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Abstract The dynamic necking of ductile metal-
lic rods with large strain reverse loading history has
received little attention in the published literature. A
novel bespoke real time strain control setup is con-
structed to apply the reverse loading directly to the
specimen gauge section up to a maximum strain level
of +0.16. 304L stainless steel is used as a model
material in this study. The subsequent tensile tests
of the reverse loaded specimens are performed from
quasi-static to high strain rates of 1000/s, using a
Zwick 050 Machine, hydraulic Instron 8854, and a
bespoke split Hopkinson tension bar with high speed
photography equipment. The initial flow stress of
the 304L rods shows similar strain rate dependence,
regardless of the reverse loading history. The local
strain rate during strain localization increases dramat-
ically and eventually reaches one order of magnitude
higher than the nominal strain rate. A higher strain
reverse loading significantly influences the develop-
ment of necking instabilities, with smaller strain to
necking inception, higher local stress in the neck-
ing zone, and higher local strain rate up to failure.
Instead of evaluating the impact energy absorption up
to necking, an analysis of the local stress—strain rela-
tionship indicates that the reverse loaded 304L shows
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good impact energy absorption up to failure. This
agrees with the ductile fracture surfaces of the 304L
materials with reverse loading.
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1 Introduction

The engineering materials used in practical struc-
tures are inevitably subjected to impact loading. It’s
important to evaluate the energy absorption of the
materials. The mechanical behavior of metallic alloys
is influenced by a series of parameters, such as strain
rate (and temperature) in the monotonic loading pro-
cess up to failure [1-5]. However, the properties of
the initial materials in the test would be not the same
as those in service. Likewise, the test condition would
not meet the service condition. The mechanical prop-
erty of materials would be weakened by the cycle
loading. In the manufacturing process or service, the
cycle loading is unavoidable. It is important to study
the mechanical response of materials after cycle
loading.

As suggested by Pinnola and Franchi et al. [6,
7], it is important to accurately characterize the
stress—strain relation to understand the tensile
behavior of metals during forming and machin-
ing processes. The tensile property can be altered
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through reverse loading, which depends on the
microstructure, the number of cycles and the
amplitude of the cycle. In addition, the influence
of reverse loading on the tensile behavior would
be different at quasi-static loading and high strain
rate loading. After being subjected to reverse load-
ing, the tensile properties of some materials, such
as steel [8—10] and nickel alloy [11], change signifi-
cantly at different strain rates. However, the influ-
ence of cycle loading is not significant for Al alloys
[12, 13] and Titanium alloy [14] at both quasi-static
and high strain rates. Despite the great interest in
the mechanical properties of metals with cycle load-
ing history, most of the available studies focused
on the cyclic behavior at a relatively small strain
of less than 0.1. Due to the difficulties in the strain
control and the issue of specimen alignment, the
effect of large strain cycle loading on the mechani-
cal behavior of material is rarely reported in the lit-
erature. It is worthwhile to investigate the effect of
large-strain reverse loading on the flow and failure
of metals [15, 16].

Tensile test of alloys is associated with necking
beyond a maximum load and the strain localization
with a decreasing force [17-21]. Application of mate-
rials at high speed deformation requires the under-
standing of the dynamic strain localization. The ten-
sile tests at high strain rates can be performed using
the Split Hopkinson tension bar (SHTB) technique
developed by Harding et al. [22, 23]. With the use of
high speed photography techniques, the deformation
and geometry change of the specimen can be moni-
tored to study dynamic strain localization, see Noble
et al. [24], Mirone et al. [25, 26] and Cadoni [27].
As a powerful full field measurement technique with
non-contact characteristics, Digital Image Correlation
(DIC) [28-30] provides a direct strain measurement
of the specimen gauge section. However, limited
effort has been made to monitor the dynamic strain
localization of materials with reverse loading history
in the literature. Likewise, studies concerning energy
absorption of materials with reverse loading history
are rarely reported, which require the measurement
of the local stress—strain behavior in the necking zone
using the high speed photograph techniques. The
SHTB apparatus complemented by high speed DIC
technique offers an opportunity to investigate the
dynamic constitutive response and strain localization
of alloys with reverse loading history.
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In the aerospace industry, there is an increasing
demand in reducing weight and fuel consumption.
This requires novel design solutions and improved
analytical methods to reduce the time and cost at
the development stage. The containment casing [31]
surrounding the fan blades contributes significantly
to the overall weight of a modern aero engine. The
containment component in the manufacturing pro-
cess and in service would be subjected to reverse
loading [32, 33]. Stainless steels with the combi-
nation of high strength/weight ratio and outstand-
ing resistance to corrosion are important in the jet
engine containment application [34]. Lee et al. [35,
36] reported that the impact behavior of the 304L
stainless steel was affected by the previous defor-
mation history. Rao et al. [37] investigated the prior
cold work effect on the low-cycle fatigue behavior
of the 304L. Iino [38] reported that the pre-strain
reduced the yield strength of the pre-strained 304L.
Hamasaki et al. [16] evaluated the stress—strain
curves and the microstructure evolution under
quasi-isothermal monotonic and cyclic loading con-
dition. In the literature, the dynamic constitutive
response and strain localization of the 304L with
reverse loading history are missing. The under-
standing of the influence of reverse loading on the
subsequent impact resistance and energy absorption
is of considerable interest to the engineering and
material communities. The present work has the fol-
lowing three goals:

e Designing a novel experimental technique for
large strain reverse loading, with real time feed-
back of the strain of the specimen gauge section
to control the applied reverse loading.

