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Abstract 
 
To ensure the safety and structural integrity of a power boiler in thermal power plants, residual life management of superheater tubes at 

elevated temperature is needed. Over the decades, small punch (SP) creep testing has been widely used as an effective method for meas-
uring creep life and creep properties of the boiler tube materials. In this study, a series of SP creep tests were performed at 650 °C with 
virgin and service-exposed Super304H stainless steels. The service period was 54750 h and 68550 h, respectively. The residual creep 
rupture life of the 68550 h serviced Super304H material decreased significantly when it was compared with the virgin and 54750 h ser-
viced materials. Coarsening of the M23C6 precipitates along the grain boundaries made the adjacent region Cr-depleted, which could 
accelerate the formation of creep cavities at the grain boundaries. These microstructural degradations reduced the creep rupture life of the 
service-exposed materials. The Larson–Miller curve and the Monkman–Grant relationship were applied to predict the creep rupture life 
of service-exposed Super304H steels from the measured short creep rupture data.  

 
Keywords: Super304H; Small punch creep; Creep life; Precipitate; Degradation; Superheater tube  
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
1. Introduction 

Super304H steel is an improved version of 18 %Cr–8 %Ni 
austenitic steel containing Cu, Nb, and N, which effectively 
increases its creep strength [1-3]. Because of its excellent 
creep and corrosion resistance at high temperatures, Su-
per304H steel is increasingly used for the major components 
in power plants, aero-engines, and process plants operating at 
elevated temperatures of 550–750 °C [2-4]. It has been re-
ported that the high-temperature creep strength of Super304H 
steel is due to finely dispersed precipitations, such as the Cu-
rich precipitate, Nb(C,N) or M23C6 [3, 5]. However, long-term 
exposure of Super304H steel to high temperature must invite 
microstructural degradation and make the creep deformation 
plausible. This leads to the unexpected failure of the compo-
nents, resulting in financial loss, environmental damage, and 
injuries [6, 7]. Therefore, it is vital to understand the material 
deterioration with time, assess the service damage of the com-
ponents, and predict the residual life [7]. For assessing the 
residual life and the mechanical properties of Super304H steel 
at high temperature, either of the nondestructive testing meth-
ods or the direct creep life measuring methods with the con-

ventional or miniature specimens, are commonly used [8]. 
Nondestructive testing method is employed to assess the re-
sidual life of the in-service components without introducing 
physical damage due to specimen sampling. However, accu-
racy in predicted life by the traditional nondestructive methods 
was often criticized. On the other hand, the direct creep life 
measuring technique usually provides reliable and accurate 
assessment results. But, for obtaining specimens of sufficient 
size, damage to the components is inevitable [8]. Hence, the 
small punch (SP) test was developed for estimating the me-
chanical properties of materials with miniature specimens [9]. 
The advantage of the SP test is that it is nearly nondestructive 
and does not cause any serious sampling damage [10, 11]. 

The SP creep test is considered effective for determining the 
creep properties of various types of materials at high tempera-
tures, particularly between 550 and 750 °C [12-14]. Most 
studies verified that the SP creep test can reliably measure the 
creep properties of materials as well as the creep life [15]. The 
equivalence of the SP creep test to the standard uniaxial creep 
test was claimed based on the finite element simulations com-
paring the parameters obtained with the SP creep test with 
those obtained with the tensile creep test [16].  

For the 304-type stainless steels, the SP creep test was suc-
cessively applied for measuring the residual creep life of a 
service-exposed SA-304L material [11]. It was also used to  
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optimize the N content in the range of 0.07–0.14 % of 316LN 
stainless steel for increasing the creep life [17]. These studies 
supported the advantage of the SP creep test method for the 
evaluation of the creep properties of the 304-type stainless 
steels. However, similar studies with the service-exposed Su-
per304H stainless steel have not been reported yet. 

