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Abstract

This research was aimed at determining optimum Cu content for the alloy design of SUS
304H austenitic steels having enhanced heat and corrosion resistance. Samples of the steel con-
taining 1, 3, and 5 wt.% Cu were subjected to repeated heating and cooling to a temperature
of 760◦C and to a maximum of 15 cycles. Hardness measurement and the corrosion behaviour
in 1M NaCl solution were evaluated. The hardness increases with an increase in the number
of heating cycles for the three compositions. The hardening response to the thermal cycles is
however higher for the 1 wt.% Cu composition and decreases with an increase in the Cu wt.%.
The SUS 304H steel containing 3 wt.% Cu exhibited the least susceptibility to corrosion in the
1M NaCl solution irrespective of the number of heating cycles. The SUS 304H steel containing
1 wt.% Cu was found to exhibit the highest susceptibility to corrosion for all heating cycles
compared.

K e y w o r d s: mass loss, SUS 304H austenitic steel, thermal cycles, corrosion behaviour,
hardness

1. Introduction

The use of Cu alloyed SUS 304H austenitic steels
for extreme high temperature applications such as the
manufacture of seamless tubes of heat exchangers,
and boiler and turbine tubes for ultra super critical
coal power generating plant technologies, has con-
tinued to generate a lot of research interest [1, 2].
This is due to the excellent high temperature prop-
erties (strength, oxidation, corrosion, and creep res-
istance) derived from the steel, which is processed
at low cost and allows for the use of recycled steel
scraps rich in Cu. The SUS 304H austenitic steel has
a typical composition of Fe-0.1C-18Cr-9.3Ni-0.4Nb-
-0.2Si-0.8Mn-0.1N (in weight percent) with Cu within
the range of 1–5 wt.%. The excellent high oxidation
and corrosion resistance of the steel is attributed to
its Cr and Ni compositions [3]. Its high creep resist-
ance, mechanical properties and microstructural sta-
bility are attributed to the multiple strengthening
mechanisms resulting from the refined grain struc-
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ture, and the well dispersed NbC(N), Cr3C6, and Cu
nano-precipitates which are developed in the austen-
itic matrix [4, 5]. Despite the absence of conventional
high temperature elements such as Mo, V, W, Ta, the
overall high temperature properties of the SUS 304H
austenitic steel are comparable to that of the expens-
ively processed Ni based super alloys [6].
Since the difference in composition between the

SUS 304H austenitic steel and other austenitic steels
in the 304 classification is its Cu content, a number
of research investigations have been carried out to
understand its contribution in the micro-mechanisms
of strengthening of the SUS 304H austenitic steels.
Fleury et al. [4] and Wu et al. [7] have shown that
nano-sized Cu precipitates which form at high temper-
atures in the steel help to improve its creep strength.
Alaneme et al. [8] have shown that the tensile proper-
ties of solution heat-treated SUS 304H are influenced
by Cu content but the fracture toughness and fatigue
crack growth behaviour are invariant to the amount of
Cu in the steel. Sen et al. [9] also reported that anneal-
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ing treatment on Cu containing SUS 304H austenitic
steels does not affect the mechanical performance ad-
versely while still improving the creep resistance.
However, very little has been reported on the influ-

ence of Cu on the corrosion behaviour of the SUS 304H
austenitic steels. This research work aims to study
the influence of Cu wt.% and thermal cycle (result-
ing from repeated heating and cooling as is observed
in the operations of boilers, steam turbines, and other
high temperature facilities) on the mechanical stabil-
ity and corrosion behaviour of SUS 304H austenitic
steels containing 1–5 wt.% of Cu. The results from the
investigation will help in the ongoing process of select-
ing optimum Cu content for the design of SUS 304H
austenitic steels.