e Studying the Bauschinger effect of 304L, and
the constitutive behavior of 304L with large
strain reverse loading and its strain rate depend-
ence.

e Investigating the influence of large strain reverse
loading on the development of dynamic necking
instabilities, and dynami energy absorption of
304L with large strain reverse loading.

Therefore, in this paper, the material, the specimen
design and the bespoke reverse loading technique are
introduced in Sect. 2. The results across various strain
rates are presented in Sect. 3. Section 4 discusses the
outcome of this work, followed by the conclusions.
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Fig. 1 As-received microstructure of the 304L from EBSD
orientation map

2 Experimental protocol
2.1 Material

A commercial 304L stainless steel, supplied from
Smiths Metal Centres Ltd., was used as a model
material in the present work. After being grinded and
polished by colloidal silica suspension, the micro-
structure of the as-received 304L was revealed by
EBSD using Zeiss EVO 15LS Scanning Electron
Microscope. The microstructure of the as-received

304L from EBSD orientation map is shown in Fig. 1,
which consists of grains with an average size of about
24 um. The chemical compositions of the 304L from
the supplier are given in Table 1.

2.2 Reverse loading methodology and specimen
design

The reverse loading tests were conducted using a
Zwick Z050 machine under displacement control
mode at nominal strain rate of 0.01/s. As shown
in Fig. 2a, the reverse loading was monitored by an
Imetrum video extensometer' at a frame rate of 10
fps. This system tracks the engineering strain from
an extensometer positioned across the gauge length
of dog-bone specimen. The Imetrum system was
programmed to provide feedback to the Zwick Z050
machine, in order to apply the reverse loading to the
tensile specimen with a direct strain control.

A short gauge length specimen is desirable to
avoid the misalignment of the specimen during the
reverse loading process. A tensile specimen with
a gauge length to diameter ratio of 3-3 mm was
designed. Figure 2b shows a typical view of the speci-
men from the Imetrum system, with a marked exten-
someter in the gauge section for a real time measure-
ment of engineering strain.

Figure 3 shows the geometry of specimen, which
was manufactured along the axis direction from the

Table 1 Chemical C Cr Mn

composition of the 304L

Si P S Ni Fe

stainless steel 0.07 18.00 2.00

Fig. 2 Experimental setup
for reverse loading with real
time strain control a Image
of the experimental setup. b
Typical view from Imetrum
system

! Imetrum Limited, The Courtyard, Wraxall, Bristol, BS48
INA, United Kingdom.
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Fig. 3 Dimension of the specimen (unit:

as-received material bar. The distribution of the tri-
axiality factor of the gauge section is evaluated in
Fig. 21. The stress triaxiality at most of the gauge
section is between 0.3 and 0.4. Furthermore, an
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8 mm gauge length specimen was loaded at nomi-

nal strain rate of 0.01/s. Figure 4a shows that the
stress—strain curve measured from the 3 mm gauge
length specimen agrees with that measured from

mm)

the 8 mm gauge length specimen. In addition, the

3 mm gauge length specimen was subjected to
tensile loading at a lower strain rate of 0.0008/s.
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Fig. 4 a Comparison of the tensile engineering stress—strain

curves measured from the 3 mm gauge

8 mm gauge length specimen at the same strain rate of 0.01/s,

length specimen and

and from the 3 mm gauge length specimen at a lower strain
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rate of 0.0008/s. b The corresponding true stress—strain curves
up to failure. ¢ Engineering stress—strain curves during the ten-
sion—compression reverse loading process
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Table 2 Equivalent plastic strain and grain size of 304L with-
out and with reverse loading

Materials Initial 304L  304L with 304L with HSR
LSR
Equivalent 0 0.23 0.45
plastic strain
Grain size 24 18 8
(um)

Figure 4b compares the local true stress—strain rela-
tionships based on the Bridgman’s analysis [39].
The true stress—strain curves are plotted together
up to failure, respectively obtained from the 3 mm
gauge length specimen at nominal strain rate of
0.01/s and 0.0008/s, and the 8 mm gauge length
specimen at nominal strain rate of 0.01/s. A modest
strain rate effect can be seen, with a moderate dif-
ference of stress value about 10-20 MPa throughout
the test duration up to failure. The consistent local
stress—strain curves of different gauge length speci-
mens agree with the recent analysis [25, 40].