The purpose of this study was to investigate the reduction of 
small punch creep life of service-exposed Super304H steel 
and degradation of microstructure causing the life reduction. 
The creep rupture life and creep deformation of the Su-
per304H steels using a series of SP creep test at 650 °C under 
different loads were evaluated for virgin and service-exposed 
Super304H steels. The Larson–Miller parameter (LMP) and 
the Monkman–Grant relationship were used for prediction 
models. The effect of microstructural degradation due to long-
term service exposure on the creep rupture life was discussed. 

 
2. Experimental procedures  

The material used in this study, Super304H steel, was taken 
from the serviced superheater boiler tubes of three different 
aging conditions, such as virgin and two service-exposed con-
ditions at 596–650 °C for 54750 and 68550 hours. During 
service operation, the internal pressure of the superheater 
tubes was 4.8 MPa. The standard composition of this steel is 
shown in Table 1 [18].                  

Fig. 1 shows a cross-sectional schematic drawing of the SP 
creep test jig. It is composed of lower die, upper die, punch 
rod, small punch ball, and the specimen. The specimen was 
clamped between the lower die and the upper die. Constant 
load was applied to the center of the specimen using a ceramic 
ball with a diameter of 2.4 mm. The test specimen has a di-
mension of 10 mm × 10 mm × 0.5 mm. Before testing, the 
specimen was ground with SiC paper and then both sides were 
polished to minimize the surface roughness and obtain a 

thickness of 0.5 ± 0.002 mm. To avoid oxidation on the sur-
face of the specimen during high temperature testing, Ar gas 
was provided into the furnace at a constant flow rate during 
the testing. The central deflection of the specimen was moni-
tored by measuring the punch displacement versus time using 
a linear variable differential transformer with 1-µm resolution. 
The specimens for metallographic examination were prepared 
by polishing and were etched with the aqua regia solution 
containing HNO3 and HCl (volume ratio of 1:3) for approxi-
mately 30 s. 

In this study, a total of 12 SP creep test specimens were 
used for the virgin, 54750 h serviced, and 68550 h serviced 
Super304H steels. All the SP creep tests were performed at a 
temperature of 650 °C, with applied loads in the range of 400 
to 500 N. The composition of the precipitates was analyzed 
using energy dispersive X-ray spectroscopy (EDS) together 
with scanning electron microscopy (SEM). The width of the 
Cr-depleted zones at the grain boundary was analyzed using 
field-emission scanning electron microscopy (FE-SEM) and 
EDS line scans.  

The average size of the precipitates was determined using 
the ImageJ software (National Institutes of Health, USA) after 
binarization of each image into black and white [19-21]. A 
125 µm × 95 µm area in the SEM images was analyzed to 
acquire statistics for the average size of the precipitates for the 
virgin and serviced materials. X-ray diffraction (XRD) was 
used to study the crystallinity of the specimens. Phase analysis 
was conducted with Cu Kα radiation (λ = 0.1541 nm) in the 2θ 
range from 40 to 80°. 

 
3. Results and discussion  

3.1 Microstructural degradation due to long-term service 
operation 

Fig. 2 shows the XRD profiles of the virgin and 54750, and 
68550 h serviced materials. The XRD results indicated the 
presence of Nb(C, N) and the g -phase for all specimens. The 
presence of M23C6 phase was only found in the service-
exposed materials. The lattice parameters of the g  phase 
were 0.3598 and 0.3591 nm for the virgin and two service-
exposed materials, respectively. The main reason for the varia-
tion of the lattice parameter of the g -phase was the solid 
solution of elements such as C, N, and Nb dissolved in the g  
matrix. During the service time, specific elements of C, N, and 
Nb precipitated from the g  matrix and these formed Nb(C, 
N). Also M23C6 phase was formed and the lattice parameter 
for the g  matrix was decreased during the service. These 
two types of precipitates, Nb(C, N) and M23C6, were verified 
by SEM images (Figs. 3(a)-(c)) and EDS analyses (Figs. 3(d) 

 
 
Fig. 1. Schematic of the SP creep testing jig. 

