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Super 304HCu austenitic stainless steel containing 2.3-3 (wt.%) of Cu is mainly used in
superheaters and reheaters tubing of ultra super critical boilers which operates over 600 °C
of steam temperature. Tensile tests were carried out on Super 304HCu, using nominal strain
rate of 1 x 10~3s71, at room temperature, 550°C, 600°C and 650°C. The tensile strength and
elongation were found to decrease with increase in test temperature. The stress strain curves
were fitted using Hollomon equation to determine the strain hardening exponent value. Dif-
ferential Crussard-Jaoul (C-J) analysis of the tensile curve is used to determine the variation
in strain hardening exponent. Kocks-Mecking (K-M) type plots were used to determine the
stages of strain hardening during tensile loading of the specimen. The strain hardening

K-M plots capacity of the Super 304HCu is found to decrease with increase in test temperature.
© 2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
- addition to the precipitation of fine Cu rich phase during creep
1. Introduction

Super 304HCu austenitic stainless steel (ASS) containing 2.3-3
(wt.%) of copper (Cu) is mainly used in superheaters and
reheaters tubing of ultra super critical boilers which operates
over 600°C of steam temperature [1]. Super 304HCu belongs
to 18% Cr-9% Ni system, with additions of Cu, Niobium, and
Nitrogen, for precipitation strengthening. Cu is the distinct
addition to this stainless steel in comparison to the others.
Cu added to the steel provides better oxidation resistance, in

* Corresponding author.
E-mail: visvabalu@yahoo.com (V. Balasubramanian).
http://dx.doi.org/10.1016/j.jmrt.2016.05.004

conditions and resulting in increased creep strength [2].

Sen et al. [3] investigated the microstructure and room
temperature (RT) mechanical properties of 304H grade stain-
less steel with 3% Cu annealed at 700°C up to 100h. It was
observed that the strength of the alloy remains unaltered
after annealing, while the strain hardening exponent of the
alloy enhances with annealing time. Yang et al. [4], Li et al.
[5], Bai et al. [6] studied the ageing behaviour, microstructure
evolution and precipitation behaviour of Super 304HCu boiler
grade ASS and reported good microstructural and mechanical

2238-7854/© 2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier Editora Ltda. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 - Chemical composition (wt.%) of Super 304HCu austenitic stainless steel.

(@ Si Mn P S

Ni N Cu Nb B

0.086 0.23 0.81 0.021 0.0003

18.18

9.06 0.095 3.080 0.045 0.0039

stability of this alloy after exposure to high temperatures. Ha
and Jung [7] studied the creep behaviour and microstructure
evolution of Super 304HCu stainless steel at 750 °Cin the stress
range of 78-200 MPa. The creep behaviour and high tempera-
ture microstructural behaviour of this steel made it suitable
for application in ultra super critical fossil power plants.
Alaneme et al. [8] investigated the mechanical behaviour of
304H ASS containing 0-5wt.% of Cu and found that the frac-
ture behaviour was unaffected by Cu addition.

Tensile flow and work hardening behaviour attract sig-
nificant scientific and technological interest with a view to
optimize appropriate conditions for material processing and
to ensure safe performance during service [9]. Work hardening
behaviour, which influences strength and ductility, is one of
the important considerations in evaluating the plastic defor-
mation of materials [10]. A good number of semi-empirical
relations are developed to describe the plastic flow behaviour
of polycrystalline materials. The parameters involved in these
constitutive equations have been used to investigate the
underlying mechanisms and the change in microstructure
that occur during deformation [11].

Though, the strain hardening behaviour of cubic metals
is fairly well understood, and accumulation of a forest of

a Parent metal microstructure

dislocations is the predominant hardening mechanism [12].
From literature survey, it is found that few investigations were
carried out on evaluating the mechanical properties of Super
304HCu at RT. However, the effect of test temperature on the
strain hardening behaviour and the strain hardening stages,
which may occur in Super 304HCu ASS, is scant and needs to
be investigated. Hence, in this investigation an attempt has
been made to study the effect of test temperature on tensile
properties and strain hardening behaviour of Super 304HCu.
Empirical relationships were used to describe the plastic flow
behaviour.

2. Experimental details

Super 304HCu seamless tubes (Grade: DMV304HCu, Heat
No. 100317) intended for use in heat exchangers of ultra
super critical boilers were supplied by M/s Salzgitter Man-
nesmann Stainless Tubes Italia Srl, Italy. Tubes of outer
diameter 57.1 mm and wall thickness of 3.5 mm were received
in annealed condition (1145°C), with ASTM grain size of
8. The chemical composition of Super 304HCu is given in
Table 1 and the microstructure is shown in Fig. 1a, which

b Dimensions of hot tensile specimen (mm)
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5.00

d Tensile specimen after test

Fig. 1 - Optical microstructure and tensile specimen details.
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Fig. 2 - Engineering stress-strain curves at various test
temperatures.

consists of equiaxed austenitic grains with annealing twins.
The schematic representation of hot tensile specimen with
dimensions is shown in Fig. 1b.

