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Abstract: The damage characteristics of different speed sections of Cu—Cr—Zr alloy rail after simulated launch were
studied. The microstructure, morphologies and properties of samples were investigated by using XRD, XPS, EBSD,
SEM, hardness test, electrochemical test and DSC techniques. It was found that deposition layers were formed on the
surfaces of the simulated launch samples. The thickness and surface roughness of these deposition layers increased with
increasing the heat effect, suggesting a launch speed dependent damage degree of the arc ablation. The hardness
variation of samples is attributed to the effects of the deposition layer and deformation hardening. The surface
deposition layer affects corrosion resistance and crystalline characteristics, leading to changes in subsequent service
performances. Additionally, the surface texture and plastic deformation ability of the samples are related to the

recrystallization degree and deformation grain amount.
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1 Introduction

The electromagnetic railgun is a new concept
of the advanced kinetic energy weapon with a fast
projectile launch speed, a long range, a high power
and a strong controllability. It breaks through the
speed limitation of traditional cannons and has a
good development potential in military applications
such as air defense and long range attack [1].
During the launch process, the rail and armature are
subjected to harsh operating conditions such as high
current, high temperature, strong magnetic field and
high impact, resulting in the surface damages like
arc ablation, gouging, softening and friction
wearing [2]. Consequently, these damages can
decline the service life of rail material. In fact, the

performance of rail material is the key to determining
the engineering application of electromagnetic
railgun, therefore it is necessary to have good
strength and high ablation resistance. The damage
analysis and performance improvement of rail
material have become a research hotspot for the
electromagnetic railgun.

As a typical precipitation strengthening alloy,
Cu—Cr—Zr alloy has a combination of superior
properties like strength, electrical conductivity,
thermal stability and corrosion resistance [3].
Hence, it has important applications in various
industrial and military fields, such as high-speed
railway contact wires, electrical contact components,
integrated circuit lead-frame materials, heat
exchangers in the international thermonuclear
experimental reactors, spot welding electrodes and
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passive satellites [4,5]. Especially, it is an important
rail material of the electromagnetic railgun.

The Cu—Cr—Zr alloy contains trace amount of
Cr and Zr. The equilibrium solubility of Cr and Zr
in Cu matrix is very low (only ~0.03 wt.% Cr and
~0.01 wt.% Zr) at room temperature, and the
Cu—Cr—Zr alloy is mainly composed of Cu-based
solid solutions, Cu,Zr and Cr [6,7]. The solution
treatment, plastic deformation and aging can
usually be used to optimize the comprehensive
performance of Cu—Cr—Zr alloy [7,8]. Since
Cu—Cr—Zr alloy has important application in
the electromagnetic railgun rail, its damage
characteristic during launch process is crucial.
There are some investigations about the arc
ablation of Cu alloys using simulated arc ablation
experiments. LI et al [9] found that molten pits
formed on the CuZr/Zn,SnOs surface, and the
formation of Zr and Cu oxides can prevent the
expansion of molten pits. ZHOU et al [10] reported
that based on the comprehensive effect of different
strengthening mechanisms, the ablation resistance
of Cu—Cr—Zr alloy was significantly improved.
However, there is little research on the damage
characteristic of rail material after launch. The lack
of understanding on the surface damage and
performance change of Cu—Cr—Zr alloy under
high-temperature  thermal impact limits the
improvement of service life and safety. Hence, it is
necessary to investigate the surface morphology
and performance of the electromagnetic railgun rail
after launch.

In this work, the microstructure, surface
morphology, mechanical properties, corrosion
resistance, high-temperature performance, and

texture of different launch speed sections of
Cu—Cr—Zr alloy rails after simulated launch were
investigated. It is hoped that this work can provide
valuable references for understanding the damage
characteristics, improving the rail performance and
promoting the development of electromagnetic
railgun.

2 Experimental

Figure 1 shows the schematic diagram of the
electromagnetic railgun. It consists of two parallel
conductor rails on which the armature makes
electrical contact. When the current flows in the

rails, a magnetic field is generated. The interaction
between the magnetic field and the current can
generate the Lorentz force, which drives the
armature to move rapidly with the projectile.