 

Table 1. Standard chemical composition of Super304H steel (wt.%). 
 

Material C Mn P S Si Cr Ni N Nb Al B Cu Fe 

ASTM 
A213M 

0.07~ 
0.13 

Max 
1.00 

Max 
0.040 

Max 
0.010 

Max 
0.30 

17.0~ 
19.0 

7.5~ 
10.5 

0.05~ 
0.12 

0.30~ 
0.60 

0.003~ 
0.030 

0.001~ 
0.010 

2.50~ 
3.50 Bal. 

 



 T. G. Le et al. / Journal of Mechanical Science and Technology 33 (11) (2019) 5243~5250 5245 
 

  

and (e)).  
The Nb(C, N) precipitates were very fine with mainly the 

Nb element (76.81 wt.%) and its lattice parameter was 0.4441 
nm and was stable during the service period. The lattice sta-
bilities of the Nb(C, N) precipitates were based on the fact that 
the Gibbs energy of a compound depends on its composition 
at a given temperature [21]. This result agrees well with the 
stability of the size of the Nb(C, N) precipitates (Figs. 3(a)-(c)). 
These precipitates were observed in the austenitic grains and 
also at the grain boundaries. The M23C6 precipitates (M = Fe 
and Cr) shown in Figs. 3(b), (c) and (e) were observed along 
the grain boundaries in the serviced materials. Makarevicius et 
al. [22] found that the lattice parameter of M23C6 increased 
during the aging period. As aging progressed, Fe atoms in the 
precipitate lattice were partly substituted by Cr. Consequently, 
Cr atoms dominated in the M23C6 lattice [23]. Growth of 
M23C6 became more visible as aging time, and its granular 
shape changed gradually from fine to coarse shape. Simulta-
neously, the Cr-depleted zone was formed at the interface 
between the M23C6 precipitate and austenite. In previous stud-
ies [24], the Cr-depleted zone was presumed to be a sensitized 
boundary which could be a potential site for forming crack 
nucleation in the austenitic stainless steels. To show the Cr-

depleted characteristics, FE-SEM images of net-count scans 
over the arrow line from grain A to grain B are shown in Figs. 
4(a) and 5(a) for two aged specimens. The line scan was per-
formed to determine the width of the Cr-depleted zone in the 
vicinity of the M23C6 precipitate. The width of the asymmetric 
Cr-depleted zone was estimated as about 100 nm (Fig. 4(b)) to 
~700 nm (Fig. 5(b)) length as the service time increased from 
54750 to 68550 h. If M23C6 precipitates formed more in the 
serviced Super304H steel materials, the Cr-depleted zone was 
formed more. According to the time-temperature-sensitization 
curve, Cr depletion at the grain boundaries can be started after 
100 h at 650 °C [25]. Reduction of the creep life could be 
attributed to the increase in the size of the M23C6 precipitates 
[26]. In addition to these M23C6 precipitates, the Super304H 
steel could also have fine Cu-rich precipitates. It was shown 
by high-resolution transmission electron microscopy (TEM), 
since the resolution of SEM was not sufficient for detecting 
the finest Cu-rich precipitate even after very long-term service 
[27]. However, the peaks of the Cu-rich phase were difficult to 
record using XRD analysis because of their overlapping with 
the g -phase. The extent of the coarsening depended on the 
Cu concentration in the alloy, as well as the duration and tem-
perature of service [5].  

In addition to the effect of the formation of the Cr-depleted 
zone in the microstructural degradation during service, the 
relations between the coarsening level of the precipitates and 
the service time were estimated. The average size of the pre-
cipitates was measured for the virgin and serviced materials. 
And, morphological characteristics of the precipitate were 
measured using the ImageJ software [28]. Fig. 6 shows im-
ages of the precipitates of the specimens, corresponding to the 
SEM images of Figs. 3(a)-(c) after ImageJ post-processing. 
The average sizes of the precipitates in the virgin and 54750, 
and 68550 h serviced materials were measured. The estimated 
average size of the precipitates was 0.563, 0.681, and 

 
 
Fig. 2. XRD patterns for virgin and 54750 h, and 68550 h serviced 
materials. 

