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Abstract
The development of next generation ultra-heat-resistant ferritic steels for the future advanced

thermal power plants which operate in excess of 700°C are currently in progress in Japan.
The small punch (SP) creep testing technique which uses miniature specimens has been
applied to evaluate creep rupture strength of newly developed high nitrogen ferritic steels.
The SP creep tests have been carried out on different grades of high nitrogen ferritic steels in
the temperature range of 600-800 °C, under different loads in the range of 70-400 N, using
specimens of dimension @8 mm x 0.5 mm. The SP creep rupture results of high nitrogen
ferritic steels have been compared with that of conventional steel (Gr.91). The high nitrogen
steels exhibited higher creep rupture strength when compared to the Gr.91. The creep rupture
results obtained from SP creep tests were correlated to the uniaxial creep rupture results
obtained from conventional creep tests using a stress conversion coefficient of 2.05. The
paper investigates the applicability of SP creep testing technique for the evaluation of creep
rupture strength of high nitrogen ferritic heat-resistant steels.

Keywords: Small punch creep test, high nitrogen ferritic steels, heat-resistant steels, creep

strength

1. Introduction

High chromium ferritic heat-resistant steels have been widely employed as structural
materials for high temperature components of fossil-fired power plants because of their
superior high temperature strength, high thermal conductivity and low thermal expansion
coefficient. The present generation high chromium ferritic heat-resistant steels such as Gr.91,
Gr.92 and Gr.122 are employed for components operating in the service temperature range of

550-620 °C [1, 2]. From the view point of fuel conservation, energy saving and reduction of
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CO; emission, there is a world-wide demand for enhancing thermal efficiency of fossil-fired
power plants that can be effectively achieved by increasing their steam temperature above
600 °C and pressure above 30 MPa [3, 4]. These elevated steam conditions impose stringent
requirements on mechanical properties of structural materials, more importantly, on their
creep strength. Significant efforts are being made world-wide to develop heat-resistant steels
for such applications [4-8]. In Japan, research and development of next generation ferritic
heat-resistant steels using nitrogen as a potential alloying element is currently in progress for
applications in future advanced thermal power plants whose operating temperature is above
700 °C [9]. The aim is to achieve 100,000 h target strength at 100 MPa at 700 °C in these
heat-resistant steels.

Creep properties of different grades of these newly developed high nitrogen ferritic
steels are being evaluated using the conventional uniaxial creep test. As the conventional tests
necessitate a large amount of material for preparation of creep test specimen, to make
effective use of the material available for testing and to assist in the design and development
of these high nitrogen ferritic steels, the small punch (SP) creep testing technique has been
applied to evaluate their creep rupture strength. In the SP creep test, a small disc type
specimen, having diameter in the range of 3-10 mm and thickness in the range of 0.25-0.5
mm, is loaded at high temperature using a ceramic ball indenter of diameter in the range of 1-
2.5 mm, under constant applied load, till the specimen ruptures. The rupture time determined
from SP creep tests can be correlated to the rupture time obtained from uniaxial creep tests
using SP load-uniaxial stress conversion coefficient. The SP creep testing technique was
employed for various applications such as creep rupture strength evaluation of welded joints,
remaining life assessment of in-service components, for optimizing chemical compositions in
alloy development etc. [10-12]. The paper discusses creep behavior of newly developed high
nitrogen ferritic heat-resistant steels investigated using SP creep testing technique. The study
investigates the applicability and usefulness of this technique in the development of high

nitrogen ferritic heat-resistant steels.

2. Experimental Procedure

2.1 Materials

The study involved three newly developed high nitrogen ferritic steels which are designated
as HN9, HN9L and HN10 and a conventional Gr.91 steel [13]. The chemical compositions

and heat treatment conditions of the high nitrogen ferritic steels are given in Tablel. The high
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nitrogen ferritic steels were produced by pressurized electro-slag remelting (PESR) method.
The microstructural studies of the high nitrogen ferritic steels were carried out using field
emission scanning electron microscope (FE-SEM). The energy dispersive X-ray spectrometry
(EDX) in conjunction with FE-SEM was used to identify the precipitates in the steels.

2.2 Creep tests

The specimens for SP creep tests were prepared by machining 8 mm diameter rods from the
heat treated rectangular bars, which were subsequently cut into slices of thickness
approximately 0.8 mm. Both sides of the specimens were ground to a thickness of 0.5 mm
with a thickness tolerance of +0.005mm. The specimen surfaces were finally polished using
0.3 um Al,O3 solution. The SP creep tests were carried out at various temperatures in the
range of 600-800 °C, under different loads in the range of 70-400 N. The SP creep testing
machine employed in this study is shown in Fig.la. A schematic of specimen-indenter
assembly inside the furnace is shown in Fig.1b. The specimen was clamped between the
upper and lower dies, and was loaded through a Si;Ny4 spherical ball indenter of diameter
2.38 mm. In order to prevent severe oxidation of the specimen, the tests were carried out in
high purity argon gas atmosphere. The specimen temperature was maintained constant with
an accuracy of + 1°C. The conventional uniaxial creep rupture tests were conducted in the
stress range of 60-180 MPa, at 650 and 700 °C.

