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a b s t r a c t

Influences of hold time and stress ratio on cyclic creep properties of Grade 91 steel were

systemically investigated using a wide range of cyclic creep tests, which were performed

with hold times (HTs) of 1 minute, 3 minutes, 5 minutes, 10 minutes, 20 minutes, and

30 minutes and stress ratios (R) of 0.5, 0.8, 0.85, 0.90, and 0.95 under tension loading cycles

at 600�C. Under the influence of HT, the rupture time increased to HT ¼ 5 minutes at

R ¼ 0.90 and R ¼ 0.95, but there was no influence at R ¼ 0.50, 0.80, and 0.85. The creep rate

was constant regardless of an increase in the HT, except for the case of HT ¼ 5 minutes at

R ¼ 0.90 and R ¼ 0.95. Under the influence of stress ratio, the rupture time increased with

an increase in the stress ratio, but the creep rate decreased. The cyclic creep led to a

reduction in the rupture time and an acceleration in the creep rate compared with the case

of monotonic creep. Cyclic creep was found to depend dominantly on the stress ratio

rather than on the HT. Fracture surfaces displayed transgranular fractures resulting from

microvoid coalescence, and the amount of microvoids increased with an increase in the

stress ratio. Enhanced coarsening of the precipitates in the cyclic creep test specimens was

found under all conditions.

Copyright © 2017, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Grade 91 steel (hereafter referred to as Gr. 91) is regarded as a

prime candidate material for structural components such as

steam generators, intermediate heat exchangers, and hot

pipes in sodium-cooled fast reactors. The selection of Gr. 91

steel is mainly based on its high creep and low cycle fatigue

resistance compared with those properties exhibited by its

counterparts such as 9Cre1Mo and 2.25e1Mo steels [1e9].

Cyclic creep (CC) behavior is very important in practice

because high-temperature structural components are

exposed under the cyclic conditions of repeated loading dur-

ing design life reaching 60 years in a sodium-cooled fast

reactor plant. The concept of CC has evolved to describe
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material behavior under various loading conditions, in which

testing under the load control mode is involved and the

applied cycling frequency simulates the creep/fatigue inter-

action. The parameters of cyclic loading can vary in broad

regions of stress and time. There can be considerable inter-

action between creep and cyclic loading. The effect of cyclic

loading can either accelerate or retard creep deformation

depending on the material structure, temperature, and stress

conditions [10e15]. Although in static loading, the response of

the material is simply a static state of monotonic loading,

cyclic loading is a kind of complex, dynamic loading. However,

so far, data on CC response have rarely been reported, and CC

behavior has not been understood well, whether accelerating

or retarding, in terms of experimental variables that influence

creep deformation and fracture behavior. In view of this, it is

necessary to systematically clarify various test conditions,

such as hold time (HT), cycling frequency, stress ratio, stress

range, etc., influencing the creep deformation and fracture

process.

In this study, CC tests of wide ranges were performed with

HTs and stress ratios under tensionetension loading cycles of

Gr. 91 steel. Influence of the HTs and stress ratios on the CC

response was systemically investigated, and fracture surfaces

in the CC tested specimens were observed and analyzed.

2. Experimental procedures

A commercial-grade hot-rolled Gr. 91 steel plate with a thick-

ness of 16 mm was used for the CC tests. The chemical

composition is listed in Table 1. The heat treatment condition

of the steel was normalized at 1,050�C/1 min/mm (this means

anHT of 1min/mmat 1,050�C) followed by tempering at 770�C/
3 min/mm (this means an HT of 3 min/mm at 770�C). Identical
round specimens with a 30 mm gauge length and 6 mm

diameter were used for the CC specimens, as shown in Fig. 1.