For the low strain reverse (LSR) loading, when
the tensile strain of gauge section reached+ 0.08,
the specimen was unloaded. The unloaded specimen
is immediately subjected to the reverse compressive
loading up to a compressive strain of —0.08, followed
by the unloading. The entire engineering stress—strain
curve during this low strain reverse loading pro-
cess is presented in Fig. 4c. Similarly, for the high
strain reverse (HSR) loading, the tensile loading was
applied up to a strain of +0.16 and the reverse com-
pressive loading was applied up to a strain of —0.16.
The maximum achievable strain in the tension—com-
pression loading is 0.16. EBSD analysis revealed
that the average grain size reduced from 24 um in the
initial 304L to 18 um in the 304L with LSR loading,
and to 8 umin the 304L with HSR loading. This is
summarized in Table 2, together with the equivalent
(accumulated) plastic strain. This is a common obser-
vation of grain size refinement during the reverse
loading process [41, 42]. Here, instead of the multi-
cycles revere loading, only one cycle of tension—com-
pression loading is considered to avoid any micro
damages to the specimen [43—45]. This is important
to measure the local stress—strain relationship of the
specimens based on the volume constancy. After
recovery, the reverse loaded specimens were tested
from quasi-static to high strain rates.

2.3 Quasi-static test

The quasi-static tests up to fracture include the tests of
the 304L specimens without reverse loading and with
two strain levels of reverse loading. All tests were
performed using a Zwick Z050 machine at nominal
strain rate of 0.01/s. Likewise, the 3 mm length-3 mm
diameter cylinders were compressively loaded at
nominal strain rate of 0.01/s, in order to compare the
monotonic compressive and tensile responses of the
304L material. The deformation was monitored by
an IDS UEye 3.0 Camera with an image resolution
of 2456 %2054 pixels. The engineering strain of the
specimen gauge section was analysed and measured
by a commercial software LaVision Davis.?

2.4 Medium strain rate test

The tests at medium strain rate were carried out on
a hydraulic Instron 8854 system. The load cell was
programmed to apply the tensile loading to the speci-
mens under displacement control corresponding to a
nominal strain rate of 10/s. A phantom camera was
employed to record the deformation of the specimen
at a frame rate of 10,000 fps, with an image resolu-
tion of 512 x 512 pixels.

2.5 High strain rate tests

The tests at high strain rates of about 1000/s were con-
ducted on a bespoke SHTB system [46, 47]. The inci-
dent bar and transmitted bar are 2.7 m in length and
16 mm in diameter. The incident bar was made from
Ti6Al4V alloy and the transmitted bar was made
from phosphor bronze. The dynamic deformation of
the specimen was monitored by a high-speed camera
(Kirana camera) with an image resolution of 924 x 748
pixels, at a frame rate of 200,000 fps. The schematic
of the SHTB system is shown in Fig. 5. Specifically,
one strain gauge was attached on the transmitted bar,
and two strain gauges were on the incident bar. The
pressure chamber with a piston connected to a pulling
rod, allows the use of a 2.5 m long Ti6Al4V striker
bar to test the 304L under large deformation. How-
ever, with such a long strike bar, the stress waves were

2 LaVisionUK Ltd, 2 Minton Place Victoria Road, Bicester
0X26 6QB, United Kingdom.
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Fig. 5 Schematic of the SHTB system
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Fig. 6 Parameters to characterize the Bauschinger effect of the 304L material. a Low strain reverse loading. b High strain reverse

loading

superimposed in the incident bar. Consequently, two
strain gauges were attached on the incident bar to sepa-
rate the superimposed waves.

3 Results
3.1 Quasi-static test results
3.1.1 Bauschinger effect in reverse loading

Figure 6 shows the typical true stress—strain curves
of the 304L under two strain levels of reverse

@ Springer

loading measured by the Imetrum system, together
with the average monotonic tensile and compres-
sive stress—strain curves measured by the DIC. The
true strain during the uniform deformation stage is
transformed based on the volume constancy [48].
The yield stress of the monotonic compressive
stress—strain curve is about 470 MPa. This is slightly
lower than the yield stress 500 MPa of the mono-
tonic tensile stress—strain curve. The strain harden-
ing of the monotonic compressive stress—strain curve
is more significant than that of the monotonic tensile
stress—strain curve. Considering the reverse loading
process, the stress—strain response of metals subjected
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Table 3 Parameters of the Bauschinger effect indicators

Indicators Low strain reverse High strain reverse
b, 0.451 0.457

Pw 0.058 0.065

o 164 MPa 190 MPa

int

to the reverse loading does not comply with the ideal
plastic behavior, a subject firstly studied by Bausch-
inger [49]. At the beginning of reversal loading, an
early yielding indicates the Bauschinger effect. A
series of parameters [50] have been used to evalu-
ate the Bauschinger effects. The parameters are dis-
played in Fig. 6. The compressive curve is mirrored
in the tensile domain to simplify the definition of the
Bauschinger effect indicators.