Rail Armature

Drive current
Magnetic field

Fig. 1 Schematic diagram of electromagnetic railgun

The tested materials were cut from the
Cu—Cr—Zr alloy rail surfaces which contacted with
armature before and after simulated launch
experiment (launch times: >10) using DK7735
numerical control wire cutting machine. The
composition of original Cu—Cr—Zr alloy is shown in
Table 1, and the armature material is 7075 Al alloy.
The rails were mainly subjected to heat caused by
the current and impact during the launch process.
Based on the armature running speed (i.e. launch
speed), the rail can be divided into low speed (about
500 m/s), medium speed (about 1000 m/s) and high
speed (about 2000 m/s) sections. In fact, a lower
launch speed means a longer contact time between
the rail and armature, leading to a higher heat
subjected by rail sample. The low speed section
sample (suffered to high heat effect), medium speed
section sample (suffered to medium heat effect),
high speed section sample (suffered to low heat
effect) and original sample (without heat effect) are
respectively named as Ju, Jm, Ju and Jo.

Table 1 Composition of original Cu—Cr—Zr sample
(wt.%)

Cu Cr Zr
98.9 1.0 0.1

The phase compositions of samples were
investigated by X-ray diffraction (XRD, XD-3)
with a Cu target (Cu K, radiation, 1=0.154056 nm).
The surface morphologies and the micro area
compositions of samples were observed using field
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emission scanning electron microscopy (SEM,
JSM—7610F) equipped with energy dispersive
spectrometry (EDS). The element valence states on
the sample surfaces were investigated by X-ray
photoelectron spectroscopy (XPS, Axis Supra) with
Al K, radiation. The binding energies of tested
elements were calibrated by carbon contamination
with a C 1s peak (284.8 eV).

The hardness of sample was tested using a
Brinell hardness tester (HBS—3000). The indenter
diameter was 5.0 mm, the applied load was 2450 N
and the holding time was 15s. Each sample was
tested 8 times and the average hardness value was
taken.

The electrochemical measurements
conducted using an advanced electrochemical
workstation (CHI 660E, Shanghai Chenhua
Instrument Co., Ltd., China) with a typical
three-electrode system (working electrode, counter
electrode and reference electrode). The tested
solution is 3.5 wt.% NaCl solution,
electrode is Pt foil and reference electrode is
Hg|Hg,Cl, (SCE). The nitrogen was introduced into
the solution to remove dissolved oxygen, and then
the open circuit potentials were tested for 20 min.
When the open circuit potentials were stable,
potentiodynamic polarization curves were scanned
with a scan rate of 1 mV/s. Electrochemical
impedance spectroscopy (EIS) tests (frequency:
0.01-100000 Hz and potential amplitude: 0.01 V)
were also conducted, and the data were fitted by
ZsimDemo software.

The thermal properties of samples were
investigated using differential scanning calorimetry
(DSC, Netzsch DSC404) under a flow of high
purity argon. During the measurement, the samples
were heated from 40 to 1150 °C, and then they were
cooled to 300 °C. Both heating rate and cooling rate
are 10 °C/min.

In order to characterize the structural change
and plastic deformation of the sample, the electron
backscattered diffraction (EBSD, equipped with
the Hitachi S—3400N SEM) tests were conducted.
Before the test, the samples were ion-etched
(Voltage: 6 kV; incident angle: 8°; time: 45 min).
The orientation map, pole figure, misorientation
angle distribution, grain boundary distribution
and Schmid factor (SF) were obtained using the
software of HKL Channel 5.

WwEre
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3 Results and discussion

3.1 Surface structure, morphology and hardness
Figure 2 shows the XRD patterns of Cu—Cr—Zr
samples. There are more diffraction peaks for the
samples after simulated launch (Ju, Ju and Jp)
than those for the original sample (Jo), indicating
the significant changes of surface microstructure
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Fig. 2 XRD patterns of Cu—Cr—Zr samples (a) and enlarged
parts for Cu(111) (b) and Cu(200) (c) diffraction peaks
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caused by heat and impact. During the launch
process, strong contact current generated an arc
between the rail and armature, resulting in severe
arc ablation at the interface between them [11,12].
Due to the arc ablation, the Al armature melted and
subsequently deposited onto the rail surfaces [2,13].
Hence, the number of diffraction peaks increases
with the increase of heat (i.e. decrease of launch
speed). The (111), (200), (220) and (311) peaks of
fcc Cu can be identified for samples [14]. It can
also be seen clearly that the intensities of Cu
diffraction peaks decrease with the increase of heat,
suggesting the change of Cu content and texture.
The diffraction peaks of Al, CuAl,, Al,O3, CuO and
CuZn are identified for Ju, Ju and Ji samples,
indicating the formation of some oxides and
compounds (Fig. 2(a)). It is thought that there are
deposition layers on the simulated launch sample
surfaces caused by arc ablation, which will be
further proven in subsequent discussion.

