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ABSTRACT This paper elucidates the damage characteristics, microstructure response and temperature
rise of steel alloy Q235B suffered from lightning currents, which is the basis for lightning protection of
oil tanks. Damage is inflicted in the designed Q235B specimens by using the multi-waveform multi-pulse
impulse current generator to characterize the damage response induced by four typical lightning current
components. The changes in the element composition and micro-hardness of Q235B are documented in the
experiment. The microstructure changes in response to the temperature rise are analyzed by the proposed
lightning-metal temperature rise model. The results reveal that, first, return stroke current with an amplitude
of 201.2 kA leads to the largest damaged area of 3523.8 mm?. Continuing current in the stroke intervals
with a charge transfer of 12.1 C results in the damaged area of 12.6 mm? and the damaged depth of 0.5 mm.
Long continuing current after stroke with a charge transfer of 210.1 C leads to the deepest damaged depth
of 3.0 mm. The demixing phenomenon occurs on the cross-section, forming the damage zone, transition
zone, and origin zone. The damage zone mainly consists of martensite transferred from pearlite and ferrite
at temperature 990 °C. The transition zone is mainly martensite and ferrite forming at temperature 900 °C.
The hardness of the three zones is 450, 310, and 180, respectively. The damaged depth is only 0.001 mm
caused by the subsequent return stroke current with an amplitude of 102.2 kA.

INDEX TERMS Steel alloy, lightning currents, damage characteristics, temperature rise, microstructure
response.

I. INTRODUCTION

Lightning protection of oil terminal is a controversial sub-
ject within two conflicting protection criteria of using
self-protection criteria and installing lightning protection
system (LPS) [1]. In China, the air terminal is not usu-
ally recommended in oil tank farms, making the metal
structures themselves as standalone lightning interception
points [2]. Although the metallic thickness, reliable bonding,
and operational conditions are strictly fulfilled to reduce the
lightning-induced risks, there still are more lightning-induced
accidents than one could expect in the oil tank farms [3], [4].
The ignition threats and fire hazards in the non-LPS oil
tank farms are mainly posed by the puncturing and hot-spot
efforts at lightning attachments due to lack of air terminals

for intercepting with lightning step leaders. It has been
discovered that the discharge sparks with energy larger than
0.2 mJ could ignite the gas/air mixtures with gas volume
fraction exceeding 1% [5]. The spontaneous combustion
phenomenon of oil gas will occur when the hot-spot tem-
perature reaches the self-ignition temperature, of which the
temperature is 510~530 °C for gasoline and 380~425 °C for
kerosene [3].

Steel alloy Q235B with robust mechanical characteris-
tics and strong corrosion resistance is one kind of mate-
rials commonly used in the oil tanks [3]. Lightning can
result in the damage on metal materials through thermal
arc heating effects, resistive Joule effects, electric-magnetic
force effects, and acoustic shock effects, which induce the
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material splashing, melting or burning at the lightning attach-
ments. Therefore, researching the interactions between steel
alloy Q235B and lightning currents, especially investigat-
ing its damage characteristics and temperature rise, are
of considerable importance for lightning protection of oil
tanks.

The cloud-to-ground(CG) flash usually consists of 2~20
multiple return strokes [6]-[10], in which the currents are
qualified into four representative components, the first return
stroke current(FRSC), continuing current in the stroke inter-
vals(CCISI), subsequent return stroke current(SRSC), and
long continuing current after stroke(LCCAS), in the stan-
dard of API-RP-545 formulated by American Petroleum
Institute(API) and specifically recommended for lightning
protection of aboveground storage tanks for flammable or
combustible liquids [9]. The research of direct lightning
effects on metal to date mainly focuses on the visually-
inspected damage results, such as damaged depth and area.
Kern et al. [11] discussed the melting effects caused by
impulse currents and concluded the punched thickness of
metal sheets. Chemartin et al. [12] investigated the damage
results of an aluminum panel under a 100 kA arc and specified
the thermal and mechanical efforts in the metal-lightning
interactions. Metwally et al. [13] presented the experimental
results of rear-face temperature rise for different kinds of
metal struck by the long-duration lightning current. However,
little literature addresses the internal damage microstruc-
ture changes of material response to lightning currents,
which may reduce the mechanical strength and structural
performance. Furthermore, there is no easy way to distin-
guish the separate contributions of the four lightning cur-
rent components to damage characteristics in the natural
lightning-induced cases. Therefore, independently character-
izing the metal damage responses, especially the microstruc-
ture changes, are of particular interest to throw light on
the damage characteristics and physical responses of the
stricken metal materials to different typical lightning current
components.

