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Abstract: The high chrome heat-resistant steel is commonly used as a part of an ultra-
supercritical steam boiler and creep failures are usually observed after the part has been exposed to
constant high boiler temperature operation. The heat-resistant steel 253 MA which contains high
chrome of about 22 wt.% is usually found to be used for steam boiler pipe, so as it is interesting to
investigate and evaluate the behavior of creep rupture of this steel and the relationship with
microstructure and mechanical properties. The 253 MA heat-resistant steel material was cut and
deformed using cold rolling to about 35% thickness reduction and heated at temperatures constant
of 900, 1000, 1100 and 1200 °C for 0, 240, 420, 840, and 3600 seconds at each temperature under
heating rate of 10 °C/minutes and then quenched. Another high chrome heat-resistant steel 316L is
also used as an investigated steel for validation of the austenite grain growth. The creep rupture test
was carried out at a temperature of 700 °C and a stress of 150 MPa. The result of this study is
evaluated as a modified model which describes the relationship of the Larson-Miller parameters
between hardness and austenitic grain size, and it is found that the modified model seems to be in
close agreement with another high chrome steel which has been reported in previous work.

Keywords: creep resistant; time of rupture; grain size; hardness; high chrome; heat resistant steel;

empirical model

1. Introduction

Nowadays, power generation usually uses coal as a
resource to fire the boiler. It can result in a negative effect
of released emissions reaching 44% of global CO»
emissions to the environment?. To overcome this problem,
high efficiency technology generates a low emission
(HELE) need in steam power generation. There are
several ways to achieve a HELE technology such as using
Clean Coal Technology (CCT), fuel substitutions from
low carbon to higher carbon, carbon capture and storage
(CCS)? and mostly using a heat-resistant steel containing
several alloying elements which has high resistance to
oxidation and creep, especially at a high temperature
during boiler operation®¥. There are several high
temperature resistances of alloying such as ferritic high
resistance stainless steel, austenitic stainless steel, and
superalloy steel>>. Generally, heat resistance alloying
steel has a high chromium content. However, steel

containing very high chrome content tends to have brittle
behavior due to deformation of o-phase at high
temperature such as decrease of weldability and creep
resistance. To maintain or increase both weldability and
creep resistance, the element of nickel (Ni) is usually used
as an alloying element added to the high chrome steel
caused by generating a stable y-phase or austenitic phase
named austenitic stainless steel (ASS). There are many
types of ASS, such as SS 316, 316L, and 253 MA which
have high oxidation resistance also. For example, SS 316
when exposed in high temperature the oxide will be
formed which is observed as chromium oxide (Cr,O3) on
the surface of this steel®. Furthermore, to avoid the
formation of d-ferrite, sometimes the element of copper is
also used as alloying elements in addition to that steel”.

The chemical elements such as Mo, B, W, Nb, Ti, Hf, V,
C, and N are added as alloying elements to steel a grade
of heat-resistant steels when the steel is long exposed at
high temperature and coating treatment to protect the steel
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from severe high temperature”'?). The precipitate has been
observed located in both grain boundaries and the matrix,
whereas the role of the precipitate in this steel to retard the
movement of dislocation'". The rare earth elements such
as Rh, Ce, and Yt are also used as extra alloying elements
to generate solid solutions. The creep rate of deformation
become slowly due to the different size of solute and
matrix atom, which retard the movement of dislocation, so
it may influence the creep rupture time'>!?, As reported if
the creep deformation occurs caused by the grain
boundaries sliding, the large grain size will have a high
creep strength due to decreasing creep rate deformation'?.

Generally, creep deformation occurs in three stages:
primary, secondary, and tertiary. In the first stage, the rate
of creep deformation occurs faster than in the secondary
stage, where in the second stage or secondary stage, the
rate of creep deformation occurs sluggishly as increasing
the creep time. At the third stage or tertiary stage, the creep
deformation rate rapidly increases and reaches failure.
The slope of secondary stage of the creep deformation is
very important to predict the rate of activation energy,
creep mechanism, creep strength, and rupture time'>.

The creep rate or strain rate model (£ ) and creep
parameter are an important model in designing a high
temperature material. Many empirical models of creep
strain and parameters of creep have been developed and
modified. However, the Norton model, which was the first
empirical creep strain model developed in 1929'9 is
usually used to determine creep strain rate, whereas the
creep parameter of Larson-Miller is easier to evaluate
creep lifetime or remaining life prediction than others
creep parameter!”.

As has been reported previously'®!?), it is interesting to
investigate the rate of creep deformation in steel grade of
high chrome, because the rate of creep deformation of
those steels is obtained by different results depending on
the grade of the high chrome steel. Further investigation
in this paper is to observe and evaluate creep deformation
of the steel grade 253 MA containing 22 wt.% chrome
elements. The objective of this investigation is to evaluate
the relationship between the microstructure and creep
rupture time and to evaluate the relationship between
hardness and creep rupture time in terms of a modified
model which can be used to predict the remaining life of
this steel during operation in a boiler.

2. Materials and Methods

The steel grade containing high chrome 253 MA and
316L are used as an investigated material where the
chemical composition of this material is measured by
Optical Emission Spectroscopy (OES).