 

 
Fig. 3. SEM images of Super304H steel prior to the creep test: (a) 
Virgin; (b) 54750; (c) 68550 h serviced materials; EDS analysis for (d) 
Nb(C, N) precipitates; (e) M23C6 precipitates. 

 

 
 
Fig. 4. (a) FE-SEM image; (b) X-ray line scan of elements across the 
grain boundary of 54750 h serviced Super304H steel. 

 

 
Fig. 5. (a) FE-SEM image; (b) X-ray line scan of elements across the 
grain boundary of 68550 h serviced Super304H steel. 
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0.783 µm for the virgin and 54750, and 68550 h serviced ma-
terials, respectively. As the service time increased, the average 
size of the precipitates increased and material creep strength 
was significantly decreased. 

 
3.2 SP creep properties 

The SP creep test results are presented in Table 2 and Fig. 7. 
Fig. 7 shows the punch displacement versus time curves with 
various loads at 650 °C for the virgin, 54750, and 68550 h 
serviced materials. These punch displacement data were con-
verted into punch-displacement rate data by using the seven-
point incremental polynomial method of ASTM-E647. Fig. 8 

shows the curves converted into punch-displacement rate ver-
sus time curves in log–log scale. In all specimens, double min-
ima were observed in the punch-displacement rate. The dou-
ble minima are characteristics showing the early crack initia-
tion of the SP specimens [12, 13]. The SP creep curves have 
various creep stages such as double primary, secondary, and 
tertiary stages. After load application, instantaneous deforma-
tion occurred caused by the bending deformation as the con-
tact area between the ball and the upper surface of the speci-
men [29]. This instantaneous deformation was increased as 
the applied load increased from 400 to 500 N. The primary 

Table 2. SP creep test results for Super304H steel at 650 °C. 
 

Service 
period 

(h) 

Applied  
load 
(N) 

Min. punch 
displacement rate 

(mm/h) 

Rupture life 
(h) 

LMP 
(×103) 

500 1.571E-02 26.9 19.780 

470 1.023E-02 38.3 19.921 

450 4.040E-03 68.0 20.151 
Virgin 

425 2.091E-03 280.0 20.719 

500 3.617E-02 15.9 19.569 

470 1.060E-02 27.3 19.786 

450 5.854E-03 52.9 20.051 
54750 

425 3.529E-03 75.2 20.192 

435 4.047E-02 10.4 19.399 

425 2.158E-02 19.9 19.659 

415 1.134E-02 41.2 19.951 
68550 

400 2.323E-03 212.8 20.609 

 

 
 
Fig. 6. Images of precipitates in the specimens, corresponding to Figs. 
3(a)-(c) after image J post-processing, used for measuring the average 
size of precipitates: (a) and (b) Virgin; (c) and (d) 54750; (e) and (f) 
68550 h serviced materials. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 7. SP creep displacement versus time for Super304H steel at 650 °C: 
(a) Virgin; (b) 54750 h serviced; (c) 68550 h serviced materials. 
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creep stage was characterized by a displacement rate decreas-
ing over time. In the subsequent secondary creep stage, the 
displacement rate remained constant and reached a minimum 
value, determined as shown in Table 2. In the tertiary creep 
stage, the contact region between the ball and specimen in-
creased with the increase in the displacement, accompanied by 
a significant thickness reduction, and localized necking led to 
deformation of the specimen. The crack development caused a 
rapid deformation progression and resulted in rupture. For the 
virgin and 54750 h serviced materials, the duration of the pri-

mary and tertiary creep stages of the graphs was too short 
compared with the rupture life, while the tertiary creep stage 
of the 68550 h serviced material appeared to start at approxi-
mately 40 % of the rupture life. This result could be explained 
by early formation of crack initiation at the cavities in the Cr-
depleted zone, as indicated by the microstructural degradation 
observation results for the 68550 h serviced material prior to 
the SP creep test. Fig. 9 shows comparisons of the SP creep 
curves of the virgin, 54750 h and 68550 h serviced materials 
under the same applied load (425 N) at 650 °C. The creep 
rupture life of the 68550 h serviced material was considerably 
shorter than that of the other two materials. In Fig. 10, SEM 
photography of the fracture shapes of the SP creep specimens 
for the virgin and service-exposed materials were also com-
pared. It was shown that several circumferential cracks were 
formed in all of the virgin and the service-exposed materials.  