Tensile tests were carried out using Instron universal
testing machine (UTM) under the constant crosshead speed
mode with a nominal strain rate of 1x10~3s~!. The ten-
sile tests were carried out at test temperatures of RT, 550°,
600°, and 650°C. The UTM was equipped with a three-zone
resistance heating furnace for high temperature testing and
a computer with data acquisition system for obtaining dig-
ital load-elongation data. The photographs of hot tensile
specimens before and after test are shown in Fig. 1c and
d, respectively. For microstructural examination using light
optical microscope (OM) the specimens were prepared using
standard metallographic techniques and etched with 3 parts
HCL and 1 part HNOj3 for 5-10s to reveal the microstructural
features and for transmission electron microscope (TEM) thin
film specimen were suitably prepared. The fracture surfaces of
the tensile specimens were analyzed using scanning electron
microscope (SEM) to reveal the mode of fracture.

3. Results
3.1. Tensile properties
Engineering stress-strain curves of Super 304HCu tested at

various temperatures are shown in Fig. 2 and their ten-
sile properties are presented in Table 2. The effect of test

Test temperature (°C)

Fig. 3 - Effect of test temperature on strength and
elongation.

temperature on tensile strength, yield strength and elonga-
tion are shown in Fig. 3. The tensile strength and elongation
decreases, with increase in test temperature from RT to 650 °C.
However the decrease in elongation from RT to 550°C was
28.8%, and within the temperature range of 550°C to 650°C
the decrease is marginal.

3.2. Strain hardening capacity

The hardening capacity (Hc) of a material may be considered
as a ratio of the ultimate tensile strength (oyrs), to the yield
strength (oy) [13,14]. Afrin et al. [13] modified the hardening
capacity to a normalized parameter as,

OuTs — 0y _ OUTS
%y B oy

H = -1 (1)

The H. of Super 304HCu at different test temperatures is
presented in Table 2. H. increased with the increase in test
temperature from RT to 550°C. On further increase in test
temperature between 550 °C to 650°C the H. decreased.

3.3. Strain hardening behaviour

The strain hardening exponent is a measure of the ability
of a metal to strain harden; the larger its magnitude, the
greater the strain hardening for a given amount of plastic
strain [15]. The larger the n value, the more the material can
deform before instability, and the material can be stretched
further before necking starts [16]. The tensile test data in the

Table 2 - Tensile properties of Super 304HCu austenitic stainless steel at different test temperatures.

Test temperature 0.2% Yield strength

Ultimate tensile

Elongation in gauge Strain hardening

Q) (MPa) strength (MPa) length of 25 mm (%) capacity ‘H’
RT 284.2 575.8 71.8 1.03
550 205.5 465.8 43.0 1.27
600 193.0 431.8 41.7 1.24
650 204.3 401.8 39.6 0.97
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Table 3 - Strain hardening exponent values of Super

304HCu austenitic stainless steel tested at various
temperature.

Test temperature Hollomon C-J analysis
9

(n3) (n3) (ny - 1) (g - 1)
RT 0.07 0.28 —0.23 —0.83
550 0.12 0.34 —0.12 —-0.91
600 0.11 0.33 -0.37 —-0.99
650 0.14 0.27 -1.35 —0.38

region of uniform plastic deformation was fitted using the
empirical Hollomon’s equation [17] o =ke" to determine the
strain hardening exponent ‘n’ where, n is the strain hardening
exponent, k is the strength coefficient, o is the true stress
and ¢ is the true strain. Fig. 4a shows the log-log plot of
true stress-true plastic strain at different test temperatures,
where the slope of this plot represents the ‘n’ value. From
the plot, two stages of strain hardening were identified, each

a Hollomon analysis

Inoc
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— RT 600 °C
e 550 °C e 650 °C

Fig. 4 - Determination of strain hardening exponent of
Super 304HCu tested at different temperature.
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Fig. 5 - Effect of test temperature on strain hardening
exponent determined using Hollomon and differential C-J
analysis.

having its own ‘n’ value. The value of the two ‘n’ obtained
from the Hollomon’s equation is given as nff and n! in Table 3,
where nf! represents the slope of the low strain region and nf!
represents the slope of high strain region.