A reduced yield stress in the reverse compressive
loading can be seen in Fig. 6, which indicates the
Bauschinger effect of the 304L material. Except for
a lower flow stress, the trends of the plastic flow and
strain hardening during the compressive reverse load-
ing are similar to those under monotonic tensile load-
ing. The Bauschinger stress parameter ;, Bausch-
inger energy density parameter By, and Bauschinger
internal stress parameter c;,, are given by

_ Omax — OC
ﬂo B O max S
WS
Pw = W, (2)
O max + Oc
g = St ®

where o,,,, 1S the maximum stress during the initial
tensile loading, o is the yield stress at the compres-
sion stage and is shown with a positive value here.
Wy is the Bauschinger energy density and W is the
pre-strain energy density. The parameters under two
strain levels of reverse loading are listed in Table 3.
The Bauschinger energy factor of 0.065 under HSR
loading is higher than 0.058 under LSR loading. As a
good indicator of the Bauschinger effect, the Bausch-
inger energy factor reflects the stress—strain relation-
ship and the rapid strain hardening under HSR load-
ing. The internal stress parameter describes the back
stress. Table 3 shows that the Bauschinger stress

parameter increases from 164 MPa under LSR load-
ing to 190 MPa under HSR loading. Consequently,
the current setup can be used to reveal the Bausch-
inger effect of the 304L material.

3.1.2 Quasi-static tensile results

Figure 7 shows the quasi-static stress—strain relation-
ships of the 304L without reverse loading, with LSR
and HSR loading. According to Bridgman’s analysis
[39], the local true stress and true strain at the center
of necking can be calculated by:

_F
Otrue = ﬁ (4)
r
Eme =20 (=) 5)

here F' is the instantaneous acting force, r is the cur-
rent radius of the minimum cross-section of gauge
section, r, is the initial radius of the gauge sec-
tion. The change of radius can be obtained from the
image analysis. For the initial 304L, the engineering
stress—strain relation shows strain hardening up to a
strain of 0.45, as can be seen in Fig. 7a. For the 304L
with LSR loading, the engineering stress—strain rela-
tionship shows a yield stress of 660 MPa and strain
hardening up to a necking strain of 0.4. The engi-
neering stress—strain relationship of the 304L with
HSR loading shows the highest yield stress of about
830 MPa and the peak stress of 980 MPa, followed
by the necking. The engineering strain to failure of
the 304L decreases with the reverse loading history.
In Fig. 7b, the true stress—strain relation of the 304L
with HSR loading shows the highest flow stress but
lower strain hardening at a given true strain, com-
pared to the initial 304L and the 304L with LSR load-
ing. The true strain to failure decreases to about 1.1
for the 304L with HSR loading.

3.2 Medium strain rate test results

The tests at medium strain rate of 10/s were con-
ducted, in order to evaluate the strain rate sensitivity
of the 304L without reverse loading, with LSR and
HSR loading. Figure 8a shows that the engineering
stress—strain relationship of the initial 304L presents
a yield stress of 560 MPa and strain hardening up to a

@ Springer
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Fig. 8 Stress—strain relationships at medium strain rate of 10/s. a Engineering stress—strain and, b true stress—strain

strain of 0.24, followed by the necking. For the 304L
with LSR and HSR loading, the yield stress values
increase to 710 MPa and about 880 MPa respectively.
The engineering stress—strain of the 304L with HSR
loading shows the highest flow stress and the smallest
strain to necking. For the initial 304L and the 304L

@ Springer

with HSR loading, the engineering failure strain val-
ues are of 0.6 and 0.5, respectively. For the 304L with
LSR loading, the engineering failure strain slightly
increases to 0.7. In Fig. 8b, the true stress—strain rela-
tionships of the reverse loaded 304L presents higher
flow stress and lower strain hardening, compared to
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the initial 304L. The true strain to failure decreases to
about 0.8 for the 304L with HSR loading.

3.3 High strain rate test results

The tests at high strain rate were performed on the
SHTB system. Figure 9 shows the typical strain
gauge signals. As mentioned in Sect. 2.5, the incident
pulses are measured by two strain gauges (gauge 1
and 2) on the incident bar, and the transmitted pulse

12000
—F_in
9000 | 1
z
S 6000} ]
o
S5
3000} 1
0 L
0 0.5 1 1.5 2
Time(s) X107
(a)

is measured from the strain gauge (gauge 3) attached
on the transmitted bar.

A valid SHTB test requires the force equilibrium
at two ends of the specimen. Figure 10a shows that,
after the initial stage when the stress wave transits
through the 304L specimen, the input force agrees
with the output force in the plastic region [51]. Simi-
lar force equilibrium can be seen in Fig. 10b for the
304L with HSR loading, which shows a higher force
applied to the specimen, compared to the initial 304L.

Figure 11 shows the engineering stress and engi-
neering strain evolutions at high strain rates, together
with the corresponding axial engineering strain field
from the DIC analysis. The engineering stress is
measured by the output force from the SHTB analy-
sis. The engineering strain is directly measured from
the DIC analysis.