3. Results and discussion

3.1 Microstructures of steels prior to creep test

Figures 2a-c show the back-scattered electron micrographs which depict the microstructures
of HN9, HNOL and HN10, respectively, after the heat treatment. The microstructures of HN9
and HNOL consisted of tempered martensite lath structure and few percent ferrite (about 5
vol. %). The steels contained vanadium and chromium rich nitrides distributed throughout the
matrix. The tungsten rich Laves phase (Fe;W) was precipitated along the boundaries and
within grains. The microstructure of HN10 consisted of fully ferrite structure with vanadium
and chromium rich nitrides distributed in the matrix. No Laves phase was precipitated in this
steel. Figures 3a-d show the EDX spectrum of the Laves phase (HN9L), vanadium nitride
(HN210), chromium nitride (HN10) and the matrix (HN10).

3.2 SP creep deformation and rupture behavior



Figures 4a-c show the SP creep curves (variation of central deflection with time) measured on
HN9, HNOL and HN10, respectively. At all the temperatures and loads, the SP creep curves
exhibited distinct primary, secondary and tertiary creep regions as generally observed in
standard uniaxial creep curves. A relatively large instantaneous deflection after the
application of load was exhibited in the SP creep tests unlike in uniaxial creep tests where a
large instantaneous elongation is not generally observed. This characteristic of the SP creep
test is attributed to the initial plastic bending deformation of the specimen. After the
application of load, the specimen experiences an instantaneous high stress due to small initial
contact area between the specimen and indenter. This instantaneous high stress acting on the
specimen causes higher plastic deformation and thereby large bending deflection. Figures 5a-
¢ show the central deflection rate versus time curves obtained on different high nitrogen
steels at different temperatures and loads. The primary creep region was characterized by a
deflection rate decreasing steeply with time. The decrease in deflection rate continued till a
secondary creep region was attained. In the secondary creep region, the deflection rate
reached a minimum value. The tertiary creep region was characterized by an accelerating
deflection rate with subsequent rupture of the specimen. The central deflection at rupture was
approximately constant (2.5 mm) regardless of the test load and the time to rupture in all the
three steels. During the initial stage of deformation, the specimen-indenter contact area
increases rapidly and the bending process acts as a dominant deformation process. Following
this, the membrane stretching mode of deformation dominates in the secondary creep stage
where the contact area is controlled by the reduction in thickness. In the tertiary region,
localized deformation occurs with simultaneous initiation and propagation of cracks which
leads to rapid increase of deflection rate and final rupture of the specimen. Figures 5a-c
compare the creep deformation behavior of high nitrogen steels at each different load and
temperature. There was no significant difference in the SP creep deformation behavior among
these high nitrogen steels.

Figure 6a shows the ruptured specimen of HNOL, tested at 725 °C at 140 N. The
rupture occurred at a distance away from the centre of specimen along the circumference
which indicates that the maximum stress/strain occurs not at the centre of the specimen but at
a distance away from the centre along the circumference. Figure 6b shows the fracture
surface of the ruptured specimen HNOL, tested at 725 °C at 140 N. A dimple rupture
morphology which is a typical characteristic of ductile transgranular fracture was detected.

Similar mode of fracture was observed in the other high nitrogen steels also.
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The relationship between the minimum deflection rate and the time to rupture was
analyzed in these steels. Figure 7 shows the log-log plot of minimum deflection rate versus
time to rupture in the Gr.91 [13] and high nitrogen steels. The relationship between the
minimum deflection rate and time to rupture obeyed the Monkman-Grant relationship which
is widely applicable to conventional creep test results between minimum creep rate and time
to rupture. The minimum deflection rate was found to be well correlated with the creep
rupture time with a slope of 0.98, which is close to 1 for many metallic materials. The
significance of this relationship is that one can predict creep rupture time in any SP creep test
when its minimum deflection rate is attained. This is mainly useful in SP creep tests carried
out at lower loads where the specimen takes longer time to rupture. This relationship is also
useful to ensure the reliability of SP creep tests. The applicability of Monkman-Grant
relationship to SP creep testing was studied in detail by Dobes§ and Milicka [14] and was also
reported by other researchers [11, 15-17].