In order to quantify the strain hardening response better,
differential Crussard-Jaoul (C-J) analysis [18] of the tensile
curve is used to determine the variation in strain hard-
ening exponent. Assuming Ludwik power relationship [19],
o =0y +kye", where n is the strain-hardening exponent, oy is
the yield stress and, k is the strength coefficient. After differ-
entiation with respect to ¢, a log-log plot (do/de) — ¢, shown
in Fig. 4b reveals a linear plot with the slope gives value
of ‘(Y — 1y’ The value of ‘(nY — 1)’ obtained at various test
temperaturesis listed in Table 3. The value ofng and ng} is con-
sidered to be more sensitive to test temperatures, as the strain
hardening exponent usually tends to decrease with increase in
test temperature. The n!f value being lower, shows increasing
trend with increase in temperature is considered to be less
sensitive to temperature. The effect of test temperature on
strain hardening exponents (n*! and n%) are shown in Fig. 5.
Similar results were reported by Afrin et al. [13] and Chowd-
hury et al. [20].

3.4.  Strain hardening rate

In order to understand the work-hardening behaviour of
the steels, the instantaneous work-hardening rate 6 = do/de
is considered [21,22]. Kocks-Mecking (KM) plot of strain-
hardening rate (§) as a function of net flow stress (o — oy)
has been widely used to interpret tensile work hardening
behaviour of metals and alloys [20]. The KM plot at different
test temperature is shown in Fig. 6. Stage I and stage Il harden-
ing is not observed for Super 304HCu at all test temperature.
Stage Il hardening is usually weakly sensitive or insensitive to
temperature and strain rate. Following stage II, typical stage
IIT results in a continuous and linear decrease in the work
hardening rate that depends on applied strain rate and tem-
perature. As stage Il approaches to a saturation level, stage IV
appears at large strains. Stage IV is characterized by the low

Please cite this article in press as: Vinoth Kumar M, et al. Hot tensile properties and strain hardening behaviour of Super 304HCu stainless steel.
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Fig. 6 — K-M plot of strain hardening rate () vs. net flow
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and nearly constant work hardening rate [9]. The stage IIl and
stage IV strain hardening was observed, and it is sensitive to
variation in the test temperature. From Fig. 6, it is observed
that the K-M plots shift to lower stresses, i.e. shifts towards
the origin with increase in temperature. However a transition
at 600 °Cis observed with the plots for temperatures 600 °C and
650°C being shifted to high stress region during the beginning
of stage III, with an increase in initial strain hardening rates. In
case of region IV, with increase in test temperature the strain
hardening rate has decreased. Further, a steady reduction in
length of region IV has been observed with increase in test
temperature.

3.5. Fracture surfaces

Fracture surface of the specimens tested at RT and 650°C
are shown in Fig. 7(a and b) respectively. The fracture was
considered to be completely ductile in case of RT test, with
voids of varying sizes surrounded by fine dimples, voids are
associated with the precipitates present in the austenitic
matrix (refer Fig. 7a). The fracture surface of specimens tested
at high temperature reveals fewer voids, much larger in size
and cleavage like featureless facets than the specimen tested
at RT [20]. It is evident from the fractographs that the fracture

a Room temperature

/
K
¢

b

at high temperature is more brittle than at RT. The more
brittle nature of failure in high temperature test is evidenced
by the constant decrease in elongation of the specimens with
increase in test temperature; similar results were reported by
Farabi et al. [23]. However, the fracture surface of specimen
tested at all temperatures invariably consists of dimples of
varying sizes, evidencing the predominantly ductile mode
of failure, with voids attributed to the sites of precipitates,
which act as crack initiation points.

4. Discussion
Stress-strain curves of Super 304HCu tested at various tem-
peratures exhibit continuous yielding behaviour (refer Fig. 2).
The continuous yielding has been related to the presence of
mobile dislocations during the initial stages of plastic defor-
mation, which are created in austenite matrix via plastic
deformation [24]. In a way, the tensile hardening capacity of
the material may be related to the strength of the material
in terms of Hg, it has a direct relationship with the material’s
strength [25]. In this work, the H. represents the material’s
ability to harden during tensile loading in the region from
YS to UTS. Super 304HCu at RT is less likely to harden, than
tested at high temperatures up to 600 °C. However, the hard-
ening capacity decreases at the test temperature of 650°C.
Hardening capacity of FCC metals is mainly governed by
the dislocation—-dislocation interaction rather than the grain
boundary strengthening dependent on the grain size [26]. The
annihilation of dislocation increases with increase in test tem-
perature from 550 to 650 °C and hence the hardening capacity
decreases. At lower temperature the lattice resistance to the
dislocation motion is higher and hence the strength at lower
temperature is higher than the high temperature strength.
The yield strength, tensile strength, and strain hardening
rate of Super 30HCu decrease with increase in tempera-
ture. Strain hardening arises from the blockade in dislocation
motion at a barrier, the obstacle may be a grain boundary,
sub-grain boundary, tangled cell, second phase, etc. Two strain
hardening stages were observed in the Hollomon fit of tensile
curve represents that nf! is sensitive to the matrix, whereas the
nfl is sensitive to the second phase particles, i.e., the precip-
itates in the matrix. Similar results were reported by Zhang
et al. [27] and proposed a single parameter, mean free path
(MFP) of dislocation motion, as a measure to account for the