For the initial 304L, the engineering stress
increases from stage 1 to stage 2 after the initial yield.
This is followed by the necking at stage 3 and the
fracture at stage 4. For the 304L with LSR loading,
the dynamic flow stress is apparently higher than that
of the initial 304L. However, the flow stress experi-
ences almost no increase between stage 1 and stage
2. The necking localization appears at stage 3. The
final fracture can be seen at stage 4. For the 304L
with HSR loading, the flow stress firstly increases to
1125 MPa at the time of 150 us at stage 1, followed
by the strain localization throughout most of the test
duration. The engineering stress decreases at stage 2
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Fig. 10 Dynamic force equilibrium of (a) the initial 304L and (b) the 304L with HSR loading
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Fig. 12 Comparison of the dynamic a Engineering stress—strain relations, b True stress—strain relations of the 304L without reverse

loading, with LSR and HSR loading

and stage 3 during strain localization, followed by the
final fracture at stage 4.

Figure 12 compares the engineering and true
stress—strain relationships at high strain rates for the
304L without reverse loading, with LSR and HSR
loading. Figure 12a shows that the flow stress of the
initial 304L presents apparent strain hardening until
an engineering strain of about 0.35. For the 304L
with LSR loading, the flow stress presents a mild
strain hardening until an engineering strain of 0.3.
The 304L materials without reverse loading and
with LSR loading show a similar engineering strain
to failure of 0.65. The 304L with HSR loading pre-
sents the highest yield and flow stress. The 304L
with HSR loading shows necking at an engineering
strain of 0.10.

To provide further insight into the necking
localization, Fig. 12b compares the (local) true
stress—strain relationships. The strain hardening of the
304L decreases with reverse loading history. The true
stress—strain relationships of the 304L without reverse
loading and with LSR loading are comparable beyond
a true strain of 0.5, and show a true strain to failure of
about 0.9. This is higher than the true strain to failure
of 0.7, for the 304L with HSR loading.

Figure 13 summarizes the engineering stress—strain
relationships of the 304L without reverse loading,
with LSR and HSR loading. The yield stress of the

initial 304L increases from 500 MPa at quasi-static,
560 MPa at medium strain rate to 640 MPa at high
strain rates of 700—1100/s. The engineering strain to
failure decreases from 1 to 0.6 from quasi-static to
high strain rates. For the 304L with LSR loading, the
yield stress increases from 660 MPa from quasi-static
to 800 MPa at high strain rates. The engineering
strain to failure decreases from 1 to 0.6 from quasi-
static to high strain rates. The 304L with HSR load-
ing shows the highest yield stress of about 830 MPa
at quasi-static and 960 MPa at high strain rates. The
engineering strain to failure decreases to about 0.6 at
high strain rates.

In order to evaluate the strain rate effect on the
yield stress, Fig. 14 plots the engineering flow stress
of the 304L materials as a function of nominal strain
rate. Due to the difficulty in achieving the force
equilibrium at the initial stage and in the determina-
tion of yield stress, the flow stress at a small strain
of 0.05 is used instead of the yield stress. The 304L
with HSR loading presents the highest flow stress
values. The medium rate data is provided for a better
understanding of the strain rate sensitivity. The Cow-
per—Symonds model [52] is used to reveal the flow
stress as a function of strain rate, which is given by

a=a,ef[1+ (%)] ©)
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Fig. 13 The strain rate dependent engineering stress—strain relationships of the 304L a without reverse loading, b with LSR loading

and ¢ with HSR loading

where o, is the reference flow stress at strain rate of
0.01/s, D and P are the strain rate dependence param-
eters. The calibrated constants are listed in Table 4.
With a slight variation of the Cowper-Symonds
model parameters, the 304L materials without reverse
loading, with LSR and HSR loading show similar
strain rate dependence.

Figure 15 compares the typical true stress—strain
relations of the initial 304L and the 304L with LSR
and HSR loading, to better highlight the strain rate
sensitivity. The local stress across various strain
rates is amplified in the 304L with reverse loading

@ Springer

history, compared to the initial 304L. In the range of
the local strain from O to 0.30, the local flow stress
increases significantly with increasing strain rate.
Beyond the local strain of 0.30, the local flow stress
values at medium and high strain rates are gradually
smaller than that at static loading. The dynamic true
strains to failure are lower than that under static con-
dition, which can be observed in both of the initial
and reverse loaded 304L. This indicates the flow and
failure in the true stress—strain relation show apparent
strain rate dependence.
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Table 4 Constants in the Cowper—Symonds model