3.3 Creep rupture strength of high nitrogen steels

The Larson-Miller parametric method is one of the most commonly used extrapolation
techniques for predicting 100,000 h creep rupture strength from shorter rupture time data in
conventional creep test. The Larson-Miller equation can be expressed as,

P=T(logt, +C)/1000 (1)
where P is the Larson-Miller parameter, T is the test temperature in K, t, is the time to rupture
in hours and C is a constant referred to as Larson-Miller constant. The SP creep rupture data
of high nitrogen ferritic steels was analyzed by means of Larson-Miller parameter. The
Larson-Miller constant for the present analysis was considered as 20. The Larson-miller
constant of 20 was reported to be suitable for the base materials [18-20] and the welded joints
[1] of high chromium ferritic steels. Figure 8 shows the SP creep rupture test results of high
nitrogen steels and Gr.91 steel [13]. The graph compares the creep rupture strength of high
nitrogen ferritic steels and the Gr.91 steel. The high nitrogen ferritic steels exhibited higher
creep rupture strength than the Gr.91 steel. There was no significant difference in creep
rupture strengths among the high nitrogen ferritic steels. Among the high nitrogen ferritic
steels, the HN9 and HNIL had same chemical composition but different heat treatment
conditions. The HNOL was tempered at 700 °C for longer duration of 45 h while the HN9 was
tempered at relatively higher temperature of 780 °C for a shorter time of 1 h. Therefore, it
should be noted here that the different tempering conditions given to the high nitrogen steels



(HN9 and HNOIL) had only a marginal effect on the creep rupture strength of these steels.
Further, the steel HN10 which had ferrite structure also showed similar creep rupture strength
as that of HN9 and HNOL which had tempered martensite lath structure. These results clearly
indicate that a considerable creep strength can be achieved even in the fully ferrite matrix, by
suitably optimizing the chemical composition, heat treatment condition and type of
precipitates in the high nitrogen ferritic steel.

The microstructural evolution occurred during creep deformation of HN9, HN9L and
HN10 was examined. Figures 9a-c show the microstructures of HN9, HN9L and HN10 after
the creep test, up to 933 h at 775 °C at 80 N, 987 h at 775 °C at 80 N and 1152 h at 725 °C at
140 N, respectively. In the case of HN9 and HNOL, coarsening of Laves phase progressed
with the creep deformation. In the steel HNZ10, significant amount of Laves phase
precipitation occurred along the prior austenite grain boundaries as well as within the grains.
The vanadium nitride and chromium nitride precipitates were found to be retained in all the
high nitrogen steels during creep deformation. The improved creep rupture strength of the
high nitrogen steels can be attributable primarily to the precipitation strengthening (particle
hardening) resulting from vanadium nitride, chromium nitride and Laves phase and solid
solution strengthening (solution hardening) due to tungsten and molybdenum. In the present
high nitrogen steels, the nitrogen and vanadium contents were considerably higher than those
in the Gr.91 steel. Addition of nitrogen to high chromium ferritic steels generally increases
the formation of vanadium nitride [21]. The studies have shown that the minimum creep rate
of o iron could be greatly reduced by introducing MX particles into the Fe-VNbC steels [22].
The MX particles act as obstacles to dislocation motion and slower the recovery of
dislocation substructure. The distribution of vanadium and chromium nitrides in the matrix
and along the lath, block and prior austenite grain boundaries can cause pinning of the
boundary migration during creep deformation. The pinning effect could result in retardation
of the onset of tertiary creep stage and increase of the time to rupture. Taneike et al. [23]
investigated creep rupture strength of 9Cr-Mo-V-Nb-W-N martensitic steel dispersed with
nanometer sized vanadium and niobium rich carbonitride particles in the matrix and along the
lath, block, packet and prior austenite boundaries. The higher volume fraction of carbonitride
particles than that of M,3Cs particles which resulted in decrease of inter-particle distance was
reported to significantly increase the pinning force for migration of lath and block boundaries
during creep deformation. As a consequence, the onset of tertiary creep stage was retarded

which increased the time to rupture [23]. Furthermore, their study on the influence of carbon
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concentration on the creep rupture lives of different 9Cr-Mo-V-Nb-W-N steels showed a
significant decrease of minimum creep rate and increase of time to rupture with decreasing
carbon concentration (carbon less than 0.05 wt.%) [23]. The lower carbon concentration in
such steels promotes the formation of MX type nitrides/carbonitrides much before the
formation of My3Cs as the vanadium and niobium are strong nitride/carbonitride forming
elements. The present high nitrogen steels contained extremely low carbon which is about
0.01 wt.%. In addition, these high nitrogen steels contained significant amount of tungsten.
The beneficial effect of tungsten in improving creep strength of high chromium steels has
been reported previously [22]. The solid solution hardening due to tungsten and/or
molybdenum was found to be effective even if the precipitation strengthening was absent in
the steel [22]. Misosaku et al. [24] studied the creep rupture strength of austenitic heat
resistant steels in which they induced Fe,Nb Laves phase on the grain boundaries. Their
study showed that the precipitation of stable Fe,Nb Laves phase on the grain boundaries
could increase the creep rupture life of the steel significantly. The grain boundary
precipitation strengthening was reported to be a key mechanism to improve the creep rupture
strength in those heat-resistant steels. The similar strengthening mechanism might also be
contributing to the higher creep rupture strength of the present high nitrogen steels. All the
above discussed mechanisms are expected to have contributed for the improved creep rupture
strength of the present high nitrogen ferritic steels. However, detailed studies are currently
underway to elucidate the mechanism of creep strengthening in these high nitrogen ferritic
steels.

