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1. Introduction

High Cr ferritic steels with a tempered martensite lath structure (subgrain) have been used in fossil fired
power plants. Since their design lives are more than 10 years in fossil fired power plants, it is of engineering
importance to understand their creep property in long-term range. However, it is not easy to carry out such a
long-term creep test. The creep rupture life in long-term region is usually assessed by the extrapolation of
short-term creep data. But this extrapolation often brings about overestimation of long-term creep rupture life
because breakdown of creep strength takes place during long-term creep. The cause of this breakdown has
not been fully understood yet. Therefore, the cause of breakdown is studied in the present study. In addition,
the creep life of high Cr ferritic steels is assessed using hardness measurement.
2. Experimental procedure

The researched materials were two heats of Gr.91 steel. Creep tests were carried out under constant load in
air. Before creep test, the steel was normalized and then tempered. After tempering, uniform tempered
martensite lath structure was obtained. Hardness was measured with Vickers Hardness Testing machine
under an applied load of 1.961 N. Subgrain width was evaluated using FE-TEM pictures. Spacing and
chemical composition of precipitates were measured on the extraction replicas using EDS attached to
FETEM-STEM.
3. Results
3.1. Cause of breakdown of creep strength



In the primary research, it has been pointed out that hardness drop of grip portion of crept specimens well
accords with breakdown of creep strength during long-term creep. Based on this finding it is proposed that
static recovery of tempered martensite lath structure is the cause of the breakdown. This proposal is assessed
by studying the microstructural degradation of Gr.91 steel during aging, short-term creep and long-term
creep, respectively.

3.1.1 Static recovery during aging

Both spacings of MX and M;;Cs precipitates are kept constant in short-term aging. Spacing of MX
precipitates is still kept constant in long-term aging, whereas spacing of M,;Ce precipitates increases.
Coarsening of subgrains takes place in long-term aging and is controlled by the aggregation of M»;Cs
precipitates, namely pure static recovery. The subgrain size controlled by aggregation of M,;Cs precipitates is
represented by the following equation:

d=kpi’
where d is the subgrain size, k;, is a constant (2.0x10” nm™ at 700°C, 2.3x10” nm™ at 600°C and 650°C), and
A is the spacing of M,;Cs precipitates. The aggregation of M,;Cs precipitates during aging is represented by
the following equation:

A3=23+k, ¢

where Aand A, are the spacing of M,3;C precipitates at the aging time ¢ and before aging, respectively, k,
is Ostwald ripening rate of M,;C¢ precipitates during aging.
3.1.2, Strain-induced recovery during short-term creep

Both spacings of MX and M,;Cs precipitates are kept constant during interrupted short-term creep,
whereas the subgrian size increases with increasing creep time. Coarsening of subgrains during interrupted
short-term creep has nothing to do with MX and My;C¢ precipitates and it is only caused by strain, namely
strain-induced recovery. The correlation between subgrain size and strain during interrupted short-term creep
is represented by the following equation:

d-dy=kee
where d and d, are the subgrain sizes during interrupted short-term creep and before creep test, respectively,
ke 1s the coarsening rate of subgrains (3000nm), and ¢ is the strain.
3.1.3. Breakdown of creep strength during long-term creep

Aggregation of M,;C precipitates takes place during interrupted long-term creep and it is larger than that
due to pure static recovery, suggesting that strain accelerates the aggregation of M,;C¢ precipitates. Therefore,
the aggregation M»;Cs precipitates during interrupted long-term creep is caused not only by pure static
recovery but also strain, namely strain-assisted static recovery. The aggregation of M»;Ce precipitates during
interrupted long-term creep is given by the following equation:

ACreep = k7(/1(%+k1t)1/3 — (k7 —1)4,
where Acreep i the spacing of Mx;Cs precipitates at the creep time 7, and k7 is a constant (2.8 at 700°C and
40MPa, 5.3 at 700°C and 50MPa). The correlation between k7 and creep condition should be studied more in
future. Coarsening of subgrains during long-term creep is caused by strain-induced recovery, pure static

recovery and strain-assisted static recovery. Their contributions are given by the following equations,



respectively.
Ad =kee
Ady = ky(A3 + k t)?/3 — k23
Ads = ky[ky (A3 + k)2 — (kg ~ D) Ao)? — ko (A3 + k1 t)?/3

where Ad, Ad, andAd; are the subgrain coarsening due to strain-induced recovery, pure static recovery and
strain-assisted static recovery, respectively. The contributions of strain-induced recovery, pure static recovery
and strain-assisted static recovery to the subgrain coarsening during long-term are additive. Contribution of
static recovery including pure static recovery and strain-assisted recovery to the breakdown of creep strength
is significant. This contribution is added to that due to strain-induced recovery, resulting in the breakdown of
creep strength.
3.2. Assessment of creep rupture life using hardness measurement

The second objective in the present thesis is to assess creep rupture life of high Cr ferritic steels. The creep
life is assessed using hardness measurement based on microstructural degradation during creep.

The correlation between hardness and subgrain size of the steel is given by the following equation:

H=k,/d+B
where H is the hardness, ks is a constant (=3x10*nm), d is the subgrain size, and B is a material constant
(=141 in Gr.91 steel). The correlation between subgrain size and strain during interrupted short-term creep is
given by
d-do=kee
Therefore, the correlation between hardness drop and strain during short-term creep is given by the following
equation:
(Ho-H)/[(H-B)(Ho-B)=kst/ks

where H and H, are the hardness during the interrupted short-term creep and before creep test, respectively.

The short-term creep rupture life of the steel can be assessed by the following equation:
* t
‘.= 1+ 30 Ky (H,—H)
‘QI k(,(H_B)(Ho—B)

where & is the instantaneous strain upon loading, ¢, Q, and £, are constants determining creep curve shape,

1-exp{02, x{g, + I

and t; is the predicted creep rupture life. The accuracy of short-term life assessment increases with
increasing creep time. The accuracy of short-term life assessment is almost within 30% of the actual creep
rupture life in the time range larger than 1/3 of creep life. This accuracy is good, so this hardness
measurement method is applicable to the short-term life assessment of high Cr ferritic steels.
The subgrain size during interrupted long-term creep is given by the following equation:
: d~d, =k ,

where k¢ is dependent on creep conditions. It increases with decreasing creep stress. The value of k ¢ 18
1.2x10*nm at 700°C and 40MPa, and it is 8x10° nm at 700°C and 50MPa. Based on this equation and the
correlation between hardness and subgrain size of the steel, the correlation between hardness and strain

during long-term creep is given by the following equation:



(HO_H) ﬁk:s
(H-B\H,~B)

The long-term creep life can be assessed based on the correlation between hardness and strain during
long-term creep and the correlation between strain and long-term creep life which can be represented by
creep curve. The accuracy of long-term life assessment is within 30% of the actual creep life in the creep
time range larger than 1/3 of the creep life. This accuracy is good, so this hardness measurement method is
also applicable to the long-term creep life assessment of high Cr ferritic steels. However, in order to use this
method to assess long-term creep life, the creep condition dependent k;should be studied more in future.
The long-term creep life is underestimated if the strain is assessed based on the correlation between hardness

and strain during short-term creep. In addition, the underestimation decreases with increasing creep time.
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Figure 1. Subgrain coarsening of Gr.91 steel due to three types of recovery process

during interrupted long-term creep at 700°C and 40MPa
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