Constants D P

Initial 8.358E5 4.9935
LSR 5.161E7 8.3783
HSR 2.310E7 6.1336

Due to the dynamic strain localization, the local
true strain rate in the necking zone would be quite dif-
ferent from the nominal strain rate. The true strain
rate at the time t, can be determined by M, where

n~ ‘n-1

&, and 8];;:, are the true strain at the time t, and t
respectively. The time interval between the true strain
measurements is 20 ps. Figure 16 shows the typical
local strain rate of the 304L without reverse loading,
with LSR and HSR loading, at a comparable nominal
strain rate of 900—1100/s. The true strain rate contin-
ues to increase rapidly, due to the strain localization.
The local true strain rate reaches a value of one order
of magnitude higher than the nominal strain rate. The
304L with HSR loading, which shows a longer dura-
tion of strain localization in Fig. 11, presents a higher
local true strain rate at a given true strain.
Considering the dramatic increase of local strain
rate, the ratio of dynamic true stress to static true
stress (dynamic amplification) across different true
strain and strain rate would be of interest. Figure 17a
shows the dynamic amplification as a function of

n—1>

local true strain for the 304L without reverse load-
ing, with LSR and HSR loading respectively. A first
observation is the decrease of dynamic amplification
with the increase of true strain. This indicates the
reduced work-hardening capacity of the 304L sub-
jected to impact loading. The 304L with HSR load-
ing shows an initial dynamic amplification factor of
1.15, which is slightly lower than the factor of 1.20
for the initial 304L and 304L with LSR. Likewise,
Fig. 17b shows the dynamic amplification as a func-
tion of local strain rate. At comparable nominal strain
rates, the dynamic amplification of the 304L with
HSR decreases from 1.15 to 0.85. A similar decreas-
ing trend can be seen for the initial 304L and the
304L with LSR. The decrease of the dynamic ampli-
fication with the increase of local strain rate indicates
the strain rate promoted softening [53]. Likewise, this
decreasing trend of the dynamic amplification would
be associated with thermal softening due to the adi-
abatic self-heating [18]. This clearly shows that the
surge of local strain rate does not immediately result
in an increase in the local stress and the correspond-
ing dynamic amplification.

Figure 18 compares the impact energy absorption
of the 304L without reverse loading, with LSR and
HSR loading. The energy density is calculated by
W= fos Oued€ye- The energy density up to necking
is shown in Fig. 18a, while the energy density up to
fracture is given in Fig. 18b. Due to the early necking,
the 304L with HSR loading shows the lowest impact
energy absorption about 110 MJ/m>. This is much
lower than the energy absorption of about 280 MJ/
m? for the initial 304L and the 304L with LSR load-
ing, as can be seen in Fig. 18a. However, considering
the energy absorption up fracture shown in Fig. 18b,
the initial 304L and the 304L with LSR loading show
a similar increase of the strain energy density, with
the energy density at failure about 1100 MJ/m?>. The
304L with HSR loading presents a more significant
increase of the strain energy density at a given true
strain. The strain energy density at failure for the
304L with HSR loading is about 1050 MJ/m?, which
is only 5% lower than the 304L without reverse load-
ing and with LSR loading. Although the HSR loading
reduces the strain hardening and slightly reduces the
true strain to failure, the impact energy absorption of
the 304L can still be maintained.
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Fig. 15 The typical rate dependent true stress—strain relationships of the 304L a without reverse loading, b with LSR loading and ¢

HSR loading

3.4 Microstructural characterization

The fracture surfaces of the dynamically failed 304L
without reverse loading, with LSR loading and HSR
loading are shown in Fig. 19. The micrographs on
the edge of the cup fracture surface are listed on the
left column, and the micrographs taken from the bot-
tom of the cup fracture surface are shown on the right
column.

The 304L without reverse loading consists of shear
dimples (arrowed), relatively flat and smeared regions
(circles in Fig. 19a, b), indicating a failure mode
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associated with grain boundary sliding [54]. For the
304L with LSR loading, the fracture surface shows
a region with shear elongated dimples (marked by
an arrow in Fig. 19c). Figure 19d consists of a mix-
ture of shallow dimples and deep circular voids. This
indicates a good ductility of the 304L with low strain
reverse loading [55, 56]. For the 304L with HSR
loading, the fracture morphology in Fig. 19e shows a
high density of dimples. A mixture of voids and dim-
ples can be seen in Fig. 19f. The fracture surfaces of
the 304L with reverse loading show dense and fine
dimples arising from the grain refinement during the
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reverse loading process [41, 42]. Likewise, these frac-
ture surfaces of the 304L with reverse loading present
a more homogeneous distribution of dimples, which
coincide with the observations in the pre-strained and
reverse loaded materials in Refs. [54, 57].

The fracture surfaces of the 304L with different
loading conditions are shown in Fig. 20 at a higher
level of magnification. Figure 20a, b show the elon-
gated dimples are evenly distributed in the dynami-
cally failed 304L without reverse loading and with
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LSR loading. A high density of dimples exists in the
dynamically failed 304L with HSR loading (Fig. 20c).
Voids can be observed in the fracture surfaces in the
304L, regardless of the reverse loading history. This
microstructural characterization section aims at illus-
trating that the 304L rods with three different loading
conditions present ductile failure mode [55, 57]. This
is consistent with the good impact energy absorption
of the reverse loaded 304L.

