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ABSTRACT-Interrupted creep tests for investigating the structural degradation during creep were conducted for a
Mod.9Cr-1Mo steel in the range of stress from 71 to 167 MPa and temperature from 873 to 923 K. The change of hardness
and tempered martensitic lath width was measured in grip and gauge parts of interrupted creep specimens. The lath
structure was thermally stable in static conditions. However, it was not stable during creep, and the structural change was
enhanced by creep strain. The relation between the change in lath width and creep strain was described quantitatively. The
change in Vickers hardness was expressed by a single valued function of creep LCR(life consumption ratio). Based on the
empirical relation between strain and lath width, a model was proposed to describe the relation between change in
hardness and creep LCR. The comparison of the model with the empirical relation suggests that about 65% of hardness
loss is due to the decrease of dislocation density accompanied by the movement of lath boundaries. The role of precipitates
on subboundaries was discussed in connection with the abnormal subgrain growth appearing in low stress regime.
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1. INFTRODUCTION

Mod.9Cr-1Mo steel (T91) is one of the ferritic heat
resistant steels used widely for fossil power plants
because of its excellent high temperature strength and the
advantage of small thermal stress in cyclic operations. As
a results, long-term service aged components are now
growing, and the elaboration of life assessment techno-
logy is demanded for this material. In order to meet the
requirements for creep life assessment, studies on the
constitutive equations (Park ez al., 1998, 1999, 2001), the
substructural evolution (Sawada et al., 1997; 1998;
1999), the growth of precipitates during creep (Cerri et
al.,, 1998), and also the relation between creep strength
and structures (Masuyama and Nishimura, 1994; Orlova
et al., 1998; Kushima et al., 1999; Suzuki er al., 2000)
have been investigated. Among these works, the
observation reported by Kushima et al. (1999) is worthy
of attention.

They found that the decrease in creep life and rupture

*Corresponding author. e-mail: kspark @hotmail.com

45

strain, which emerged when creep life exceeded 10,000
hrs, was associated with abnormal subgrain growth
occurring in the vicinity of prior austenite grain boundaries.
To investigate this phenomenon more closely, Suzuki et
al. (2000) studied the precipitates near prior austenite
grain boundaries, and found Z phase particles growing
rapidly at the sacrifice of fine MX particles containing
Nb and V. Based on their observations, they ascribed the
abnormal subgrain growth to the Z phase particles
appearing preferentially near prior austenite grain
boundaries.

Their new finding is quite important in understanding
the loss of creep strength in long term creep. However,
the structural evolution in short term creep is also
important to deepen the understanding of structural
degradation. In the present paper, the change of hardness
and tempered martensitic lath width, and also the relation
among hardness, creep life and lath width will be treated
quantitatively, followed by discussion on the structural
evolution and the non-homogeneous recovery of lath
structure appearing in low stress regimes.
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2. EXPERIMENTAL PROCEDURE

The heat treatment applied to an as-received Mod. 9Cr-
1Mo steel (ASME SA-213 T-91) was normalization at
1313 K for 1 hr and tempering at 1053 K for 2 hrs. The
chemical compositions of the material are show in Table
1. Two series of interrupted creep tests, A and B, were
conducted at atmospheric pressure. Creep specimens
with two shoulders in both ends had a gauge part of 30
mm in length and 6 mm in diameter. The stress and
temperature for series A were 157 to 186 MPa and 873 to
898 K, respectively, and those for series B were 71 to 115
MPa and 873 to 923 K, respectively. In series A tests,
strain-time relations were automatically recorded. The
measurements of ambient hardness and TEM observation
were carried out on the gauge and grip parts of inter-
rupted specimens. The load applied for the Vickers
hardness measurements was 2 kg for 30 s. The initial
hardness (H,) was 225 and 214 for series A and B,
respectively. In series B tests, only the hardness measure-
ments were conducted, and the creep curve was not
recorded. The longest creep life of series A was 1,185
hrs, and that of series B was 18,736 hrs.