2. Materials and method

Three SUS 304H austenitic steels with the nom-
inal chemical composition (in wt.%) of Fe-0.1C-
-18Cr-9.3Ni-0.4Nb-0.2Si-0.8Mn-0.1N-xCu, where x =
1, 3, and 5, were examined in this work. The as-cast
steel alloys were initially austenized at 1200◦C for 24 h
followed by air cooling. They were then forged and
rolled at 1200◦C to achieve a 75 % reduction in thick-
ness that was followed by air cooling. Subsequently,
the plates were cold rolled to achieve another 30 %
reduction in thickness, so that the final thickness of
the plates was 10 mm. These cold rolled plates were
solution treated at 1200◦C for 30 min followed by wa-
ter quenching to complete the thermo-mechanical pro-
cessing [8]. The steels were subjected to a maximum
of 15 thermal cycles by repeated heating to 760◦C,
holding for 2 h before cooling in air. For each heat-
ing cycle, the hardness of the test sample was eval-
uated using a Rockwell Hardness Tester and follow-
ing standard procedures in accordance with ASTM
E18 – 08b [10]. The corrosion tests were carried out
in 1M NaCl solution (which was prepared following
standard procedures) on samples representative of 0,
3, 6, 9, 12, and 15 thermal cycles for each composition.
The specimens for the test were mechanically polished
with emery papers of grit size from 120 to 640. The
samples were de-greased with acetone and then rinsed
in distilled water before immersion in the 1M NaCl
solutions after which were all exposed to atmospheric
air. The solution-to-specimen surface area ratio was
about 140ml cm−2. The corrosion behaviour of the
samples was evaluated by mass loss and corrosion rate
measurements in accordance with ASTM G31 stand-
ard [11]. Microstructural examination was performed
on selected specimens using optical and scanning elec-
tron microscopy. The microstructural characterization
was performed in accordance with Alaneme [12].

Fig. 1. Representative micrographs showing (a) optical
micrograph of the SUS 304H austenitic steel containing
3 wt.% Cu, and (b) scanning electron micrograph of the

SUS 304H austenitic steel containing 3 wt.% Cu.

3. Results and discussion

3.1. Microstructure

Representative optical and scanning electron mi-
crograph of the SUS 304H austenitic steel with 3 wt.%
Cu is presented in Fig. 1. The optical micrograph
(Fig. 1a) shows recrystallized grains and the pres-
ence of significant amounts of annealing twins dis-
persed in the matrix. Alaneme et al. [8] have repor-
ted that the structure observed develops as a res-
ult of the thermomechanical processing given to the
steel. The scanning electron micrograph (Fig. 1b) con-
firms that precipitates develop in the steel after it
is subjected to thermal cycling. Most of the precip-
itates observed from the structure were confirmed
by EDX analysis to be Cr23C6. The same micro-
structural features were observed for other composi-
tions.
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Fig. 2. Variation of the hardness with a number of heating
cycles for the SUS 304H austenitic steels.

3.2. Influence of annealing cycle on the
hardness

Figure 2 shows the graphs of the variation of hard-
ness with a number of heating cycles for the SUS 304H
austenitic steel containing 1, 3, and 5 wt.% Cu. It has
been observed that there is a general increase in hard-
ness with an increase in the number of heating cycles
for the three compositions. This trend is attributed
to the precipitation of NbC(N), Cr23C6, and nano-
-sized Cu precipitates with an increase in the num-
ber of heating cycles. This is an indication that the
strength of the steels is not only stable under such
thermal operating conditions, but it also improves
significantly. The hardening response to the thermal
cycles is however observed to be higher for the 1 wt.%
Cu SUS 304H and appears to decrease with an increase
in the Cu wt.%. Thus it is observed that the 5 wt.%
Cu SUS 304H had the least hardening response. It has
been reported that during thermal/thermomechanical
treatment of Cu containing SUS 304H steels, a reas-
onable amount of the Cu still remains in solution in
the austenitic matrix [8]. It is logical to suggest that
the amount of Cu in solution in the austenitic mat-
rix is higher for the 5 wt.% Cu composition. Thus the
austenite matrix will be more stable resulting in the
precipitation of a relatively lower amount of second
phase particles (NbC(N), CrC6). It is noted that for
all compositions, there is a drop in the hardening rate
between the 4th and 8th cycle after which the harden-
ing rate increases significantly with increasing number
of heating cycle.

3.3. Influence of composition on the
corrosion behaviour in NaCl solution

Figure 3 compares the mass loss and corrosion
rates of the as-received SUS 304H austenitic steels
with the three different Cu compositions. It was ob-
served that the 3 wt.% Cu SUS 304H steel exhibited
the least susceptibility to corrosion in the 1M NaCl
solution. It was also observed from Figs. 4–6 that the

Fig. 3. Variation of the mass loss (a) and of the corrosion
rates (b) with exposure time for the as-received SUS 304H

austenitic steels in 1M NaCl solution.