To clarify the cyclic loading behavior, the five-case CC test

conditions were widely employed from 1 minute to 30 mi-

nutes in HT and from 0.5 to 0.95 in stress ratio (R), such that

HT ¼ 1 minute, 3 minutes, 5 minutes, 10 minutes, 20 minutes,

and 30minutes, and R¼ 0.5, 0.8, 0.85, 0.90, and 0.95 at 600�C, as
listed in Table 2. The load schedules in the tensionetension

CC tests are shown in Fig. 2. In the figure, tp is the time of a

period cycle, and th is the HT. HT is identically taken at the

maximum stress (smax) and minimum stress (smin) in the

loading cycles. In all CC tests, the crosshead speed of loading

and unloading was controlled at 200 mm/min. The loading

pattern was almost rectangular. The value of mean stress in

the loading cycles was fixed at 160 MPa. Terminologies in cy-

clic loading are defined as follows: the mean stress

ðsmean ¼ 1=2ðsmax þ sminÞ, stress range ðsR ¼ smax � sminÞ, and
stress ratio ðR ¼ smin=smaxÞ. It should be noted that the values

of the maximum stress (smax) and minimum stress (smin) at

each stress ratio were obtained by calculating the relation-

ships given by smax ¼ 2smean=ð1þ RÞ and smin ¼ 2smean=

ð1þ 1=RÞ, respectively.
Load-controlled tensionetension cyclic tests were per-

formed using a universal testing machine with 100 kN ca-

pacity (Model No.: RB Unitech-M), manufactured by R&B

Company in Daejeon, Korea. The cyclic loading of the

maximum and minimum stresses was applied to a specimen

using an AC servomotor; this process was periodically

repeated in the clockwise and counterclockwise directions.

The main components were a three-zone heating furnace, a

temperature controller, an extensometer, strain gage, a data

acquisition system, and a program controller. The cyclic tests

were automatically conducted by a scheduled program. The

real-time data of the strain and stress at the elapsed times

were monitored and collected by a PC through a high-

precision extensometer attached to the specimen. The

steady-state creep rate was as taken as a mean value of the

secondary creep strain data. The CC testing apparatus is

given in detail in the authors' previous study [16]. All exper-

imental procedures referred to the recommendations of

ASTM E139 [17]. Fracture surfaces in the CC tested specimens

were observed using an optical microscope and a scanning

electron microscope (SEM).

Table 1 e Chemical compositions of Gr. 91 steel (wt%).

C Si Mn P S Ni Cr Mo Cu V Al N Nb

0.115 0.23 0.415 0.012 0.0014 0.22 8.9 0.869 0.038 0.194 0.020 0.0513 0.073

Gr., grade.

Fig. 1 e Dimensions of the CC test specimen (unit: mm). CC, cyclic creep.
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3. Results and discussion

3.1. Influence of HT

Fig. 3 shows typical CC curves obtained for a 20-minute hold

under a stress ratio of R ¼ 0.85 at 600�C. The CC curves were

similar in their shapes compared with the creep curves in

monotonic creep tests. The black part in Fig. 3A indicates low

magnification of stress profiles with time variations. Enlarged

magnification of the stress and strain profileswith time for the

secondary creep stages is clearly shown in Fig. 3B. It can also

be clearly seen that the strain at the secondary creep stage

constantly increased with time. This constancy of the sec-

ondary creep stage resulted from a balance between hard-

ening and softening. In the present investigation, the value of

the steady-state creep rate in the CC curves was determined

from the mean value of the strain profile range. From the

curves, it is justified to say that the stress and strain profiles

with time variations were accurately monitored in the tests.

For the CC test conditions of Gr. 91 steel at 600�C, data of CC

properties such as the rupture time, steady-state creep rate,

rupture elongation, and reduction of area were obtained. In-

fluences of HT and stress ratio on the CC properties were

systematically investigated.