3. EXPERIMENTAL RESULTS

3.1. Change in Vickers Hardness due to Creep
Examples of interrupted and vninterrupted creep curves

Table 1. Chemical composition in mass%.
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Figure 1. An example of interrupted and uninterrupted
creep curves tested at 186 MPa and 873 K.
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Figure 2. Change in Vickers hardness ratio (H/Hy) with
creep time for the interrupted specimens whose
interruption time is from 22.4 to 1185 hours, where H,
and H are the ambient hardness before and after creep
interruption, respectively.

are shown in Figure 1 in which interrupted time and
strain are given. These creep curves are characterized by
a relatively long primary creep common to tempered
martensitic structure steels (Park et al., 1998). The
measurements of Vickers hardness were carried out on
the grip and gauge parts of crept specimens. For the
convenience of description, the change in hardness ratio
(H/H,) from 22.4 to 1,185 hrs and that of 657 to 18,736
hrs are shown separately as a function of time in Figures
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Figure 3. Change in Vickers hardness ratio(H/H,) with
creep time for the interrupted specimens whose
interruption time is from 657 to 18736 hours.
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Figure 4. Relation between the change in hardness ratio
and creep strain.
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Figure 5. Relation between the change in hardness ratio
and life consumption ratio (#/t,).

2 and 3. The decrease in hardness ratio can be expressed
approximately by a linear relation of time, although the
slope of the lines depends on creep conditions.

It should be noted that the decrease of hardness is
much smaller in the grip parts than in the gauge parts.
This clearly demonstrates that the as- received structures
are thermally stable if strain is not applied to the material
(Park et al., 1999). The relation between hardness change
and strain is depicted in Figure 4. The figure shows that
the change in hardness is greater in the case of smaller
strains. The relation between hardness ratio and life
consumption ratio (LCR), normalized time divided by the
corresponding creep life t, is shown in Figure 5.

(a)as-received, lath
width(W)= 0.54um
(b)5.5%, W=0.74 um
(c)8.2%, W=0.90 um
(d)15.6%, W=0.99 ym
(e) substructures of a
grip part after creep
rupture.

Figure 6. TEM micrograph showing the change of the
tempered martensitic structures with creep strain.
Testing stress and temperature are 167 Mpa and 873 K,
respectively.

Although there is some scattering as LCR approaches
unity, the hardness ratio can be expressed as a function of
LCR as below;

H/H, = 1-0.19(:1t,) (1

3.2. Lath Structures of Interrupted Specimens

As described in the previous section, Vickers hardness in
the gauge parts decreases with increase in LCR. Struc-
tural observation was carried out by TEM on interrupted
creep specimens. Figure 6(a) shows the microstructure of
an as-received specimen. The micrograph shows a
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randomly oriented lath structure, and the lath width of an
as-received specimen was about 0.54 u#m. There remain
the densely populated dislocations within lath boundaries
introduced in martensitic transformation, and many
carbidies are also seen along prior austenite, packet,
block or lath boundaries. Their shape and size suggest
that carbides are mostly of M,;C, type. Figures 6(b) to
6(d) show the microstructures of the gauge parts tested at
873 K and 167 MPa. The interrupted creep strains are
given in these figures. It is to be noted that the lath width
increases continuously with increaing creep strain, and
the shape of the lath structure changes gradually from an
initial rectangular shape to a round one. As Sawada et al.
(2000) showed, dislocation density within lath boundaries
decreases gradually as the creep strain increases. In some
cases we could not identify the lath boundary even if the
precipitates lined up clearly. These lined-up precipitates
indicate the position where the lath boundary was located
before creep. Figure 6(e) shows the substructures of the
grip part, which are similar to those of the as-received
specimens and dissimilar to those of the gauge parts.
Actually, the lath width of grip parts after rupture was
about 0.55 gm which was close to the initial lath width.
This fact corresponds to the smaller change in hardness in
the grip parts and supports the speculation that the
decrease in hardness of the gauge section is due to the
decrease of the dislocation density caused by the
migration of the lath boundaries.

3.3. Change in Lath Width with Creep Deformation

Since the lath width increases with strain, the measure-
ments of lath width were carried out. The lath was
rectangular shape in an initial state but changed to an
equi-axed round one in the late stage of creep. In the
present study, the distance between the shorter sides of a
rectangle was taken as the lath width, and the diameter
was taken for the round subgrains. The results of
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Figure 7. Lath width as a function of creep strain.
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Figure 8. Plot of lath width against creep strain by

omitting the data near rupture strain.

measured lath width are plotted against strain along with
the results reported by other investigators (Sawada et al.,
1999; Orlova et al., 1998; Suzuki et al., 2000) in Figure
7. It is clear that the lath width increases with strain and
the rate of increase in lath width, dW/de, becomes small
as strain approaches rupture strain. It is necessary to
emphasize here that creep rupture is rupture is generally
associated with a local necking. In such a case, the
nominal rupture strain is usually much larger than the
true strain subjected to a foil sample for TEM study since
the foil is taken from the gauge section well apart from
the necking region. This is probably the reason why dW/
de becomes smaller as strain approaches creep rupture.
From this standpoint, the lath width is plotted against
strain in Figure 8 where the data near rapture strain are
omitted. The figure shows the tendency for W to change
linearly with strain, and the slope of the lines depend on
the stress when compared at about the same temperature.
From Figure 8, the change in lath width is expressed as
follows;

AW = fe @)

where [ is the slope of the lines.