However, due to the solid solubility and tiny
content, there is no diffraction peak for Cr and Zr
elements [15]. According to the position variations
of Cu(111) and Cu(200) peaks, it can be found
that the peak position (260) changes with increasing
the heat (Figs. 2(b) and (c)). Due to the thickest
surface deposition layer on the Jy sample, which

will be further proven in subsequent discussion,
Cu(111) and Cu(200) peaks are not identified in
its XRD pattern. Based on extended Bragg equation,
the change of € indicates the change of lattice
constant ao [16]. Hence, it is thought that the
solubility of alloy elements in Cu changed during
the launch process, thus resulting in the lattice
distortion [15,17].

Figure 3 shows the SEM images of sample
surfaces together with their pictures. It can be seen
from their pictures that Ju, Ju and Ji samples have
gray surfaces, while Jo sample has original color.
Here, Ju surface is the roughest among four samples,
suggesting that it experiences the most serious
ablation and that the ablation degree of the rail
increases with increasing the heat or with
decreasing the launch speed. There are products
with a certain thickness on the Ju, Ju and Jp sample
surfaces, indicating the formation of deposition
layer after simulated launch. In addition, there is a
spalling phenomenon occurring on the deposition
layer. These surface morphologies can be ascribed
to the combined action of arc ablation, melting and
friction caused by the heat and impact.

According to EDS analysis results of sample
surfaces, which are shown in Figs. S1 and S2 in
Supplementary Materials (SM), there are Cu, Cr,

Fig. 3 Morphologies of Cu—Cr—Zr sample surfaces (The insets are the corresponding surface pictures): (a) Ju; (b) Jm;

(C) JL; (d) Jo
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Zr, Al, Zn, Mg and O elements on the Ju, Ju and Jo
sample surfaces, and only Cu, Cr and Zr elements
are detected on the Jo sample surface, being
consistent with the XRD results. Al content of
deposition layer is very high, and O content
decreases with the decrease of heat, which may be
related to the variation of deposition layer thickness.
Based on EDS and XRD results, the deposition
layer should be mainly composed of oxides and
compounds of Cu, Al, Zn and Mg elements.

The cross-section morphologies of simulated
launch samples were observed, as shown in Fig. S3
in SM. The surface deposition layers of samples are
relatively rough. The deposition layer thickness of
Ju, Jmand Jp samples is approximately 166, 32 and
24 um, respectively, showing a decreasing tendency
with the decrease in heat. There are some holes in
the deposition layers, possibly being related to two
factors: (1) difference in expansion coefficients and
coordination mismatch of various components in
deposition layers; (2) liquid Al formed at the
interface between the rail and armature due to the
high heat, and then the water vapor in air was
dissolved in the liquid Al to form H;
(2A1+3H,0—A1,03+3H>1), and finally H» escaped
from liquid Al which had been deposited on the rail
surface. The EDS results of cross-section indicate
that the Al, Zn, Mg and O contents of deposition
layer are higher than those of the matrix, which is
consistent with the EDS results of sample surfaces
(Figs. S1 and S3 in SM). However, the elements of
deposition layer can diffuse into the matrix. As a
consequence, small amount of Al and Zn elements
can be detected in the matrix close to deposition
layer (Fig. S3(d) in SM). Additionally, Cu and Cr
contents of deposition layers are lower than those of
the matrix, whereas the Zr content shows an
opposite change, suggesting that Zr element is
easily enriched in deposition layer.

In order to further investigate the characteristic
of deposition layer, the EIS measurement was
conducted. Figure 4 shows the Nyquist plots and
Bode plots of Cu—Cr—Zr samples in 3.5 wt.% NaCl
solution. It can be found that the Nyquist plots for
Ju, Ju and Jo samples are composed of single
capacitive loop, indicating that the corrosion

processes are controlled by electrochemical reactions.