Fig. 4 shows the variations of CC rupture time with an in-

crease in HT at each stress ratio. The rupture time was influ-

enced by the HT at R¼ 0.90 and R¼ 0.95; however, at the stress

ratios of R ¼ 0.50, 0.80, and 0.85, the rupture time was not

influenced by the HT. At R¼ 0.90 and R¼ 0.95, the rupture time

slightly decreases with an increase in the HT. The rupture

time shows a decrease to 10-minute hold; after the 10-minute

hold, the rupture time is almost similar regardless of any in-

crease in theHT. Especially, at a low stress ratio of R¼ 0.50, the

rupture time reaches its lowest value and there is no influence

of the HT. The reason for this is that there was a much higher

sR ¼ 106MPa at R¼ 0.5 in the amplitude of the stress range (sR)

thanwas the case for the values of R¼ 0.80, 0.85, 0.90, and 0.95.

By contrast, the creep rate (or the steady-state creep rate) is

almost constant regardless of any increase in the HT

excepting the data after the 10-minute hold at R ¼ 0.90 and

R ¼ 0.95. It is suggested that, compared with the other tested

conditions, the longer rupture and decelerated creep rate after

the 10-minute hold at R ¼ 0.90 and R ¼ 0.95 can be ascribed to

the lower values in the applied load and stress range sR.

In addition, data of the rupture elongationwith variation in

the HT at each stress ratio display no significant difference of

the HT, although they show some scatter for each test con-

dition, as shown in Fig. 5. However, the longer-life data

(HT ¼ 1 minute and HT ¼ 3 minutes at R ¼ 0.90 and 0.95) were

slightly lower for the rupture elongation data than for the

other data. This result exactly supports that Gr. 91 steel shows

a decrease for creep rupture ductility with an increase in

rupture life.

3.2. Influence of stress ratio

Similarly, the influence of stress ratio on cyclic rupture

properties was examined. As shown in Fig. 6, which provides

the logelog plots of the rupture time versus the stress ratio at

each HT, the rupture time increases with an increase in the

stress ratio. However, it was found that the creep rate de-

creaseswith an increase in stress ratio (Fig. 7). As found for the

influence of HT, the plot of the rupture time to stress ratio is

almost linear, except for the four sets of data of HT¼ 1minute

and HT¼ 3minutes at R ¼ 0.9 and R¼ 0.95. In addition, data of

the rupture elongation exhibit no significant difference from

the stress ratios, although the data display some scatters for

each test condition, as shown in Fig. 8.

Fig. 9 provides a plot of the number of cycles (Nf) as a

function of the stress ratio at each HT. The value of Nf in-

creases with an increase in stress ratio. Especially, at

HT ¼ 1 minute and HT ¼ 3 minutes, this value increases

exponentially. This increase can be ascribed to the longer

rupture time at this test condition (Fig. 6). It can be analyzed

that, when compared with the other test conditions, the

longer rupture time at this condition was due to the lower

values in the load applied to the specimen during the CC tests

and in the stress range sR.

In addition, since the peak applied stress (or smax) is not

constant with each stress ratio, the measured creep rate and

rupture life will vary significantly with smax, apart from the

influence of the stress ratio, as shown by the data of Table 2.

Table 2 e Employed CC test conditions of Gr. 91 steel at 600�C.

Stress ratio (R) Applied stress (MPa) Mean stress (MPa) Stress range (Ds, sR) (MPa) Hold time (min)

0.50 smax ¼ 213, smin ¼ 107 160 106 1, 3, 5, 10, 20, 30

0.80 smax ¼ 178, smin ¼ 142 160 36 1, 3, 5, 10, 20, 30

0.85 smax ¼ 173, smin ¼ 147 160 26 1, 3, 5, 10, 20, 30

0.90 smax ¼ 168, smin ¼ 152 160 16 1, 3, 5, 10, 20, 30

0.95 smax ¼ 164, smin ¼ 156 160 8 1, 3, 5, 10, 20, 30

CC, cyclic creep; Gr., grade.