4 Discussion

The materials and structures in the aircraft wing and
jet engine containment system [31, 34, 58] would
suffer from the impact loading. During the manufac-
turing process or in service, the unavoidable reverse
loading would influence the mechanical properties of
materials. Evaluations of the mechanical behavior and
the energy absorption of materials with reverse load-
ing history are important for a safe design. The metal-
lic alloys, subjected to the tensile loading, experience
inhomogeneous deformation and strain localization
beyond a maximum force. Analysis of the materials
under impact loading requires an understanding of the
dynamic strain localization process. This work aims
to study the effect of the reverse loading history on
the subsequent dynamic strain localization and energy
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Fig. 17 Dynamic amplification as a function of a true strain and b true strain rate
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absorption of ductile rods, by using 304L as a model
material due to its good ductility and its applications
in aircraft structural components. The main results
and discussions are given as follows.

A bespoke reverse loading setup is constructed
in this work. This setup is based on the screw-driven
Zwick Z50 machine and the Imetrum video extensom-
eter system. The engineering strain of the specimen
gauge section is monitored by the Imetrum system in
real time. This provides feedback to the Zwick machine
to apply the strain controlled reverse loading directly
to the specimen gauge section. The dog-bone specimen
with a 3 mm gauge length is proposed for the reverse
loading tests. The stress—strain relation before neck-
ing is found to be independent of the specimen gauge
length. The large strain reverse loading is difficult, due
to the potential buckling of specimen at the compres-
sive reverse loading stage [16]. Hence, the relatively
short gauge length specimen is used in this work. With
the bespoke reverse loading setup and the proposed
specimen, the tension—compression reverse loading
up to a strain of 0.16 was successfully conducted. The
constitutive relationship measured by the Imetrum sys-
tem agrees with that measured by the DIC. Here, only
one cycle of tension—compression loading is applied
to the specimen, in order to avoid the micro damages
to the specimen [10, 14]. This enables the local true
stress—strain relationship of the reverse loaded speci-
men to be measured, using the volume constancy.

@ Springer

With this bespoke setup, the Bauschinger effect of
the 304L is characterized by a reduced yield stress at
the beginning of reversal loading, as shown in Fig. 6.
The reverse loading affects the interior microstructure
[59, 60], see the detailed microstructural characteriza-
tions (such as martensitic transformation) of the 304
steel under reverse loading reported by Taleb et al.
[61] and Hamasaki et al. [16] and Guo et al. [62]. The
occurrence of the Bauschinger effect is mainly due to
the back stress and the dislocation motion [50]. The
304L presents a permanent softening behavior and a
significant Bauschinger effect [63] during the large
strain reverse loading process. These agree with the
results of Manninen et al. [15]. However, the avail-
able literature is limited to only one incomplete cycle
of large strain reverse loading (the reverse compres-
sive loading has to stop shortly after reaching the
reverse yield stress), as the misalignment of the speci-
men prevent the compressive loading to continue.

The current setup allows the cycle of tension—com-
pression loading to complete. After the reverse load-
ing, the specimens are tested from quasi-static to high
strain rates. The strain of the specimen gauge section
is directly measured by the DIC technique. The 304L
with high strain reverse loading shows significantly
higher flow stress than that of the initial 304L. This is
a result of grain refinement during the reverse loading
[41, 42] and the Hall-Petch effect in the 304L mate-
rial [42, 64, 65]. Although the plastic flow is greatly
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Fig. 19 Fracture surfaces
of the dynamically failed
304L a, b without reverse
loading, ¢, d with LSR
loading and (e, f) with HSR
loading

influenced by the reverse loading history, the strain
rate sensitivity of the flow stress at the strain of 0.05
seems to be less affected by the reverse loading his-
tory, as shown in Fig. 14. The increasing trend of the
initial flow stress as a function of strain rate is nonlin-
ear, which can be predicted by the Cowper—Symonds
model [52].

Dynamic strain localization of the 304L with-
out and with reverse loading is monitored. The local
strain rate of the reversed loaded 304L increases
dramatically and becomes 10 times higher than the
nominal strain rate. Given the evolution of local strain
rate, the dynamic amplification factors over various
local strain and local strain rate are evaluated. Con-
trary to the surge of local strain rate, the local stress
does not show a dramatic increase. The dynamic flow

stress depends on the instantaneous strain rate and
the strain rate history [66, 67]. Recently, Jacques and
Rodriguez-Martinez [68] distinguished the instanta-
neous strain-rate sensitivity and the work-hardening
strain-rate sensitivity in necking development. The
effect of the work-hardening strain-rate sensitivity
on the plastic flow depends on the current strain rate
of the necking zone, and also the previous strain rate
history. Likewise, dynamic necking is associated with
thermal softening arising from the thermomechani-
cal conversion [18, 69, 70]. The dynamic plastic flow
is governed by working-hardening, strain rate and
thermal softening. Consequently, the rapid increase
of local strain rate would not immediately result
in an increase in the flow stress and the dynamic
amplification. These analyses agree with the recent
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Fig. 20 Higher level mag-
nification of the fracture
surfaces of dynamically
failed 304L, a without
reverse loading, b with LSR
loading and ¢ with HSR
loading

observations of Mirone et al. [40, 71, 72] in the Hop-
kinson bar tensile tests.