Fig. 4. Variation of the mass loss (a) and of the corrosion
rate (b) with exposure time for the SUS 304H austenitic
steels subjected to 6 heating cycles in 1M NaCl solution.

3 wt.% Cu SUS 304H for most cases had the least sus-
ceptibility to corrosion irrespective of the number of
heating cycles. The SUS 304H steel containing 1 wt.%
Cu exhibited the highest susceptibility to corrosion
for all heating cycles compared. This is an indication
that Cu plays a role in the corrosion resistance of SUS
304H austenitic steels, and optimum selection of wt.%
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Fig. 5. Variation of the mass loss (a) and of the corrosion
rate (b) with exposure time for the SUS 304H austenitic
steels subjected to 12 heating cycles in 1M NaCl solution.

Cu in the alloy could lead to further improvements
in corrosion resistance. Since the heating temperature
of 760◦C is within the sensitization range, there is a
greater possibility of chromium segregation to grain
boundaries by virtue of the relatively smaller amount
of Cu in solution within the austenite matrix for the
1 wt.% Cu composition. Thus the SUS 304H steel con-
taining 3 wt.% Cu steel appears to be the most corro-
sion resistant composition in NaCl solution.
Figure 3b shows that the alloys have generally good

corrosion resistance, as it is observed that the max-
imum corrosion rate for the entire period of exposure
is less than 0.06mm/yr for all compositions of the SUS
304H steel.
It is observed that with the exception of samples

subjected to 6 heating cycles, the mass loss and cor-
rosion rate reduce with increasing number of heating
cycles. It is observed from Figs. 5a and 6a that the
oxide film formed on the samples is more stable (as
reflected by the negative mass loss which is indicative
of weight gain due to oxide film formation) in com-
parison with Fig. 3a [13, 14]. This observation is sup-
ported by the corrosion rate plots (Figs. 5b and 6b),
where it is seen that the maximum corrosion rates are
less than 0.03mm/yr in comparison to those of the as-
received samples which had maximum corrosion rates
of above 0.05mm/yr.

Fig. 6. Variation of the mass loss (a) and of the corrosion
rate (b) with exposure time for the SUS 304H austenitic
steels subjected to 15 heating cycles in 1M NaCl solution.

3.4. Effect of annealing cycles on corrosion
behaviour

Figures 7–9 present the variation of mass loss and
corrosion rates with the number of heating cycles for
each steel composition. From Fig. 7a it is observed
that for the 1 wt.% Cu, the mass loss increases with
an increase in heating cycles attaining a peak after
9 heating cycles. The mass loss reduces significantly
from the 12th to 15th heating cycle. For the 3 wt.%
Cu, it is also observed that peak corrosion is attained
after 6 heating cycles (Fig. 8a). Further heating cycles
resulted in a significant reduction in corrosion suscept-
ibility as is observed from between the 7th to 15th

cycle. It was observed that the sample subjected to
15 thermal cycles presented the least susceptibility to
corrosion in NaCl solution. The same trend is observed
for the 5 wt.% Cu SUS 304H austenitic steel (Fig. 9),
in which peak corrosion susceptibility was attained for
6 heating cycles. In the case of the 3 wt.% Cu SUS
304H steel, it is observed that after the 6th annealing
cycle the corrosion susceptibility reduces with further
increase in the number of heating cycles.

4. Conclusions

The influence of weight percent Cu additions and
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Fig. 7. Influence of the number of heating cycles on the
mass loss (a) and on corrosion rate (b) of SUS 304H aus-
tenitic steel containing 1 wt.% Cu in 1M NaCl solution.

Fig. 8. Influence of the number of heating cycles on mass
loss (a) and on corrosion rate (b) of SUS 304H austenitic

steel containing 3 wt.% Cu in 1M NaCl solution.

thermal cycling at 760◦C on the hardness and corro-
sion behaviour of SUS 304H austenitic steels has been

Fig. 9. Influence of the number of heating cycles on mass
loss (a) and on corrosion rate (b) of SUS 304H austenitic

steel containing 5 wt.% Cu in 1M NaCl solution.

investigated. From the results and discussion, the fol-
lowing conclusions are made:
1. There is a general increase in hardness with

an increase in the number of heating cycles for the
three steel compositions. The hardening response to
the thermal cycles is however observed to be higher
for the 1 wt.% Cu composition and appears to decrease
with an increase in the Cu wt.%.
2. The 3 wt.% Cu SUS 304H steel exhibited the

least susceptibility to corrosion in the 1M NaCl solu-
tion irrespective of the number of heating cycles. The
1 wt.% Cu containing SUS 304H steel exhibited the
highest susceptibility to corrosion for all heating cycles
compared.
3. The corrosion susceptibility of the three compos-

itions attains a peak between the 6th–9th cycle, after
which there is a significant reduction in corrosion rate
with further increase in heating cycle.