σ

σ

σ

Fig. 2 e Loading schedules of controlled CC tests. CC, cyclic

creep.
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Using the peak applied stress, the CC and monotonic creep,

which were obtained at an identical temperature of 600�C,
were comparatively examined to clarify any acceleration or

deceleration in the creep rate or rupture life. Figs. 10 and 11

show the comparisons of the rupture time and creep rate

between the monotonic creep and CC for each HT. The CC

with each HT decreases significantly in rupture time

compared with the monotonic creep without HT, and the

creep rate accelerates more than the monotonic creep,

although the measured data in the CC tests were scattered

with HT and smax. Accordingly, the peak applied stress be-

comes an important factor affecting the CC properties. It is

thus illustrated that, owing to accumulated creep damage

during repeated tensionetension loading cycles, the CC tests

inducemore reduction in creep life than themonotonic creep.

From the results of the present CC tests, the CC behavior

can be analyzed as follows. Parameters of superimposed cy-

clic loadingmay vary according to a wide change of stress and

time such as HT, number of cycles, stress ratio, peak stress,

stress range, etc. The influence of loading conditions on CC

properties can either accelerate or decelerate, depending on

the material structure, temperature, and stress conditions

[11]. The observed influence of cyclic loading on creep defor-

mation can be attributed to mechanisms involving inelastic
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Fig. 3 e Typical CC curves obtained at R ¼ 0.85 (147 MPa/173 MPa) for 20-minute hold time at 600�C. (A) Total curve. (B)

Enlarged stressestrain profiles. CC, cyclic creep.
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recovery, precipitation of carbides, and recovery of dislocation

substructure. Under the tensionetension CC conditions

employed in the present investigation, acceleration of the

creep rate (or reduction of the rupture time) can be ascribed to

stress factors such as a lower stress ratio, a higher stress

range, and higher peak stress. The reason for this is that re-

covery of dislocation structure in higher fluctuation in the

stress range is difficult during the CC tests. In addition, in the

case of monotonic creep without HT under tensionetension

cyclic loading, a higher frequency condition led to accelera-

tion in the creep strain rate [11]. However, in the present

investigation, regarding the increase in the rupture time at the

higher frequency of short HT (HT ¼ 1e3 minutes) at R ¼ 0.90

and R ¼ 0.95 (Fig. 4), this increase can be ascribed to the lower

values of maximum stress (smax ¼ 168 at R ¼ 0.90,

smax ¼ 164 at R ¼ 0.95) applied to the specimen, and also to the

lower values in the stress range (sR ¼ 16 MPa at R ¼ 0.90,

sR ¼ 8 MPa at R ¼ 0.95) when compared with those of other

tested conditions, as shown in Table 2. Accordingly, it is found

that the material responses of the employed tension (þ)e

tension (þ) loading cyclic tests are different from those of

tension (þ)ecompression (e) in the creepefatigue loading

cycles. It is thought that CC rupture properties depend domi-

nantly on stress factors rather than on HT.

3.3. Analysis of fracture micrographs

Fig. 12 shows typical SEM photos taken in the cross-sectional

and longitudinal directions; the figure also provides images of

the fracture microstructures after the CC tests for

HT¼ 10minutes at R¼ 0.8. A ductile cup and cone fracture can

easily be observed as shown in the failure region (b). The

failure of Gr. 91 steel exhibits three regions: deformation re-

gion (a), slant region (c), and core region (d). The deformation

region is due to plastic deformation during the CC tests, the

slant region is due to shear stress in the middle area between

the slant and the core regions, and the core region of the in-

side failed at the final step of the CC tests. The reason for this

failure is that the creep deformation (or cracks) develops to-

ward the inside after initiating at the outside of the surface. In

the central equiaxed regions, the presence of many voids is

observed. The CC specimens of Gr. 91 steel display typically

transgranular fracture resulting from microvoid coalescence.

It was observed that all of rupture specimens exhibit similar

transgranular fractures regardless of the CC test conditions. In

addition, because microvoids are closely related to creep

properties such as rupture time and creep rate, fracture mi-

crostructures were observed and their quantity and size were

measured using image analysis with the stress ratios of

R ¼ 0.5, 0.80, 0.85, 0.90, and 0.95.