4. DISCUSSION

4.1. Stress and Strain Dependence of Lath Width

It is clear that the slope of the lines in Figure 8 depends
on stress. However, taking into account that the lath
width approaches a constant value depending solely on
stress, it is rather natural that the slope of the line depends
on stress, since the lath width approaches a smaller value
at higher stresses. Therefore, the values of AW divided by
(W~W,) are shown as a function of strain in Figure 9,
where W, is the initial lath width, and W, is the final lath
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Figure 9. Relation between AW divided by (W—W,) and
creep strain, where W, is the initial lath width, and W, is
the final lath width depending sloply on stress.

width depending solely on stress. There is some scatter-
ing in plots, but all data points lay around a single line
with the slope independent of stress and temperature.
From this figure, AW can be expressed as below;

AW = oWs—W)e 3

where «is the constant of the magnitude of about 6.7 pm.

4.2. Evolution of Lath Structure

As mentioned above, the structural observation in the
grip parts shows that the lath structure does not evolve
substantially. This suggests that the subboundaries are
pinned with precipitates, and they cannot move easily
without the influence of creep strain. However, once they
escape from precipitates with the aid of stress and
temperature, they can move and evolve readily making
use of interfacial energy as a driving force for subgrain
growth. Therefore, the growth process of lath structure
will be treated in analogy with the grain growth (Hillert,
1965) associated with the decrease of total interfacial
energy.

dwidt = kT (1/W-1/W) @

where k is the proportional constant, I is the interfacial
energy. When W is close to W,, Equation (4) can be
rewritten as,

dWidt = kT (U/W—1/IW YW W,) 5)

Since the lath boundary is composed of dislocations
introduced in martensitic transformation, the energy for
lath boundary can be expressed in the form of a small
angle boundary (Read, 1953) as below:

I'=A6(InB-1n6)=A0=Ab/h (6)

where & is the tilt angle of the boundary, A and B are
constants, & is the separation between dislocations in the
subboundaries, and b is the strength of Burgers vector. As
Equation (6) shows, the interfacial energy I' is
proportional to the spacing between dislocations, h.
Therefore, interfacial energy is expected to increase as
the number of dislocations entering into lath boundaries
increases.

Hereafter, densely populated dislocations within lath
structures shall be classified into three categories, (1) a
dislocation group which is bounded weakly by other
dislocations or precipitates, (2) a dislocation group
bounded moderately, and (3) a dislocation group bounded
strongly with other dislocations and precipitates. Dis-
locations in the first category are expected to move
relatively easily in the early stage of creep, and they
contribute to the large primary creep common to temper-
ed martensite structure materials. Dislocations in the
second category begin to move following the dislocations
in the first category. Since they can travel a relatively
large distance, they contribute to creep strain and the
increase of lath boundary energy by entering into the
subboundaries. As speculated above, the dislocation
motion is quite complicated, however, dislocations in the
second category will be considered for the sake of
simplicity.

The dislocations in the second category are probably
generated from tangled dislocations. So the dislocation
density in the second category is expected to be propor-
tional to the generation rate of dislocations p released
from dislocation tangles. On the other hand, since the
strain rate is proportional to the generation rate of
dislocations p, the lath boundary energy can be replaced
by the strain rate. Taking this into consideration,
Equation (5) can be rewritten as;

dWldt = k'e(Ws—W,) Q)

where, k' is a constant. From Equation (7) following
equation is obtained;

dW = k'(W—W,)e )

It is to be noted that Equation (8) is similar to Equation
3).

In the deduction of Equation (8), we assumed that the
W is close to W,. However, Equation (8) holds even if the
magnitude of W is twice as larger as that of W,. This is
probably because the interfacial energy is not constant all
the way to rupture, but it is expected to increase in the
late stage of creep because of increased dislocations
entering into lath boundaries.