As a preliminary part of a broader study, this paper
is concerned with the damage characteristics, microstruc-
ture response, and temperature rise of steel alloy Q235B
subjected to four separate lightning current components.
The high-resolution scanning electron microscope(SEM),
energy dispersive spectrometer(EDS), and micro-hardness
tester are adopted to investigate the damage morphology
on the surface, microstructure on the cross-section, and
thorough documentation of changes in element composi-
tion and micro-hardness, respectively. The simulated metal
damage experiment under lightning currents is introduced
in Section 2. In the following, Section 3 details the metal
microstructure responses measured by the high-resolution
SEM, EDS, and micro-hardness tester. The microstructure
changes responding to the temperature rise of Q235B are
discussed in Section 4, which is analyzed by the proposed
lightning-metal temperature rise model. The conclusions of
this paper are stated in Sections 5.
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Il. METAL DAMAGE EXPERIMENT

OF LIGHTNING CURRENTS

The Multi-Waveform Multi-Pulse Impulse Current Generator
(MWMP-ICG), developed by Shanghai Jiao Tong Univer-
sity [3], is used to generate the four typical simulated
lightning current components of FRSC, CCISI, LCCAS,
and SRSC. FRSC is an impulse current with waveform
of 30/80 s and amplitude of 201.2 kA. CCISI is a unidirec-
tional rectangular waveform lasting 2.3 ms with amplitude
of 5.9 kA. LCCAS is a unidirectional rectangular wave-
form with 520.0 ms duration and amplitude of 404.0 A.
SRSC is an impulse current with waveform of 4/10 us and
amplitude of 102.2 kA. The four output simulated current
waveforms could be referred in Figure 2 in our previous
research [14], [15].

As the restrictor aperture installed on electrode head would
absorb part of the arc energy and shockwave impacts for the
indirect electrode, we adopt the special-made direct electrode
to reduce electrode jet and achieve the severer damage results
compared with using indirect electrode, whose material is
made by a kind of tungsten-copper alloy(tungsten mass frac-
tion 80%, copper mass fraction 19%, named as W80) and
manufactured by the technics of copper-infiltrated tungsten
skeleton method in a high-temperature atmosphere. The tech-
nics could make the copper powder uniformly distributed
inside the tungsten skeleton and enhance the conductivity
and anti-erosion capability of W80. The electrode is shaped
into semi-ellipsoid with head curvature radius 3 mm and
installed on an insulating clamping device. The insulating
clamping device is made of two pieces of insulating woods,
eight Ethoxyline fasteners, and one copper-made connection
bridge with thickness of 5 mm and width of 50 mm, which
is designed to prevent the coupons moving caused by the
electromagnetic force and shockwave impact. The electrode
and insulating clamping device are shown in Figure 1.

Curvature radius=3 mm

Insulation
wood
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head=5 mm
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body =20 mm Copper Electrode
connection Insul
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FIGURE 1. Experiment electrode and the designed fixture device
(a) Electrode (b) Insulating clamping device.

The Q235B coupons are designed into the cuboid of size
150 mm(length) x 150 mm(width) x5 mm(height) to meet
the shape requirements of the following material inspections.
These coupons are set up vertically to reduce the impacts
of gravity. In order to stabilize the arc root, four symmetric
grounding connections are installed with coupon contacting
area more than 1500 mm” to conduct lightning currents
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symmetrically to the ground. Arc root shows moveless char-
acteristics when the discharge distance between the electrode
and Q235B coupon is shorter than 10 mm [16]. And the metal
damage volume decreases with discharge distance increasing.
Therefore, the discharge distance is fixed at 5 mm in the
experiment. The schematic diagram of the lightning metal
damage experiment is illustrated in Figure 2.

~
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Measurement system

electrode
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Genera [ Generat || Generat|
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FIGURE 2. Schematic diagram of lightning metal damage experiment.