Fig. 13 shows SEM photos taken in the CC tested specimens

at the stress ratios of R ¼ 0.5, 0.80, 0.85, 0.90, and 0.95. Distri-

bution of voids was obtained by image analysis of the SEM

photos shown in Fig. 13. Histograms showing the distribution

of the void size (diameter) measured with the stress ratios of

R¼ 0.5, 0.80, 0.85, 0.90, and 0.95 in the CC tested specimens are

plotted in Fig. 14. The histograms clearly show an increase in

the void area with an increase in the stress ratio. The void

fraction to the total area increases from 2.86% to 6.69%with an

increase of the stress ratio. The number of voids increases

with the increase in the stress ratio, as listed Table 3. The

presence of fine-sized voids at low stress dominates the

nucleation process, while the presence of large-sized voids

dominates the growth process at high stress. It is suggested

that the microvoids originally nucleated at the sites of the

precipitates. Then, the voids led to growth and increased in

amount during the CC tests; finally, fracture occurred due to

the coalescence of microvoids. A summary of void measure-

ment with stress ratios in the CC test conditions is listed in

Table 3.

In addition, microvoids with a variation of HT were also

observed using SEM images. It is found that the quantity of

microvoids was almost identical regardless of any increase in

the HT. This means that the cyclic rupture time was domi-

nantly affected by the stress ratio rather than by the HT, as

shown in Fig. 4. Thus, it is suggested that the CC properties
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under tensionetension loading cycles depend significantly on

stress factors such as stress ratio, stress range, andmaximum

stress.

Fig. 15 shows initial microstructures of the “as received”

material before the CC tests in the normalized and tempered

(N þ T) conditions of Gr. 91 steel. The microstructure is

tempered martensite strengthened by carbides, and it has

prior austenite grains containing martensite packets, blocks,

and laths (Fig. 15B), as shown in the schematic diagram of the

martensiticmicrostructure (Fig. 15C). Grain boundary carbides

consisted almost entirely of M23C6. Round NbC and rod VC at

the lath boundary enhanced lath stability: cuboidal Cr23C6 at

the prior austenite grain boundary and Nb-rich MX pre-

cipitates were uniformly precipitated with sizes under 20 nm

(Fig. 15D). As described above, in the N þ T conditions before

the CC tests, the microstructure was clearly composed of

tempered lath martensite and precipitated at the prior

austenite grain and martensite lath boundaries; the intralath

matrix regions contained fine precipitates (Fig. 15B). The

distinction between the grain and lath boundaries and the

intralath matrix regions can clearly be observed. However, in

the deformed CC specimen at 600�C (Fig. 16A), precipitates of

the grain and lath boundaries, along with the matrix pre-

cipitates in the CC exposure, were coarsened and the lath

width had increased compared with those characteristics of

the initial Gr. 91 steel (N þ T). The distinction between the

grain and lath boundaries and the intralath matrix regions

becomes unclear with precipitate coarsening due to exposure

during the CC tests. By contrast, in the grip-section region

(undeformed stress-free region), the precipitates are well

connected along the prior austenite grain boundary, as shown

clearly in Fig. 16B. However, in the deformed gage-section

region, the prior austenite grain boundary was severely

deformed with grain flow along the stress direction in the

fracture zone. Owing to the cyclic stress, the CC tested spec-

imens formed more precipitates when compared with the

undeformed grip section regions (Fig. 16B).

It is reported that Gr. 91 steel in N þ T conditions is

strengthened by both solid solution and precipitation-

strengthening mechanisms, with Cr, Mo, Nb, V, and N

contributing to the formation of precipitates that act to

improve the strength and limit the grain size. M23C6 pre-

cipitates occur at prior austenite and martensite lath bound-

aries together with finer V- and Nb-rich carbonitrides that

precipitated within the grains (M2X- and MX-type pre-

cipitates). At a higher temperature, M23C6 precipitates coarsen

due to Oswald ripening reducing grain boundary pinning,

which leads to recovery and grain growth, with corresponding

reductions in dislocation densities [16,18]. Accordingly,

enhanced coarsening of the precipitates in the CC specimens

was due to Oswald ripening in terms of longer exposure and

stress in the CC tests.

