermal expansion and o of measured
samples, shown in Fig. 7, obtained by cutting parallel or
perpendicular to the direction of the explosion are similar,
which indicates that the direction of their cut does not matter.
This observation is not surprising since, in most of the
polycrystalline materials, the thermal expansion is an isotropic
property, i.e., it does not depend on which direction it is
measured.

The performed dilatometric measurements show that the
studied layered samples have the values of thermal expansion
between those of the reference materials (Inconel 625 and
Ti6Al4V). The value of thermal expansion of pure Inconel 625
is, according to the available literature, more than 40% higher
than that for pure Ti6Al4V alloy in the temperature range up to
373 K (Ref 18, 19); with the higher temperature range, this
difference increases. It should be also noted that samples
measured from the Inconel 625 layer side of the plater obtain a
thermal expansion value slightly lower than that for pure
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Table 3 The obtained parameter values for the models of optimal equivalent circuits in two different solutions

CPEy
Solution R,, Q-cm? R, Q-cm? R, Q-cm? Cp, nF/em? Y, uF sNlem? N 12
NaCl 1.48 3.72 6237 18333 81.48 0.705 0.0211
Na,SOy4 1.01 0.96 2636 7222 102.22 0.695 0.0045
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Fig. 6 Comparison of experimental impedance data for the Ti6Al4V flyer plate presented in the Nyquist plot with computer simulations. Data

for (a) NaCl and (b) Na,SO,4 solution
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Fig. 7 Thermal expansion of the test plater specimen as a function of
temperature; solid lines (blue and red) represent samples measured
from the Inconel 625 layer side; the dashed-dotted lines represent the
results of samples from the Ti6Al4V layer side; V and H represent
samples cut parallel and perpendicular to the direction of the explosion,
respectively; The dashed and dotted lines are the thermal expansion
values of the reference samples, Inconel 625 and Ti6AI4V, respectively
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Inconel 625, and samples measured from the Ti6Al4V layer
side receive higher values compared to those for the Ti6A14V
pure layer. This observation may suggest that the remelted zone
occurring between the Inconel 625 and Ti6Al4V plates has a
small effect on the expansion of the material. Most probably,
these remelted zones formed as a result of explosive welding
block the free expansion of the material with increasing
temperature, and thus the whole material has a different thermal
expansion than pure unbonded materials.

4. Conclusions

By using the explosive welding method, Inconel 625 was
successfully cladded with Ti6Al4V flyer plate. A continuous
interface was formed along the entire bonding zone with local
melted regions with the composition of 43.2 4+ 0.9 wt.% Ni,
29.8 + 0.6 wt.% Ti, 11.4 4+ 0.5 wt.% Cr with minor elements:
Mo, V, Nb, Al and Fe. This composition stayed almost
unchanged after annealing of the weld at 600 °C for 1 h
(dilatometric experiment).

The corrosion tests of the Inconel 625/Ti6Al4V weld carried
out for the Ti6Al4V flyer plate surface showed that the
potentiodynamic measurements and the analysis using electro-
chemical impedance spectroscopy were consistent and showed
the same trend in corrosion properties. Furthermore, the
selected electrical equivalent circuit generated impedance
spectra convergent with the frequency characteristics of
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Table 4 Average the thermal expansion coefficient of investigated platers

The average thermal expansion

coefficient 0r107%, K™!

The standard deviation for thermal expansion
coefficient u(e) 1076, K™!

* ke

Temperature range, K \4 H

* ke

\%4 H

The results for samples measured from the side of the Inconel 625 layer

298-373 10.63 10.70 0.20 0.16
298-473 11.76 11.75 0.24 0.15
298-573 12.33 12.23 0.39 0.06
298-673 12.52 12.51 0.26 0.05
298-773 12.76 12.78 0.24 0.06
298-873 13.15 13.20 0.20 0.08
The results for samples measured from the side of the Ti6AI4V layer
298-373 9.31 9.11 0.25 0.13
298-473 10.32 10.10 0.21 0.16
298-573 10.69 10.54 0.24 0.13
298-673 10.92 10.82 0.24 0.12
298-773 11.15 11.07 0.20 0.10
298-873 11.49 11.46 0.20 0.05

*The values of the samples cut parallel to the direction of the explosion

**The values of the samples cut perpendicular to the direction of the explosion

corrosion systems determined experimentally for the entirely
studied frequency range. Significantly higher corrosion resis-
tance of the Ti6Al4V material was found for the NaCl solution
(4096 Q-cm?)  in comparison to  Na,SO,  solution
(10188 Q~cm2) used as the corrosive environment. The corro-
sion potential of the Ti6Al4V surface tested in sodium chloride
solution (jeorr = 3.865:107% A/em?) was slightly higher com-
pared to the value obtained for the sodium sulfate solution
(eore = 10.042:107° A/em?)

Thermal expansion measurements of the investigated
Inconel 625/Ti6A14V weld, made with an optical and horizon-
tal dilatometer, in the temperature range from 298 to 873 K,
showed similar values of linear thermal expansion coefficient of
samples cut parallel or perpendicular to the direction of the
explosion. Tested layered samples have o values between those
of initial alloy materials (Inconel 625 and Ti6Al4). Moreover,
the obtained results of thermal expansion with temperature
show linear character in the whole applied temperature range,
implying the absence of phase transitions of the weld in the
used temperature range. This stays in agreement with SEM/
EDS observations of the interfaces of the tested samples.
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