High temperature (650 °C)

Fig. 7 - Fracture surface of Super 304HCu tensile specimens.
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Room temperature

b High temperature (550 °C
TR

Fig. 8 - Transmission electron micrograph of Super 304HCu tensile specimens.

strain hardening, is equal to the grain size, sub-grain size, and
interparticle spacing of the second phases. The MFP of disloca-
tion decreases with increase in dislocation density and results
in a decrease of instantaneous strain hardening exponent. The
decrease in value of (n? — 1) from 550°C to 650°C represents
the amount of dislocation annihilation. The higher value of
(n? — 1) for 650°C determined from C-J analysis indicate the
rapid recovery process occurred at this temperature.

From the K-M plot, the 6 decreases continuously and
becomes almost constant (refer Fig. 6), indicating the stage
III and stage IV behaviour of strain hardening. The stage
Il is characterized by simultaneous storage and the anni-
hilation of dislocations, whereas the stage IV is merely a
dislocation storage process. Regardless of the temperature
the dislocations are stored and annihilated after reaching a
critical stress or/and strain. The annihilation increases with
increase of stress until an equilibrium between the storage
and annihilation of dislocations is achieved, leading to stage
IV with constant dislocation density at constant stress [28].
TEM micrographs of tensile specimen tested at RT and 550°C
shown in Fig. 8, reveals the annihilation of dislocations at
higher temperatures (refer Fig. 8b). The increase in test tem-
perature lead to lowering of initial 6 values and lower ¢ values
at the stage IV of strain hardening. Stage III is termed as
“dynamic recovery” described by the decreasing slope of strain
hardeningrate in the K-M plot and is very sensitive to the tem-
perature. Stage III is strongly dependent on the material and
its stacking fault energy. The decrease in the hardening rate
with strain is strongly dependent on temperature, indicating
the need for a stress-dependent activation energy [29]. Steeper
decrease of ¢ in stage III for all test temperatures, results in
decreased strength.

The strain hardening behaviour can be explained by the
dislocation theory of strain hardening [30]. The decrease in the
strain hardeningrate at stage Il indicates the dominant role of
dislocation annihilation, rather than dislocation-dislocation
interaction and multiplication. The extremely high initial
hardening rate may be related to the simultaneous resis-
tance offered by the large amount of defect sources, such
as twin boundaries [14]. At high temperatures, a rapid shift
in K-M plots (refer Fig. 6) to lower stresses with increasing

temperature indicates the dominance of recovery processes
leading to early cross-slip and climb of dislocations. It is sug-
gested that the initial work-hardening rate, to be temperature
independent. The change in initial work hardening rate can
be associated with change in controlling deformation mecha-
nisms from RT to high temperatures [31]. In particular, stage
Il is sensitive to microstructure, dislocation annihilation, con-
tributes to the decrease in strain hardening.

The difference in respective work hardening parameters
with increase in temperature from room to high tempera-
tures suggests that the dislocation sub-structural behaviour
in its totality is different in the two temperature regimes. At
higher temperatures, significant reduction in strength with
increase in temperature indicates the acceleration in recovery
processes [32]. The thermal activation available at high tem-
perature may also contribute to the low work hardening rate
at high temperatures. However, the change of yield strength
and crossover of stress—strain curves in certain region may be
related to the texture effect or intrinsic work hardening effects
[29].

5. Conclusions

1. Theyield strength, tensile strength and elongation of Super
304HCu decrease with increase in test temperature. The
strain hardening capacity (H¢) of the material increases up
to 600°C and decreases at 650°C.

2. Hollomon empirical relationship used to fit the
stress-strain curves, represented 2 hardening stages,
each having its own strain hardening exponent value.
Differential Crussard-Jaoul (C-J) analysis of tensile curve
of Super 304HCu revealed the lowering of strain hardening
exponent value with increase in test temperature.

3. The K-M plots for all test temperatures were characterized
by two stage hardening behaviour, with stage III repre-
sented by arapid decrease in strain hardening rate followed
by stage IV with relatively constant strain hardening rate.
K-M plots of Super 304HCu shift to lower stresses, with
increase in temperature, indicating that the material is
temperature sensitive to tensile hardening.
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4. The accelerated recovery and availability of thermal acti-
vation at high temperature contributed to the low work
hardening rate at high temperatures.
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