The Nyquist plot for Jo sample is composed of
a capacitive loop and a Warburg impedance,
which indicates a corrosion process controlled by
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Fig. 4 Nyquist (a) and Bode plots (b) of Cu—Cr—Zr
samples in 3.5 wt.% NaCl solution (The inset in (a) is
fitted equivalent circuit of electrochemical impedance
spectroscopy (EIS) for simulated launch samples)
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diffusion [18]. In the medium frequency and high
ranges of the Bode plots, the phase angles are close
to 75°, and there is a linear relationship between |Z|
and frequency. Hence, it can be inferred that the
samples exhibit certain capacitance characteristics
within these frequency ranges, indicating the
presence of sparse and porous oxidation films on
the sample surfaces [19,20]. However, there are
deposition layer, oxidation film and holes on the
simulated launch sample surfaces, leading to a
complex electrode system. An equivalent circuit
model of R(C(R(Q(R(LR)(CR))))) for simulated
launch sample is shown in the inset of Fig. 4(a), and
the corresponding circuit element parameters are
listed in Table 2, where R represents the resistance
element (Rs: solution resistance; Ra:: double electric
layer resistance; Ry surface oxidation film
resistance; Rp: inductive resistance; Rc: capacitance
resistance), C represents the capacitance element
(Ca: double electric layer capacitance; Cr: film
capacitance), Lr represents the film inductance, and
O is the constant phase element (CPE). The
impedance of CPE (Zcpe) can be expressed by the
following equation [21]:
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where Y, is the admittance, J is the imaginary
number (J>=-1), w is the angular frequency, and m
with value between 0 and 1 represents the phase
shift. When m value approaches 1, O suggests a
pure capacitance; while m=0, it represents the pure
resistance behavior. As shown in Fig. S4 in SM, the
sum of Rf and Ry are considered as equivalent
resistance. It can be found that the equivalent
resistance values of Ju and Ji are higher than that of
Jo sample, which is due to the formation of
deposition layer on the simulated launch sample
surfaces. However, the Ju sample, with the thickest
deposition layer, has the lowest equivalent
resistance. This is because the deposition layer
cracked due to the large difference in expansion
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coefficients and coordination mismatch of various
components under high heat.

To study the surface element valence states, an
XPS measurement was conducted. The wide scan
XPS spectra of Cu—Cr—Zr samples are shown in
Fig. 5. The peak intensities for O 1s in the
simulated launch samples are higher than those in
the original sample, while the peak intensities for
Cu?2p show the opposite trend, indicating the
formation of oxides on the surfaces of Ju, Jm and JL
samples. The detailed XPS spectra for Cu2p are
presented in Fig. 6. The binding energies of
Cu 2p32 and Cu 2pi; for Jo sample are respectively
932.50 and 952.32 eV, which could be referred to
Cu®[22,23]. The satellite peaks (marked as shake-
up around 943 and 963 eV) are observed for Ju,
Jm and Ji samples [24]. Additionally, the binding

Table 2 Parameters of elements in equivalent circuit to fit EIS for simulated launch samples (32<0.004)

Ry Ca/ Ra/ o/ Ry L/ Ry/ Cy R¢/
Sample 2 -2 2 -2 2 2 2 -2 2
Qcm?) (Fem?) (Qcm®) (Fem™) (Qcm®) (Hem?) (Qcecm®) (Fem™?) (Qceom?)
Ju 4.6 3.8x1077 199 9.0x10° 0.71  0.01 9.3x10*  3.5x10*  2.1x107°  1.7x10%
Im 6.1 2.2x1077 295 4.5x10°° 0.82  0.02 1.6x10°  1.1x105  8.9x107 2.4x10%
A3 6.6 1.8x1077 316 1.5x10° 0.64 2.2x10* 1.7x10* 4.3x10* 3.4x10* 85
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Fig. 5 Wide scan XPS spectra for Cu—Cr—Zr samples: (a) Ju; (b) Jv; () Jr; (d) Jo