In order to decrease the influence of discharge dispersion,
every experiment is carried out three times and the average
results of the three tests are taken as the final results. We pol-
ish the Q235B coupons to wipe the oxidation layer on the
surface, then clean and dry them step by step in every experi-
ment. The damaged area and depth are measured by the ultra-
sonic B/C scanning system produced by the NDT Automation
Inc. The high-speed infrared camera ThermaCAM™ S65,
with temperature measurement ranging up to 2000 °C and
precision of 0.08 °C, is set up to measure the temperature rise
of Q235B coupons struck by lightning. Experiment results of
steel alloy Q235B under different lightning current compo-
nents are presented in Table 1 and Figure 3.

TABLE 1. Experiment results of steel alloy Q235B under different
lightning current components.

Lightning ~ Amplitude Charge transfer Damaged Damaged Temperature

components /kA /C area/mm”  depth/mm rise/'C
FRSC 201.2 21.01 3523.80 0.01 597.5
CCISI 5.9 12.12 12.56 0.5 362.5
LCCAS 0.404 210.08 113.04 3.0 330.5"
SRSC 102.2 1.10 297.60 0.001 432

*Note that there is an extremely intense light emitting in the LCCAS
experiment, which affects the temperature measurement on the front-face of
metal. The rare-face temperature of Q235B coupons is measured by the high-
speed infrared camera. The front-face temperature profile would be deduced by
a numerical inversion model in Section IV.

From the damage results caused by the four lightning cur-
rent components, it is concluded that the damaged area, dam-
aged depth, and temperature rise show significant differences
for the four components. The FRSC with current amplitude
of 201.2 kA leads to the largest damaged area of 3523.8 mm?,
but with damaged depth only of 0.01 mm. The superficial
damage morphology on the surface is dominated by the thin
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FIGURE 3. Damage characteristics of steel alloy Q235B under different
lightning current components. (a) FRSC. (b) CCISI. (c) LCCAS. (d) SRSC.

layer spraying from the lightning attachment. The CCISI
with charge transfer of 12.1 C results in the damaged area
of 12.6 mm? and damaged depth of 0.5 mm for the Q235B
coupon. The damage morphology on the surface is mainly
the metal solidification after splashing. Suffered from the
LCCAS with charge transfer of 210.1 C, the damaged depth
increases obviously to 3.0 mm, meanwhile, the damaged area
is 113.0 mm?. The damage morphology on the surface are
mainly pit, pores, and metal solidification after melting. A pit
with diameter 5.6 mm is formed in the center of the damaged
zone. Many pores appear at the rim of the pit. The damaged
depth is only 0.001 mm subjected to the SRSC, while the
damaged area is 297.6 mm?”. The damage morphology on the
surface mainly consists of spots on the surface.

Ill. DAMAGE MICROSTRUCTURE

OF Q235B UNDER LCCAS

A large flow of current and high velocity electric charge
particles are injected into the metal within an extremely short
time, which generate the Joule hear and arc energy to damage
metal. The Joule heat can be calculated by the Equation 1. The
arc energy generates the thermal stress on the Q235B through
heat conduction and heat radiation, which can be calculated
by the Equation 2.

O1 = R [idt (1
w= /uidt =uQ )

In Equation (1), R is the resistance of the metal. i is the
current flowing through the metal. As Q235B is a kind of
good conductor, the Joule heat is much smaller and can be
neglected compared with the arc energy. In Equation (2), u is
the arc voltage drop between the cathode and anode, which is
34.0 V measured in the experiment.
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The LCCAS has the largest charge transfer of 210.1 C.
Accordingly, the arc energy generated by LCCAS is the
largest among the four lightning current components.
The metal will undergo microstructure changes motivated by
the elevated temperature within the current duration as long
as 500 ms. Therefore, subsequent SEM testing is conducted
to assess the microstructure of Q235B suffered from the
LCCAS. The damage zone of the Q235B coupon is cut into
two samples by a wire-cut machine and then cleaned three
times with acetone, as shown in Figure 4. The Sample #1 is
dried to prepare for observing the damage micro-morphology
on the surface by the high-resolution SEM. The Sample #2 is
inlayed with phenolic resin and then polished with waterproof
abrasive paper from type 100#, 400#, 800#, 15004, to 20004.
The polished coupons are dipped in the 4% Nital for 40 s and
cleaned with acetone. After drying, the Sample #2 is observed
to analyze the damage microstructure in cross-section by
the high-resolution SEM JSM-7800 manufactured by Japan
JEOL Ltd. The micro-hardness tester is measured by the
ZHV30/zwickiLine hardness testing machine according to
the Vickers hardness standard of EN ISO 6507.