References

[1] Masuyama, F.: In: Proceedings of the Fourth Interna-
tional Conference on Advances in Materials Techno-
logy for Fossil Power Plants. Eds.: Viswanathan, R.,
Gandy, D., Coleman, K. Materials Park, OH, ASM-
-International 2005, p. 35.



30 K. K. Alaneme et al. / Kovove Mater. 51 2013 25–30

[2] Naoi, H., Mimura, H., Ohgami, M., Sakakibara, M.,
Araki, S., Sogoh, Y., Ogawa, T., Sakurai, H., Fujita,
T.: Nippon Steel report no. 57, 1993.
UDC621.184.2:669.14.018.44.462.3.

[3] Prabha, B., Sundaramoorthy, P., Suresh, S., Man-
imozhi, S., Ravishankar, B.: Journal of Materials
Engineering and Performance, 18, 2009, p. 1294.
doi:10.1007/s11665-008-9347-9

[4] Fleury, E., Hong, S. M., Shim, J. H., Lee, S. C.: In:
Proceedings of the 3rd Symposium on Heat Resist-
ant Steels and Alloys for High Efficiency USC Power
Plants 2009. Tsukaba, Japan 2009.

[5] NRIM Creep Data Sheet, Metallographic Atlas of
Long-term Crept Materials No. M-1, National Re-
search Institute for Metals (Present name: National
Institute for Materials Science), Tsukuba 1999.

[6] Visawnathan, R., Bakker, W.: Materials for ultrasu-
percritical coal power plants boiler materials: Part 1,
JMEPEG 10, 2001, p. 81.
doi:10.1361/105994901770345394

[7] Wu, Q., Vasudevan, V. K., Shingledecker, J. P., Swin-
deman, R. W.: In: Proceedings of the Fourth Interna-
tional Conference on Advances in Materials Techno-
logy for Fossil Power Plants. Eds.: Viswanathan, R.,
Gandy, D., Coleman, K. Materials Park, OH, ASM-
International 2005, p. 748.

[8] Alaneme, K. K., Hong, S. M., Sen, I., Fleury, E.,
Ramamurty, U.: Materials Science and Engineering
(Elsevier), A 527, 2010, p. 4600.
doi:10.1016/j.msea.2010.04.018

[9] Sen, I., Amankwah, E., Kumar, N. S., Fleury, E.,
Oh-Ishi, K., Hono, K., Ramamurty, U.: Materials
Science and Engineering, A, 528, 2011, p. 4491.
doi:10.1016/j.msea.2011.02.019

[10] ASTM E18 – 08b Standard Test Methods for Rockwell
Hardness of Metallic Materials. ASTM International
2008.

[11] ASTM Standards, Metals Test Methods and Analyt-
ical Procedures. Vol. 3.02. Wear and Erosion; Metal
Corrosion, G31, 1994, p. 104.

[12] Alaneme, K. K.: Materials Research, 14, 2011, p. 155.
doi:10.1590/S1516-14392011005000028

[13] Afolabi, A. S., Alaneme, K. K., Bada, S. O.: Le-
onardo Electronic Journal of Practices and Techno-
logies, January–June 2009, p. 1.

[14] Lewis, J. R.: Handbook of Stainless Steels. Eds.: Peck-
ner, D., Berstein, I. M. New York, Mc Graw Hill Inc.
1977.

http://dx.doi.org/10.1007/s11665-008-9347-9
http://dx.doi.org/10.1361/105994901770345394
http://dx.doi.org/10.1016/j.msea.2010.04.018
http://dx.doi.org/10.1016/j.msea.2011.02.019
http://dx.doi.org/10.1590/S1516-14392011005000028


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [5952.756 8418.897]
>> setpagedevice