Ke-chang SHEN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2589-2604 2595

Cu 2p,, Cu2p,
932.79
934.74 Shake-up J 052.89 954.73  Shake-up
H -

932.89

934.60 952.59  954.70  Shake-up
Shake-up

N MJW“‘ *****

933.15

934.64 Sha 953.14 95474  Shake-up
nake-
4 ake-up _]L‘f\ J.J"\
,,____,—\ o

932.50

952.32
Jo

940 945 950 955 960 965
Binding energy/eV

930 935

Fig. 6 Detailed XPS spectra for Cu2p of Cu—Cr—Zr
samples

energies of Cu 2p for Ju, Ju and J. samples are
higher than those for Jo sample, indicating a higher
oxidized state of the simulated launch sample
surface. Based on the deconvolution of XPS spectra,
the binding energies of Cu 2p for simulated launch
samples can be attributed as coexistence of
Cu® (932.79-933.15 eV for Cu2p;» and 952.59-
953.14¢e¢V for Cu2pip) and Cu** (934.60—
934.74 eV for Cu 2ps;» and 954.70-954.74 eV for
Cu 2pi2) [24,25]. Thus, the XPS data also indicate
the formation of oxide deposition layers on the
sample surfaces after simulated launch.

Figure 7 shows the Brinell hardness of the
Cu—Cr—Zr samples. The hardness values of
simulated launch samples are evidently higher
than that of original sample (Ju: HBW 128.3, Ju:
HBW 110.5, J.: HBW 116.9, and Jo: HBW 109.4),
indicating that the formation of deposition layer
enhances the surface hardness. For simulated
launch samples, the hardness values from high to
low can be ranked as: Jy>Ji>Ju. It is thought that
the hardness of sample is related to the surface
deposition layer and deformation hardening caused
by the heat and impact. In addition, more alloy
elements in the deposition layer may lead to a better
solid solution strengthening effect. Hence, the Jy
sample, which has the thickest deposition layer,
exhibits the highest hardness value. However, there
is minor difference in the deposition layer thickness
for Ju and J. samples (Fig.S3 in SM). But Jv
sample suffered a larger impact due to a higher
launch speed. So Ji sample actually has a higher
deformation hardening effect than Ju sample. As

shown in Fig. 8, with the decrease of hardness, the
shape of Brinell hardness indentation becomes
much clearer. Moreover, the size of indentation for
Ju sample is the smallest, while that for Jo sample is
the largest, which is consistent with their hardness
values.
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Fig. 7 Brinell hardness of Cu—Cr—Zr samples

3.2 Electrochemical corrosion resistance

Since the sample surfaces will be oxidized
during launch process, the oxidation resistance of
surface deposition layer can affect the subsequent
launch. The electrochemical corrosion can also lead
to the surface oxidation, which may be helpful
for further understanding the oxidation resistance
behavior of Cu—Cr—Zr samples. It is expected that
the electrochemical experiment results will help to
understand the surface structure and the effect of
deposition layer. Additionally, it can also provide
some references for the corrosion resistance of rail
materials in marine or humid environments.

The open circuit potential (@op) curves are
shown in Fig. S5 in SM. The ¢, of Jo sample is
apparently higher than that of Ju, Ju and Ji samples
(Ju: —0.58 V; Jm: —0.60 V; Ji: —0.72 V; Jo: —0.22 V).
Figure 9 shows the potentiodynamic polarization
curves for samples in 3.5 wt.% NaCl solution with a
scan rate of 1 mV/s. There is an anodic current
density peak (Jpeak at —0.019 V (vs SCE)) on the
curve of Jo sample, and Jo sample has a more stable
passivation range compared with Jy, Jv and Jp
samples. Based on references [26,27], the Jpeak 18
corresponding to the oxidation of Cu in the solution
containing CI". Due to the formation of dense
passive film on Jo sample, a longer passivation
range appeared after Jyea. According to Fig. S6
in SM, the corrosion potential (@corr) and pitting
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Fig. 8 SEM images of Brinell hardness indentation for Cu—Cr—Zr samples: (a) Ju; (b) Jm; (¢) Ji; (d) Jo

lg[J/(Ascm?)]