Damage Damage
morphology ‘morphology on
on surface cross section

Sample#1 Damage zone Sample#2

=
o

[ sample#1 Sample#2

Steel Q235B
« Ultrasonic B/C scanning * High luti ing electron mi
« Infrared camera * X-ray energy dispersive spectrometer
*  Arc voltage measurement Micro-hardness tester
Macroscopical damage characteristics Mi pic damage ck istics

FIGURE 4. Sample processing flow chart.

The damage microstructure on the surface is shown in
Figure 5. The cracks with width 10 xm and melting pits with
diameter 50 um~10 mm are observed on the surface. The
lightning arc will not only lead to the macroscopical craters
shown in Figure 3 but also result in many tiny melting pits
displayed in Figure 5. The cracks are induced by the uneven
thermal forces in the melting zone of metal. The melting pits
are formed due to the vaporization and spatter of the melted
metal.

FIGURE 5. SEM images on the alloy Q235B sample’s surface.

The damage microstructure in the cross-section is dis-
played in Figure 6, which can be divided into three zones,
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FIGURE 6. Damage microstructure on cross-section of Q235B.

the damage zone, transition zone, and origin zone. In the dam-
age zone, the microstructure is dominated by Martensite (M),
which is transferred from the Ferrite and Pearlite. Many
cavities with diameter 150~500 um are observed in this
zone. Some featheriness Bainite (B) forms in the boundary
between the damage zone and transition zone in the effects
of the slow cooling rate. The transition zone mainly consists
of the Martensite and Ferrite, which are formed between the
critically-formed and fully-formed temperature of Austenite.
Part of the Pearlite finishes the transformation to Martensite.
The origin zone mainly consists of Ferrite and Pearlite. These
grains are smaller and uniformly distributed in the origin
zone.

Taking the typical part in the damage zone as an example,
the contents of different elements are measured by using the
EDS line scanning. The results are illustrated in Figure 7.
Figure 7(a) shows that the content of oxygen element(O)
increases along the EDS line scanning direction, reaching the
maximum atom number 230 at the location of 45 yum, while
the Fe element decreases meanwhile. It can be inferred that
the oxygen layer with width 10 um is formed in this area.
Figure 7(b) indicates that the C and O elements increase in
the crack area. The increase of C will prompt the material
phase from y to § and result in the reduction of solubility
for some elements, such as Si. The eduction of such ele-
ments will form some compound or Eutectic structure with
lower melting point(900~1200 °C), of which the melting of
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FIGURE 7. Element compositions on the surface of damage zone.

some low-melting materials will induce the tensile forces and
shrinkage stresses. The tensile forces and shrinkage stresses
will result in the cracks.

The average micro-hardness for the damage zone, tran-
sition zone, and origin zone are 450, 310, and 180 HVO0.5,
respectively, which are measured with 0.18 mm intervals
and starting at the point 0.084 mm away from the coupon
surface, as illustrated in Figure 8. The load of the probe is
0.5 kgf with duration 15.5 s setting in the ZHV30/zwickiLine
hardness testing machine. It is concluded that the aver-
age micro-hardness of damage zone increases by 150 %
compared with the origin zone. There exists an obvious
gradient in the transition zone, of which the range could
reach 250 HVO0.5. This is because the micro-hardness of
Martensite, Bainite, Pearlite, and Ferrite decreases in turn.
The content of Martensite in damage zone is the highest
and decreases along the three zones. Some Bainite appears
in the interface of the damage zone and transition zone.
Then the contents of Martensite decreases sharply, lead-
ing to the big gradient of micro-hardness in the transition
zone.