4.3. Relation between Hardness and LCR
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ture strain corresponding to Figure 1.

As-received tempered martensitic structure steels have
high dislocation density, but the dislocation density de-
creases during creep and leads to structural degradation.
At the present time, it is not clear what kind of
mechanisms are operating in dislocation annihilation. In
this section, an attempt will be made to explain the
hardness loss in connection with the migration of sub-
boundaries.

Let us suppose that lath boundaries migrate by AW
during creep and that they absorb all the dislocations
behind them. In this case, the average dislocation density
(p) can be expressed as below;

P =pW,/Wy: C))

where p, is the initial dislocation density.

Since the hardness at ambient temperature is expected
to be proportional to the square root of dislocation
density, Equation (10) results from Equations (3) and (9)
as;

H-H, = [(W,-W)/W]H,
= ~[(Ws—W,)/W16.7H, 10)

In order to relate Equation (10) with the empirical
Equation (1), an attempt will be made to relate LCR with
creep strain. Figure 10 shows the relation between the
logarithm of the strain rate and true strain corresponding
to Figure 1. It is clear that the logarithm of the strain rate
changes linearly with true strain over a relatively wide
range. Therefore, the following equation (Sandstrom and
Konyr, 1972; Endo and Shi, 1994; Prager, 1994) holds.

Iné=Ing + Qe (11)

where € is the instantaneous strain rate, & is the
imaginary initial strain rate, and € is the slope of the line
(strain rate acceleration factor). Assuming that Equation
(11) holds over an entire rage of creep, creep life is
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Figure 11. Relation between the magnitude within the
bravkets of Equation (16) and LCR, (#/t,).

expressed by Equation (12) (Endo and Shi, 1994; Prager,
1994). One can obtain creep strain by integrating
Equation (11) with respect to time and making use of
Equation (12).

t, = 1/(Q&) (12)
e= (/Q)In[1/(1 - t/t)] (13)

Equation (13) can be rewritten in the form;

=W (1/Q)(tlt,) (14)
where V¥ is given by Equation (15).

W = In[1/(1 = (/1. )]/ (¢/1,) (15)

Comparison of Equations (14) and (15) shows that the
magnitude of ¥ is unity at =0, and it increases up to
about 7.

Using Equation (14), Equation (10) is rewritten in the
form as:
I% =1-67[(1/Q){(Ws— W)/IW}W](t/t,) (16)

Figure 11 shows the relation between the magnitude
within the brackets of Equation (16) and LCR. The
magnitude of € depends on stress and slightly on
temperature (Park ez al., 1998). However, its magnitude
is about 64 in the present case. There is some scattering,
but the magnitude within the brackets of Equation (16) is
a constant of about 0.02, so that the magnitude of the
term in front of #/¢, in Equation (16) is about 0.13 which is
about 65% of 0.19 in Equation (1). This means that about
65% of dislocations within lath structures are absorbed
and eliminated by the movement of lath boundaries, and
the rest of the dislocations are annihilated by other
mechanisms such as mutual annihilation due to the
motion of isolated and moderately bounded dislocations.
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4.4. Non-homogenious Recovery of Lath Structures
When creep duration exceeds 10,000 hrs, creep life
becomes shorter than the extrapolated from the short time
creep data, and that rupture strain also becomes smaller
(Suzuki et al., 2000; IS1J, 1992). Since the recent study
(Suzuki et al., 2000) showed that this phenomenon had
something to do with the non-homogeneous recovery of
lath structures and the appearance of the Z phase, we will
discuss this phenomenon in connection with the
knowledge obtained in the present study. As-received
Mod.9Cr-1Mo steel exhibits tempered martensitic struc-
tures containing prior austenite, packet, block and lath
boundaries. Their boundaries are decorated by carbides
such as M,,C, and MX that appeared in the tempering
process. This is the reason why the substructure is therm-
ally stable in the grip parts. However, lath boundaries can
move relatively easily under the influence of stress, and
as a result, the dislocation density and hardness decrease
readily in accordance with the lath boundary movement.
In other words, subboundaries are supposed to be
released from the pinning of carbides in the early stage of
creep under the action of stress. Hereafter, stress needed
for a sub boundary to unlock the pinning of carbides will
be discussed.