212210 08 06 04 02 00 02 04
o(vs SCE)/V

Fig. 9 Potentiodynamic polarization curves for
Cu—Cr—Zr samples in 3.5 wt.% NaCl solution at scan
rate of 1 mV/s

potential (¢pi) of Jo sample are the highest, and
their variation trends are the same as @op. Due to
the presence of surface deposition layer, the
exposed Cu content of simulated launch sample is
lower than that of the Jo sample. Moreover, the
deposition layer is mainly composed of oxides and
compounds. Therefore, there is no apparent anodic
current density peak on the polarization curve of the
simulated launch sample. However, the simulated
launch sample surface is much rougher than the
original sample surface, and the electrode potential

of alloy elements in the deposition layer is lower
than that of Cu. Hence, the ¢cor of the Ju, Jv and Ji.
samples is lower than that of the Jo sample.

It is not that the thicker the deposition layer,
the worse the corrosion resistance. The Jy sample
has the highest ¢cor among the simulated launch
samples. It is thought that the thickness and
chemical composition of deposition layer can both
affect the corrosion resistance. Firstly, a thicker
deposition layer acts as a better protective layer,
leading to the increase of @cor. Secondly, as the
potential increases, the Ju, Jum and Ji. sample surfaces
can form passive films which are beneficial to
improving the corrosion resistance [28]. In fact, the
elements such as Cu, Cr, Zr, Al and Zn can fully
diffuse between the matrix and deposition layer
under a higher heat effect. Mixed passive films can
then form on the surfaces of the simulated launch
samples. For instance, Cr can form a dense passive
film [28,29]. Hence, the Ji sample with the thickest
deposition layer can form the densest passive film
than the Ju and Ju samples. As the heat for the
simulated launch sample increases (i.e., the
thickness of the deposition layer increases), the gcor,
®ocp and ¢pie increase. Therefore, the subsequent
corrosion resistance of the low speed section of the
rail (corresponding to Ju) is superior to that of the
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medium and high speed sections (corresponding to
Ju and Ji samples), indicating variations in the
service performance of different speed sections. It is
essential to implement distinct treatments for
various speed sections of the rail in order to achieve
improved launch reliability.

Figure 10 illustrates the SEM images of
Cu—Cr—Zr sample surfaces after potentiodynamic
polarization test. The sample surfaces are much
rougher than those before polarization test, and
there is a more obvious spalling phenomenon for
the deposition layer. In particular, the morphology
of the Jo sample after the polarization test bears
some resemblance to that of the simulated launch
sample before the polarization test. This reflects
similarities in the surface morphologies resulting
from electrochemical oxidation and ablation
oxidation, respectively (Figs. 3 and 10). As shown
in Fig. S1 in SM, the main metallic elements in the
deposition layers are Al and Cu which are
susceptible to CI™ [27,30]. However, CI” can be
adsorbed by metals, leading to the formation of
soluble chlorides, which in turn initiates pitting
corrosion and disrupts the passive film [20].
Accordingly, it can be found that there are some pits
on the sample surfaces after polarization test. The Ji.
sample exhibits more pits than the other samples,
also indicating that the corrosion resistance of the

high speed section of the rail is inferior to that of
the other sections.

According to the EDS results after the
polarization test (as shown in Fig. S7 in SM), with
the decrease of heat, the contents of Al and O for
simulated launch samples decrease, while the
contents of Cu and Cl increase. As mentioned above,
CI” can destroy the passive film, thus leading to the
pitting corrosion. The thinner the deposition layer is,
the more susceptible the passive film on the
deposition layer is to corrosion, resulting in more
exposure of the matrix. Consequently, the Cu
content of J. sample after polarization test is the
highest.

3.3 High temperature properties

The heating and cooling processes of DSC
experiments can partially reflect the high-
temperature characteristics of the rail during the
launch process. The DSC curves of Cu—Cr—Zr
alloys are shown in Fig. 11. In the low temperature
range (40—900 °C) of the heating process, the DSC
curves do not exhibit any endothermic peak
(Fig. 11(a)). There are tiny weak peaks P; (about
973 °C) and P, (about 1029 °C) in the high
temperature range (900—1150 °C) of the heating
process (Fig. 11(b)). Based on Ref. [31], the peaks
at 972.45 °C and 1058.35 °C of the DSC curves of

N . G

: ." 4 /Z)’

Fig. 10 Morphologies of Cu—Cr—Zr sample surfaces after potentiodynamic polarization test in 3.5 wt.% NaCl solution:

(@) Ju; (b) Im; () Ji; (d) Jo
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Fig. 11 DSC curves showing heating (a, b) and cooling (c, d) processes of Cu—Cr—Zr samples at heating and cooling

rates of 10 °C/min

Cu—Cr—Zr alloys are attributed to invariant phase
transformation reaction. At about 1100 °C, there is a
strong endothermic peak P3 corresponding to the
partial melting process of Cu-based solid solution.
However, even at higher temperature, certain
phases with a higher melting point, such as Cr,
which have low solubility in Cu, remain unmelted.
Due to the presence of Al with low melting point in
the deposition layer, the initial melting temperature
of the Ju, Jm and J samples is lower than that of the
Jo sample (Fig. 11(b)).

There is also no peak in the low temperature
range (900-300°C) in the cooling process
(Fig. 11(c)). While there is a strong exothermic
peak Ps; (around about 1040 °C) in the high
temperature range (1150-900 °C) of the cooling
process, being ascribed to the formation of Cu-
based solid solution (Fig. 11(d)). Within the
solidification temperature range, the exothermic
curve initially shows a gradual decline, followed by
a rapid rebound in the later stage of solidification,

demonstrating the characteristics of the primary
crystallization, including nucleation, growth and
collision.

Furthermore, the initial crystallization
temperature from high to low can be ranked as
follows: Jo>Ji>Jv>Jn, indicating that the thicker
the deposition layer is, the later the crystallization
occurs, leading to a greater undercooling degree.

The crystallization temperature range was
calculated based on the difference between the
initial  crystallization temperature and the

crystallization completion temperature, which is
shown in Fig. S8 in SM. It is known that the
crystallization temperature range is related with the
composition differences of samples. A thicker
deposition layer means that the sample has more
low melting point elements. Therefore, the
crystallization temperature ranges of the Ju, Ju and
J. samples are lower than that of the Jo sample,
indicating distinct crystalline characteristics during
the launch process. However, the crystallization
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temperature ranges of the Ju, Jm and J. samples are
relatively close, showing the slight differences
among the simulated launch samples.

In summary, the deposition layers on the
sample surfaces affect the variations in nucleation
and growth during the launch process, thereby
resulting in different surface performances.

3.4 Texture changes and plastic deformation
abilities

Due to the rough surfaces of the deposition
layers, it is not easy to conduct the EBSD
measurement. However, the matrix surface adjacent
to the deposition layer can be considered as a
heat affected zone (HAZ). Therefore, the EBSD
measurements for the original sample (Jo) and the
HAZ of Ju and J. samples (HAZ;, and HAZ; ) were
conducted to analyze the changes of structure and
properties.

As shown in Fig. 12, there are recrystallized,
substructured and deformed grains in the samples.
The decreasing proportion of recrystallized grain
can be ranked as: HAZ;>HAZ;>Jo, while the
fraction of deformed grain for HAZ;, is the lowest,
indicating that a higher heat effect leads to a
higher recrystallization degree. There are a greater
number of deformed grains in HAZ; compared to
those in Jo, which can be attributed to the impact
effect on Jo sample during the simulated launch
process.

80 EEMHAZ,
BN HAZ,,
Y

B W
oS O

Frequency/%

W
je)

0
Recrystallized Substructured Deformed

Grain state

Fig. 12 Distribution of recrystallized, substructured and
deformed grains of Cu—Cr—Zr samples

Figure 13 shows the orientation maps and
pole figures of samples. The RD and TD refer
to the rolling direction and transverse direction,

respectively. It can be found that the grain size of Jo
sample is larger than that of HAZ;, and HAZ; , also
indicating the occurrence of recrystallization for
simulated launch samples (Figs. 13(a—c)). In fact,
the heat effect on the Ju sample lasted longer,
leading to a higher proportion of recrystallized
grains. Based on the pole figures, the poles for
HAZ;, are relatively scattered, while the pole
densities for HAZ; and Jo are much denser
(Figs. 13(d—f)). The HAZ; exhibits a (110)
preferred orientation deviating approximately 30°
from the RD and a (111) preferred orientation
parallel to the RD. It is believed that as the heat
increases, the recrystallization degree also increases,
resulting in a more random grain orientation for
HAZ;, [32]. In other words, the texture of the
samples is influenced by the level of heat.