Coupon surface

0.084 mm [ ‘
ssezevee

500 ot

150 }NM """
Micro- 350 Lo N

hardness |
JREETCT Y S— e R N it b :

HV0.5 i

250 f--eeeeed

900 .. Damage il Transition N Origin

zone zone Ne o o,
; ; ; ;
15075 0.5 1 1.5 2 2.5 3 3.5 4
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FIGURE 8. Micro-hardness value along sample damaged depth.
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IV. MICROSTRUCTURE AND TEMPERATURE
RISE ANALYSES
In the existing literature, most of the numerical approaches
for calculating the material’s thermal response to lightning
and analyzing the electric-thermal coupling effects are based
on a certain equation of describing the overall density vari-
ation rate, for instance, the Arrhenius equation is used for
expressing the overall density variation rate of composite
material [17]. Some core parameters in the corresponding
equations are usually obtained from the thermogravimetric
analysis(TGA) tests. However, the heating rate applied to
the TGA tests(50 °C/min) is ten magnitudes lower than the
rate under the lightning arc(~10'° °C/min), which limits the
accuracy of the numerical approaches. Therefore, another
new lightning metal temperature model(LMTM) is proposed
in the literature, in which the temperature distribution is
inversely deduced based on the measured rear-face temper-
ature rise data in the simulated lightning experiment and the
heat conduction characteristics of metal material [18]. The
heating rate of metal can reach ~10'° °C/min in the proposed
model, as it is acquired in the simulated lightning experiment.
According to the symmetry of the temperature rise,
the temperature rises in one-fourth part of the Q235B coupon
in 2-dimensions over time is calculated by LMTM and illus-
trated in Figure 9. The boiling point and melting point of
Q235B are marked with the dashed line in Figure 9. The tem-
perature on the rare-face of metal subjected to LCCAS with
amplitude 404 A and charge transfer of 210.1 C will reach
the highest at # = 600 ms according to the calculation results.
When the node’s temperature rise exceeds the melting point,
the metal material will melt and form the pit. From the tem-
perature profile and the position of the damaged nodes(nodes
with the temperature higher than 1525 °C), the damaged
depth suffered from LCCAS is 2.9 mm calculated by LMTM.
The error is 3.3% compared with the experimental damaged
depth of 3.0 mm.

FIGURE 9. Temperature rise of the Q235B over time from ¢ = 100 ms to
t = 600 ms.

In Figure 9 and Figure 10, A is the critical temperature
of 900 °C for the Pearlite and Ferrite starting to transform
into the Austenite. A3 is the critical temperature of 990 °C
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for the Pearlite and Ferrite finishing the transformation to
the Austenite. The width between the temperature 900 °C
and 990 °C is 0.1 mm at + = 600 ms as illustrated in
Figure 10, which matches the microstructure observation
results in Figure 6.

V. CONCLUSION

Steel alloy Q235B experiences significant microstructure
changes, rapid temperature rise, and serious damage results
exposed to the four typical lightning currents. The damage
morphology on the surface, microstructure on the cross-
section, element composition and micro-hardness changes
are depicted using the simulated lightning experiment
together with the proposed lightning-metal temperature rise
model. The results show that,

(1) For the four lightning current components, the first
return stroke current with amplitude of 201.2 kA results in the
largest damaged area of 3523.8 mm?. The damage morphol-
ogy on the surface is dominated by the thin layer spraying
from the lightning attachment. Caused by the continuing
current in the stroke intervals with charge transfer of 12.1 C,
the damaged area is 12.6 mm? and damaged depth is 0.5 mm.
The long continuing current after stroke with charge transfer
of 210.1 C leads to the deepest damaged depth of 3.0 mm,
meanwhile the damaged area is 113.0 mm?. The damage
morphology on the surface are mainly pit, pores, and metal
solidification after melting. Suffered from the subsequent
return stroke current with amplitude of 102.2 kA, the dam-
aged depth is only 0.001 mm.

(2) Suffered from the long continuing current after stroke,
the demixing phenomenon occurs on the cross-section of
Q235B, forming the damage zone, transition zone, and ori-
gin zone. The damage zone mainly consists of Martensite
transferred from Pearlite and Ferrite at temperature 990 °C.
The average micro-hardness of damage zone increases by
150 % compared with the micro-hardness of 180 in the origin
zone. The transition zone is mainly Martensite and Ferrite
with formation temperature of 900 °C, of which the average
micro-hardness is 310.

(3) The damaged depth subjected to the long continuing
current after stroke is 2.9 mm calculated by the lightning
metal temperature model. The error is 3.3% compared with
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the experimental result of 3.0 mm. The width between the
critically-formed temperature 900 °C and fully-formed tem-
perature 990 °C is 0.1 mm at t = 600 ms, which matches the
microstructure observation result of Pearlite, Ferrite, Austen-
ite, and Martensite.
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