Since the lath boundaries are composed of a group of
dislocations which is introduced to relax the stress due to
martensitic transformation, they can glide under the
action of stress at elevated temperatures. Actually, there
are some reports demonstrating the subboundary migration
and its contribution to total creep strain (Excell and
Warrington, 1972; Fukutomi and Horiuchi, 1979; Fukutomi
and Horiuchi, 1981). Let us suppose the subboundary
along which precipitates of the size R are arranged at the
intervals of precipitates A. Since the work necessary to
move the subboundary by a distance R/2 is equal to the
increase in interfacial energy due to the escape from
precipitates on the boundary (Nishizawa ef al., 1977), the
stress required to detach the subboundary from precipi-
tates is as follows;

7= I RhIAD a7

where A is the separation between dislocations composed
of subboudaries, and I' is the interfacial energy of lath
boundary. On the other hand, I" is expected to be of the
form, T'= o Gb*/h, where o is the constant of the
magnitude of about 0.5, G is the shear modulus, and b is
the Burgers vector. Accordingly, the tensile stress needed
to release a subboundary from the constraint of the
precipitates is as below;

o= oM 7GbRIA® (18)

where M is the Taylor factor. Suzuki et al. (2000) observ-
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Figure 12. Relational between normalized subgrain size
(W/b) at t/t, = 1 and normalized stress (a7G).

ed the precipitates along lath boundaries by filtered
electron microscopy and showed that the magnitudes of
A and R are about 500 nm and 50 to 2000 nm,
respectively. Taking the values of G (= 6245 MPa), b
(=24.8 nm), a(=0.5), M (=2.0), and A =500 nm and R
= 1000 nm, the maginitude of o'was estimated crudely to
be 100 MPa. The stress level in the present study is more
than 100 MPa so that the assumption that the sub-
boundary is free from the locking of precipitates appears
reasonable. In contrast to the present study, Suzuki et al.
(2000) found that the abnormal recovery of lath structure
occurred at a stress less than 100 MPa. Therefore, the
observation by Suzuki et al. (2000) seems to correspond
to the case where subboundaries cannot escape from the
pinning of precipitates unless the carbides grow gradually
and their carbide spacing increases.

Figure 12 shows the normalized subgrain size (W/b) at
t/t, = 1 plotted against normalized stress (o7G). Except for
the data at the lowest stress, almost all the data points fall
around a single line expressed in the form (W/b) = m (G/
0), where m is 16.3. In the case of single phase materials,
an analysis of many sets of data shows the similar
relation with a constant of about 20. This means that the
average subgrain size of a Mod.9Cr-1Mo steel is close to
that of single phase materials above 137 MPa (of
G=2.19x107). In contrast to data points obtained
above 137 MPa, the subgrain size obtained at 100 MPa is
somewhat different in behavior. Actually, Suzuki et al.
(2000) pointed out that the relation between the area
fraction and subgrain size exhibited a normal distribution
above 100 MPa, but it changed to the distribution with
two peaks, at 7 gm? and 1 gm’ at 100 MPa. This is why
only some fraction of the subgrains exhibited an abnormal
subgrain growth at 100 MPa. In fact, the smaller grain
size at 100 MPa is much smaller than that expected from
the data above 120 MPa. This fact demonstrates that most
of subgrains failed to attain the final subgrain size even at
t/t, = 1. In other words, this fact claims that the most of
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the subgrain boundaries failed to escape from the pinning
of precipitates at 100 MPa. Further studies are required
on the relation among Z phase appearing at low stresses,
abnormal subgrain growth and Ostwald ripening of
carbides during creep.

5. CONCLUSIONS

Aiming at the understanding of structural degradation
during creep, interrupted creep tests, measurements of
Vickers hardness and TEM observation have been carried
out on a Mod.9Cr-1Mo steel at 873 to 923 K and 71 to

167 MPa. Results obtained in the present study are as

follows;

(1) The structure of the Mod.9Cr-1Mo steel was therm-
ally stable in static aging. But the structural degrad-
ation was accelerated by creep strain.

(2) The change in Vickers hardness was expressed as a
function of creep life consumption ratio in the form
of Equation (1) in the text.

(3) The change of tempered lath width was expressed as
a function of creep strain in the form of Equation (3).

(4) The increase of lath width with creep strain was
explained in analogy with the theory of grain growth
driven by the change of interfacial energy.

(5) A model describing the relation between hardness
and creep life consumption ratio was proposed. The
model suggests that about 65% of hardness loss is
due to the decrease of dislocation density accom-
panied by the movement of lath boundaries.

(6) The role of carbides along lath boundaries was
discussed in connection with normal and abnormal
subgrain growth during creep.
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