Fig. 12 e Typical SEM photos taken after the CC test for HT¼ 10 minutes at R¼ 0.8. (A) Fracture surface. (B) Cross-sectional

view. (C) Fracture surface in slant region. (D) Fracture surface in core region. CC, cyclic creep; HT, hold time; SEM, scanning

electron microscope.
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4. Conclusions

Influences of HT and stress ratio on the CC properties of Gr. 91

steel were systemically investigated in a wide range of CC

tests, which were performed with various HTs and stress ra-

tios under controlled tensionetension loading cycles at 600�C.
Under the influence of HT, the rupture time increased for an

HT of 10minutes at R¼ 0.90 and R¼ 0.95, but no influencewas

found at the stress ratios of R ¼ 0.50, 0.80, and 0.85. The creep

rate was almost constant regardless of the increase in the HT

except for the data obtained after the 10-minute hold at

R ¼ 0.90 and R ¼ 0.95. Rupture elongation showed almost

identical behavior regardless of the HT. Then, in terms of the

influence of stress ratio, rupture time increased with an

increase in the stress ratio, but the creep rate decreased,

except for the data obtained at HT ¼ 1 minutes and 3 minutes

at R ¼ 0.9 and R ¼ 0.95. Rupture elongation exhibited no sig-

nificant difference from the stress ratios. Compared with the

monotonic creep, the CC showed a reduction in the rupture

time and acceleration in the creep rate. It was suggested that

CC properties depended dominantly on stress factors such as

stress ratio, stress range, and maximum stress rather than

any dependency on HT. Fracture surfaces in the CC tested

specimens of Gr. 91 steel displayed transgranular fractures

resulting from microvoid coalescence; the quantity of micro-

voids increased with an increase in the stress ratio. Enhanced

coarsening of the precipitates in the CC test specimens was

found under all conditions.

Fig. 13 e SEM fractographs showing creep voids in the CC tested specimens at different stress ratios. (A) R¼ 0.5. (B) R ¼ 0.80.

(C) R ¼ 0.85. (D) R ¼ 0.90. (E) R ¼ 0.95. CC, cyclic creep; SEM, scanning electron microscope.
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Fig. 14 e Histogram showing distribution of diameter size in microvoids measured with various stress ratios in the CC

tested specimens. (A) R ¼ 0.5. (B) R ¼ 0.80. (C) R ¼ 0.85. (D) R ¼ 0.90. (E) R ¼ 0.95. CC, cyclic creep.

Table 3 e Summary of void measurement with stress ratios in the CC test conditions.

Stress ratio (R) Total area (mm2) No. of void Mean diameter of void (mm) Void area (mm2) Fraction of void (%)

0.50 253,350 111 9.17 7,240.88 2.86

0.80 91 12.29 10,412.06 4.11

0.85 178 10.28 13,982.06 5.52

0.90 146 10.96 14,845.22 5.86

0.95 165 11.60 16,949.75 6.69

CC, cyclic creep.
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Fig. 15 e Initial microstructures in the N þ T conditions before the CC tests of Gr. 91 steel. (A) OM structure. (B) SEM

microstructure for precipitates. (C) Schematic diagram for microstructure. (D) Formed precipitates (replica). CC, cyclic creep;

Gr., grade; N þ T, normalized and tempered; OM, optical microscope; SEM, scanning electron microscope.

Fig. 16 e Precipitates formed in the deformed gage-section and undeformed grip-section regions after the CC tests for

HT ¼ 1 minute at R ¼ 0.5. (A) Deformed gage-section region. (B) Undeformed grip-section region. CC, cyclic creep; HT, hold

time.
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