Analysis of the reverse loading effect on the impact
energy absorption is of interest. Different from the
evaluation of strain energy density up to necking in
the work of Lopez and Verleysen et al. [14], this work
studies the local stress—strain relation and the cor-
responding strain energy density up to the fracture.
Due to the early necking (smaller strain to necking) of
the 304L with reverse loading, the evaluation of the
energy absorption up to necking would be mislead-
ing (Fig. 18a). Analysis of the local behavior shows
that the energy absorption of the 304L with HSR
loading is only slightly (about 5%) lower than the ini-
tial 304L and the 304L with LSR loading, as can be
seen in Fig. 18b. Consequently, good impact energy
absorption can be maintained in the reverse loaded
304L. This agrees with the characterized ductile frac-
ture surfaces of the 304L with reverse loading history.
The fracture surfaces of the initial 304L and the 304L
with LSR loading show evenly distributed elongated
dimples (Fig. 19a, c). The dynamically failed 304L
with HSR loading shows a high density of dimples in
Fig. 19e, which is attributed to the significant grain
size refinement during the reverse loading [41, 42]
and agrees with the fracture surface characterizations
in Refs. [54, 57].
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Compared to the reduced dynamic failure strain
from the initial 304L to the 304L with HSR in
Figs. 12 and 15, the impact energy absorption is
found to be almost not influenced by the mechani-
cal work during the cycle loading process. One can
associate this result with the noticeable energy con-
ception for dynamic shear failure proposed by Rittel
et al. [73-75] in recent decades. Irrespective of the
prestrain, the dynamic energy density up to failure
remained quite constant [73]. The reduced exten-
sional ductility of reversely pre-strained materials
can be found in a number of early works of Swift
[76], Nypan [77], Rockey [78] and Coffin [79]. The
constant energy is suggested as a simple failure cri-
terion of material with cyclic prestraining, which
agrees with the Cockroft-Latham criterion [80].
Consequently, the energy conception is of great
importance to describe dynamic strain localization
(necking and shear strain localization) of ductile
materials.

Although the dynamic strain localization of
the reverse loaded material is the main concern in
this paper, the bespoke reverse loading setup can
be extended to a number of works in the future, for
instance, systematical studies of the Bauschinger
effect and the corresponding microstructural evo-
lutions, the flow and failure of advanced alloys
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subjected to multi-cycles reverse loading. In addi-
tion, the tension—compression reverse loading or the
compression—tension reverse loading can be applied
to the specimen at different strain levels. The effect of
fatigue damage on the flow and failure of engineer-
ing alloys can also be studied in the future. These
will support the development of constitutive model
of materials for engineering applications in the next
step.

5 Conclusion

This work reports the dynamic strain localization
of the 304L and its dependence on the large strain
reverse loading history. Several bespoke techniques
are used to characterize the responses of ductile 304L
under large deformation. The main outcomes are
summarized as follows:

A bespoke reverse loading Zwick-Imetrum sys-

tem is constructed, with real time strain control

capability. This setup applies the reverse load-
ing directly to the specimen gauge section up to

a strain level of + 0.16. Likewise, this bespoke

setup can be used to reveal the Bauschinger effect

of the ductile materials.

e The development of necking instabilities is
affected by the reverse loading history. The large
strain reverse loading results in an early necking
and the subsequent strain localization during most
of the test duration.

e The local strain rate of the reverse loaded 304L
increases dramatically during the dynamic strain
localization. A higher strain reverse loading results
in a higher local stress and a higher local strain rate.

e Analysis of the local stress—strain relationship shows
the decrease of the dynamic amplification with the
increase of local strain rate. This indicates the surge
of local strain rate does not immediately result in an
increase in the local stress.

e The effect of reverse loading should be considered
to evaluate the impact energy absorbing capacities
of the structural components. The 304L materials
with reverse loading history show good crash energy
absorption, which agrees with the microstructural
characterizations with ductile failure mode.
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Appendix A

To analyze the stress triaxiality distribution along
the specimen gauge section, the finite element simu-
lation is performed to evaluate the triaxiality factors
along the specimen axis and a cylinder generatrix on
the outer specimen surface. The simulation was per-
formed using a commercial software ABAQUS. The
pre-necking tensile stress—strain curve at strain rate of
0.01/s is used as input material data. The specimen is
modelled as axisymmetric, and meshed with reduced
integration element CAX4R. The element size of the
gauge section is 0.1 x0.1 mm? with default hourglass
control. Figure 21 shows that the stress triaxiality
decreases from the end of gauge section to the center
of gauge section. The stress triaxiality at most of the
gauge section is between 0.29 and 0.39. The stress tri-
axiality at the center of gauge section is in the range
of 0.33-0.34 at engineering strain of 0.16.
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