The misorientation angle distribution is
shown in Fig. 14. The correlated and uncorrelated
misorientation angles were respectively calculated
from neighboring points and random points. The
random misorientation distribution was deduced
from a completely random texture. The difference
between uncorrelated misorientation and random
misorientation in HAZj is the most pronounced,
aligning with the findings from the pole figure
analysis. Furthermore, the frequency of the
misorientation angle at 60° for HAZ;, is relatively
high, corresponding to the (111) twin plane of fcc
metal [33]. Therefore, under a longer heat influence,
annealing twins appeared in HAZ;, .

The fractions of low angle grain boundary
(LAGB, <5°), medium angle grain boundary
(MAGB, 5°-15°) and high angle grain boundary
(HAGB, >15°) calculated from the correlated
misorientation are shown in Table 3. The fraction of
HAGB is higher than that of LAGB for HAZ;,,
which is consistent with the appearance of twin. In
addition, the decreasing fraction of LAGB can be
ranked as: Jo>HAZ; >HAZ;,. Figure S9 illustrates
the grain boundary distribution of samples, where
the black lines denote HAGB and the green lines
represent LAGB. The fraction change of LAGB
aligns with the data presented in Table 3. Since
LAGB is mainly composed of a series of
dislocations, a decrease in the amount of dislocations
can be inferred during the recrystallization
process [34]. However, a high fraction of LAGB
sometimes can suggest a strong texture, aligning
with the observations from the pole figures [35,36].
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Fig. 13 Orientation maps (a—c) and pole figures (d—f) of HAZ; (a, d), HAZ;, (b, €) and Jo (c, f) samples
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Table 3 Fractions of LAGB, MAGB and HAGB

Sample LAGB MAGB HAGB

HAZ;, 0.35 0.01 0.64

HAZ;, 0.68 0.13 0.19
Jo 0.80 0.07 0.13

Based on Schmid law, if the resolved shear
stress (7) on the slip plane and in the slip direction
reaches a certain critical value, the slip system can

be activated. The 7 in the slip direction can be
expressed below [37]:

rzgcosi-cos @ 2)

where F'is the loading force, 4 is the section area of
sample (F/A is the stress), A is the angle between
stress axis and the slip direction, and ¢ is the angle
between stress axis and the normal direction of the
slip plane. In Eq. (2), the cos A-cos ¢ is defined as
Schmid factor (SF). Therefore, the SF can be
utilized to describe the likelihood of slip system
initiation in a specific direction within a crystalline
material, indicating that a higher SF corresponds to
a greater probability of slip system activation [38,39].
As shown in Fig. 15, as the heat increases, the
SF initially increases and then declines. This
changing trend is the same as the variation behavior
of the deformed grain (Figs.12 and 15).
Accordingly, the HAZ; , with the highest SF value,
is more susceptible to slip, indicating that both heat
and impact influence the plastic deformation
abilities of the samples. However, the HAZ;,, with
the lowest SF wvalue, may exhibit improved
mechanical properties because of recrystallization
caused by the heat. Furthermore, since the texture
primarily relies on the movement of the slip
system during plastic deformation, the SF results
correspond to the evolution of texture and deformed
grain (Figs. 12, 13 and 15) [40—42].

4 Conclusions

(1) There are deposition layers composed of
oxides and compounds of Cu, Al, Zn, and Mg
elements on the Cu—Cr—Zr rail sample surfaces
after simulated launch, indicating the occurrence of
arc ablation. The thickness of these deposition
layers increases with the rise in heat, which is
associated with the melting and deposition of Al
armature on the rail surfaces.

(2) The Brinell hardness of the simulated
launch samples is higher than that of the original
sample, ascribing to the formation of deposition
layer and deformation hardening during the launch
process. The corrosion resistance of the simulated
launch samples increases with the thickness of the
deposition layer. The crystallization temperature
range of the samples is related to the composition
of the deposition layer, resulting in the varied surface
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properties. The heat can influence the
recrystallization degree and cause the texture
change, while the impact can alter the amount of
deformation grains.

(3) The heat and impact play a key role in
the structural evolution and performance of
electromagnetic railgun rail. Different speed
sections of the rail exhibit distinct ablation
characteristics and the service performances.
Consequently, targeted treatments of different speed
sections of the rail can enhance its service life and
safety.
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