To evaluate the microstructure of these steels, the test
steel is plastically deformed by using a cold rolling mill,
thickness reduction of 35% and obtaining the final
thickness of 2.3 mm. The test steel is heated in an
induction furnace at temperatures of 900, 1000, and
1100 °C at heating time of 0, 240, 420, 840, and 3600

seconds for each temperature under a heating rate of
10 °C/minutes and then quenched in water to form a
different austenite grain size. In addition, the tested steel
253 MA is heated at a temperature of 1200 °C.

The microstructure of the quenched steel is observed
according to metallography procedure, from grinding
using SiC paper grid 80 to 1500 and then polishing using
alumina powder. To reveal the austenite grain boundaries,
the polished steel is etched using aqua regia 4:1 around 4—
30 s and then sprayed with water and alcohol and dryer.
Austenitic grain boundaries are observed by using an
optical microscope and the grain size is counted by
intercept method according to ASTM EIl112 and
application of image-J. The hardness of both the tested
steel 253 MA and 316L were measured by using Vickers
Hardness Tester using load of 0.3 N. The creep’s plate
specimen was prepared according to ASTM E8 by wire-
cut electrical discharge machining (wire-cut EDM) which
it can be machining complex geometries of subsize
specimen??. The creep rupture test was performed at the
temperature constant of 700 °C under the stress of 150
MPa by using ZwickRoell Creep Tester.

3. Result and Discussion

3.1 Chemical composition of 253 MA and 316L steel

The chemical composition of 253 MA and 316L steel-
can be seen in Table 1, showing that the high chrome and
nickel element was found in the 253 MA steel.

Table 1. The chemical composition of the investigated steel

(%owt.)
Type
Elements SS 253 MA SS 316L
C 0.079 0.0042
Si 0.00089 0.7536
Mn 0.51 1.58
P 0.03 0.0038
<0.005 0.0009
Cr 22.06 17.36
Ni 10.86 9.35
Mo 0.08 2.14
N 0.384 }
Ce 0.03 -
La 0.014 -
Fe Bal. Bal.

3.2 Austenite grain growth kinetic of 253 MA and

316L steel

The microstructure of cold rolled steel 253 MA and
316L might be seen in Fig. 1 below, showing that the
elongated austenite grain with twin deformation grain was

observed. It has been reported previously?'¥ that a twin
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deformation grain is formed in steel which has the unit
crystal BCC, FCC and HCP. The twin deformation of
austenite grain occurs due to the shearing force during
cold plastic deformation and can be created by the image-
mirror atom. It has been observed that the twin
deformation austenite grain both 253 MA and 316L seems
to be different grain size, whereas for cold rolled test steel,
253 MA is observed in bigger than for the 316L. The
difference in the size of twin deformation grain is caused
by differences in the prior austenite grain size of those
tested steels, where the prior austenite grain of 253 MA is
observed bigger compared with prior austenite grain of the
316L.

(b)

Fig. 1: Microstructure of heat resistance steel (a) 253 MA
and (b) 316L after cold rolling

The deformation of twin austenite grains is triggered by
critical stress during cold plastic deformation. The twin
grain in steel having coarse prior austenite grain size
seems easier to form due to low critical stress compared
with the finer prior austenite grain, so as twining is
observed much more than finer grain, as has been reported
previously??. The austenite grain size of both tested steel
253 MA and 316L as shown in Fig. 2-4 increased as
preheating temperature and holding time increased, and
the annealing twin is also observed in the austenite grains.

As quench :

420

840s

Fig. 2 Microétruc
316L after cold rolling as well as annealing 900 °C with
variation of holding time

As quench

420s

840's

Fig. 3: Microstructure of heat resistance steel 253 MA and
316L after cold rolling as well as annealing 1000 °C with
variation of holding time
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As quench “ &

420s

840s 2z

Fig. 4: Microstru nce steel 253 MA and
316L after cold rolling as well as annealing 1100 °C with

variation of holding time

These results seem to be in close agreement with those
reported previously by Yue et al?®. It has been mentioned
that the recovery atom during austenite grain growth
caused the formation of annealing twin grain in high
chrome FCC steel which has a low stacking fault energy
(SFE). The formation of twin grains due to atom recovery
has been proposed by a growth accident model, where the
model describes the atom move to the near lattice site and
then to form twin grains®®. The larger number and size of
twins of 253 MA and 316L steel in Fig. 4(a-c) show that
twins grow through the migration of twin boundaries.

To predict and evaluate the kinetic austenite grain
growth in this steel, the tested steel was heated at the
temperatures of 900, 1000, 1100 and 1200 °C at a holding
time of 0, 240, 420 and 840 seconds for each temperature.

The empirical model that has been proposed by Yue et
al?> is adopted to evaluate the kinetic grain growth in the
steel as can be rewritten in Eq. 1 below.

Dn—D{;=ko-tm-EXP(—ﬁ) (1)

RT

The Eq. 1 then is modified in term of logarithmic
equation in Eq. 2 below,

Q 1
In(D™ — D§) =Inky +m-In —ﬁ-; 2)

The austenitic grain growth result of both 253 MA and
316L steel can be seen in Fig. 5 below.