The relationship between the minimum punch displacement 
rate ( mind& ) and the applied load ( )P  in the SP creep test can 
be described by a power law in a similar manner to the well-
known Norton’s power law creep constitutive equation, as 
expressed in Eq. (1) [20]: 

 

min
nAPd =&                  (1) 

 
where A  and n  are the SP creep coefficient and SP creep 
exponent, respectively. 

A linear regression line (Fig. 11) was fitted to the data for 
the virgin and serviced materials, respectively. The results of 
regression lines and the values of A  and n  are shown in 
Table 3 and Fig. 11. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 8. SP displacement rate versus time for Super304H steel at 650 °C: 
(a) Virgin; (b) 54750 h serviced; (c) 68550 h serviced materials. 

 

 
 
Fig. 9. Comparisons of the SP creep curves among virgin, 54750 h and 
68550 h serviced Super304H steel under 425 N at 650 °C. 

 

 
 
Fig. 10. Fracture shapes of the SP creep specimens for (a) virgin and 
service-exposed materials after; (b) 54750 h; (c) 68550 h under 425 N 
at 650 °C. 
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The SP creep exponent ( n ) was determined by the slope of 
the regression line as 12.98, 14.33, and 33.98 for the virgin 
and 54750 h and 68550 h serviced materials, respectively. As 
shown in Fig. 11, the creep exponent values of the virgin and 
54750 h serviced materials are very close, indicating that the 
two materials have similar creep behavior. However, the creep 
exponent of the 68550 h serviced material is significantly 
larger than that of the other two materials. If the minimum 
punch displacement rate is compared under a specific applied 
load of 425 N, Fig. 11 shows that the minimum punch dis-
placement rate of the 68550 h serviced material was approxi-
mately ten-times and six-times larger than that of the virgin 
and 54750 h serviced materials, respectively. It indicates that 
the degradation of the 68550 h serviced material was much 
progressed compared with that of 54750 h serviced material. 

Since, the microstructural degradation of 68550 h serviced 
material such as coarsening of M23C6 precipitates and forming 
of cavities along the grain boundaries was quite significant 
compared with the other two materials. This argument is con-
sistent with the observation shown in Figs. 3-5. 

Using uniaxial creep tests, Bagui et al. [5] obtained creep 
exponents of 17 and 10.7 at 600 and 750 °C, respectively. 
Sahoo et al. [26] estimated the creep exponents of 304H steel 
to be 9.57, 7.76, and 7.46 at 650, 700, and 750 °C, respec-
tively. These results show that the creep exponent decreases 
with an increase in the temperature, owing to thermally acti-
vated dislocation motion for the dislocation creep [26]. For 
comparing the uniaxial creep constants with the constants 
obtained from the SP creep test, the power law equation 
shown in Eq. (1) should be converted to Norton’s power law 
creep equation by converting the SP applied load (N) to the 
equivalent uniaxial stress (MPa), and the SP punch displace-
ment rate (mm/h) to the uniaxial creep strain rate (1/h).  

To estimate the creep rupture life for the virgin and serviced 
materials, the LMP was calculated using Eq. (2). 