3.4 Equivalence between SP and uniaxial creep rupture results

In order to determine equivalent uniaxial creep rupture results from the SP creep rupture
results, it is essential to convert the SP creep load (F) to stress (o) in uniaxial creep test which
gives the same rupture time, using a conversion coefficient. The relationship between SP load
and uniaxial stress can be written as,

F=ao (2
where « is a conversion coefficient. The conversion coefficient depends on the material
properties and geometrical parameters [25]. Komazaki et al. [13] performed the finite element
analyses to study the correlation between the SP and uniaxial creep rupture results in the
Gr.91 steel. The conversion coefficient was determined to be 2.05. In this study, the

correlation between the SP creep rupture results and uniaxial creep rupture results was



analyzed using « = 2.05. Figures 10a-d show the stress versus time to rupture curves of the
high nitrogen steels and the Gr.91 steel [13], comparing the SP and uniaxial creep test results
correlated usinga =2.05. A relatively good agreement between the SP and uniaxial creep
rupture results was obtained. It should be noted here that the number of creep data available
for this plot are limited as the other SP creep tests were conducted at higher test temperatures.
Therefore, to analyze the SP creep rupture data obtained at different temperatures, the
Larson-Miller parametric method was used. Figures 11a-d show the comparison of SP and
uniaxial creep rupture results, where the stress is plotted against the Larson-Miller parameter
(C=20) on a semi-logarithmic scale, for the high nitrogen steels and Gr.91 steel [13]. The SP
and uniaxial creep rupture results were found to be in relatively good agreement. Hence, the
conversion coefficient of 2.05 can be used for obtaining the equivalent uniaxial creep rupture

results from the SP creep rupture results for the high nitrogen ferritic steels also.

4. Conclusions

The SP creep testing technique was applied for evaluating the creep rupture strength of newly
developed high nitrogen ferritic heat-resistant steels. The SP creep tests were conducted on
different grades of high nitrogen ferritic heat-resistant steels over wide range of loads and
temperatures using &8 mm x 0.5 mm specimens. The creep rupture strength of high nitrogen
ferritic steels was higher than that of the Gr.91 steel. There was no significant difference in
the creep rupture strengths among the high nitrogen ferritic steels. The creep rupture strength
of the high nitrogen steel having fully ferrite matrix was as high as that of the steels having
tempered martensitic microstructure. The SP creep rupture test results of high nitrogen
ferritic steels could be correlated to the corresponding uniaxial creep rupture test results using
the conversion coefficient of 2.05. The investigation confirms the applicability of SP creep
testing technique, as a potential miniature specimen testing technique, for evaluating the
creep rupture strength of the high nitrogen ferritic heat-resistant steels.
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Fig. 9 Back-scattered electron micrographs depicting microstructures after creep test, a) HN9
up to 933 h at 775 °C at 80 N, b) HNOL up to 987 h at 775 °C at 80 N and ¢) HN10 up to1152
h at 725 °C at 140 N.
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Fig. 10 Stress versus time to rupture curves of a) Gr.91, b) HN9, ¢) HN9L and d) HN10 steels
depicting correlation between SP (« = 2.05) and uniaxial creep rupture test results.
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Fig. 11 Correlation between SP and uniaxial creep rupture test results for a) Gr.91, b) HN9,
c) HNIL and d) HN10 steels, using o =2.05.

Table 1.Chemical compositions and heat treatment conditions of high nitrogen ferritic steels.
Chemical composition (wt. %)

Steel C N Cr Mo V Nb W Co Mn Ni Si Fe
HN9/9L  0.01 0.32 906 104 06 002 597 40 0.07 0.01 0.06 balance
HN10 0.015 034 150 10 13 002 6.0 4.0 0.07 0.01 0.06 balance

HN9:1200 °C-30 min(air cooling) +780°C-1 h (water quenching)
HN9L:1200°C-30 min(air cooling) +700°C-45 h (water quenching)
HN10: 1200°C-30 min (air cooling)
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