 
( )( )log rLMP T C t= + ,            (2) 

 
where T is the temperature (in Kelvin), C = 20 is the Larson–
Miller constant, and rt  is the time to rupture (in hours). The 
calculated results for the LMP values are also included in Ta-
ble 2. Fig. 12 shows the difference in SP creep rupture life 
between the virgin and serviced-exposed materials. The SP 
creep lives of the service-exposed specimens were shorter 
than the virgin material under the same applied load condition. 
The relationship between the applied load and the LMP value 
including the creep rupture life and operating temperature was 
established. Using this LMP model the creep rupture life of 
the service-exposed materials can be predicted. 

The minimum punch displacement rate ( mind& ) and the rup-
ture life ( rt ) was expressed by the Monkman–Grant relation-
ship as follows in Eq. (3) [13].   

 
minr Bt ad =& .                       (3) 

Table 3. Creep coefficient and creep exponent for Super304H steel 
according to Norton’s power law for creep. 
 

Material ( )1mm hnA N - -× ×  n  

Virgin 1.62 × 10-37 12.98 

54750 h serviced 6.49 × 10-41 14.33 

68550 h serviced 9.79 × 10-92 33.98 

 

 
 
Fig. 11. Relationship between the minimum displacement rate and the 
applied SP load for Super304H steel at 650 °C. 

 

 
 
Fig. 12. Comparison of the rupture life data of Super304H steel at 
650 °C: Applied load versus the LMP. 

 

 
 
Fig. 13. Relationship between the minimum displacement rate and the 
rupture life for Super304H steel at 650 °C. 
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Here, α is a constant close to unity, and B is the Monkman–
Grant constant for SP creep testing. Similar to the uniaxial 
creep case of the Monkman–Grant relationship, a linear corre-
lation was clearly observed in the SP creep case too as shown 
in Fig. 13. The Monkman–Grant relationship was followed by 
not only the virgin material but also the service-exposed mate-
rials. The confidence level for the regression line (R2) was 
approximately 0.925. The values of α and B were determined 
to be 1.023 and 0.357, respectively. The minimum displace-
ment rate correlated well with the SP rupture life, with a slope 
of approximately 0.978, which is close to the expected value 
for SUS304H with the addition of small amounts of V 
(~0.962) [13] and 304HCu (~0.975) [26]. The Monkman–
Grant relationship can be used to predict the SP creep rupture 
life of serviced materials according to the minimum punch-
displacement rate as supported by other investigation too [30]. 

 
4. Conclusions 

SP creep testing was applied to evaluate the creep rupture 
life of Super304H steel with different service-exposed condi-
tions of superheater boiler tubes taken from a domestic power 
plant. The following conclusions were obtained. 

(1) The reductions in the creep rupture life of the service-
exposed materials were different for different service condi-
tions. The creep rupture behavior of the virgin and the 54750 h 
serviced materials showed similar characteristics, while the 
68550 h serviced material showed considerably short creep 
life compared with those of the other materials. 

(2) During the high temperature service period, material 
degradation of the Super304H steel could occur as follows. 
The main strengthening phase of Nb(C, N) precipitates did not 
change significantly in size. On the other hand, precipitation 
of the M23C6 progressively occurred and coarsening of the 
precipitate occurred quickly along the grain boundaries. This 
generated Cr-depleted zones near the precipitated grain 
boundaries. This could promote the formation of cavities and 
affect the material creep resistance. 

(3) The LMP model was applied to predict the SP creep 
rupture life. The LMP curves were obtained from the test data 
conducted at four different load levels and at 650 °C for the 
virgin and the service-exposed materials. This LMP model 
can be used to predict the SP creep rupture life for this materi-
als. It was also shown that the Monkman–Grant linear rela-
tionship of the SP creep data can provide an effective way to 
predict SP creep rupture life for this material. 
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Nomenclature------------------------------------------------------------------------ 

A      : Small punch creep coefficient 
n      : Small punch creep exponent 
B      : Monkman–Grant constant 
C      : Larson–Miller constant 
LMP  : Larson–Miller parameter 
P      : Small punch load 
rt      : Time to rupture (in hours) 

T      : Temperature (in Kelvin) 

mind&    : Minimum punch-displacement rate 
a     : Monkman-Grant exponent for small punch creep 
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