90

= 253 MA-900 °C 253 MA-1000 °C
3161-900 *C o 316L-1000 °C 316L-1100 °C

predicted 253MA-900 °C - - - predicted 253MA-1000 °C - = predicted 253MA-1200 °C
=——rpredicted 3161-900 °C' = =predicted 3161.-1000 °C = =« predicted 3161-1100 °C'

253 MA-1200 °C
80

70 A

60 1 [ ‘ _—l
50 1 I }'( J

Avg. grain size (um)
B

0 l(‘)[l 2(‘]() 3(‘]!1 4(‘)!3 5(‘1() (r(ll(] 7lll!) X(I)(l ‘)(Il() 1000
Holding time (s)

Fig. 5: Comparison of grain growth of 253 MA and 316L

steel resulted of experiment and prediction

The relationship of In (D™ — DJ') and In t can be
obtained from the slope of time exponent of m by
assuming the value of the grain growth exponent of n is
0.5 — 5 according to Du et al*” and Ji et al?®, and the
activation energy of grain growth Qe can be predicted in
the slope of In(D™ — D{) vs. 1/T. The values of ko, m
and n can be calculated by using the value of Qg as can
be seen in Table 2 below.

Table 2. The value of Qgg, ko, m, and n on the 253 MA and

316L steel
Value Steel type
SS253 MA | SS316L
900 °C 4%1017
k 1.3x10%
0 1000-1100 °C 3x10 2x1016
Qe (kJ/mol.K) 2376 2320
n 5.55 45
m 1.407 0.669

As can be seen in Table 2, the activation energy Qgg of
a high chrome steel type of 253 MA, the constant of ko and
the grain growth exponent n as well as the time exponent
of m were predicted much higher than a high chrome steel
of 316L. It seems that some precipitated, is occurred in
those steel are triggered by increasing of the value
exponent grain growth of n which has been reported by
Yue et al>® and the value of constant ko is defending on
both the chemical composition and processing condition
has mentioned by Priadi et al*®. The value of ko and n
seem to have influenced the activation energy of grain
growth (Qyg) of these steels, and the high value of Qg can
imply that the steel has a high stability of grain at a high
temperature application. The activation energy depends
on the manufacturing process also. For example, 316L
steel in a wire shape®? has higher activation energy than
316L in this experiment a which has a plate shape.
According to Table 2, there are two models of grain
growth for 253 MA and 316L steel that can be modified
as shown in Eq. 3 and 4.
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For 253 MA steel

5.55 _ 5.55 _ 19 , £1.407 , _ 376
D D§® = 1.3x101° - 1497 . EXP (- 22)  (3)
For 316L steel
45 _ n45 _ . +0.669 , _ 320
D= D3 = ko000 ExP (- 3) @

The predicted grain growth of those steels from Eq. 3
and 4 can be seen in Table 3 below.

Table 3. The predicted avg. grain size from grain growth model

of Eq. 3 and 4
Predicted avg. grain size, D (um)
t(s) 1173 K 1273 K 1373 K 1473 K
253 MA 316L 253 MA 316L 316L 253 MA

10 4.79 7.83 8.27 7.13 11.63 19.72
25 6.04 8.97 10.43 8.17 13.33 24.88
50 7.21 9.94 12.44 9.06 14.78 29.66
75 7.99 10.56 13.78 9.62 15.69 32.87
100 8.59 11.02 14.83 10.04 16.38 35.36
125 9.09 11.39 15.69 10.38 16.93 37.41
150 9.52 11.70 16.43 10.67 17.40 39.18
175 9.90 11.98 17.09 10.91 17.80 40.75
200 10.24 12.22 17.67 11.13 18.16 42.15
225 10.55 12.43 18.21 11.33 18.48 43.43
250 10.84 12.63 18.70 11.51 18.77 44.60
275 11.10 12.81 19.16 11.67 19.04 45.69
300 11.35 12.97 19.59 11.82 19.29 46.71
325 11.58 13.13 19.99 11.96 19.52 47.67
350 11.80 13.28 20.37 12.10 19.73 48.57
375 12.01 13.41 20.73 12.22 19.94 49.43
400 12.21 13.54 21.07 12.34 20.13 50.25
425 12.40 13.66 21.39 12.45 20.31 51.02
450 12.58 13.78 21.71 12.56 20.48 51.77
475 12.75 13.89 22.01 12.66 20.65 52.48
500 12.92 14.00 22.29 12.76 20.81 53.17
525 13.08 14.10 22.57 12.85 20.96 53.83
550 13.23 14.20 22.84 12.94 21.11 54.47
575 13.38 14.29 23.10 13.02 21.25 55.09
600 13.53 14.38 23.35 13.11 21.38 55.68
625 13.67 14.47 23.59 13.19 21.51 56.26
650 13.81 14.55 23.83 13.26 21.64 56.83
675 13.94 14.64 24.06 13.34 21.76 57.37
700 14.07 14.72 24.28 13.41 21.88 57.90
725 14.19 14.79 24.50 13.48 21.99 58.42
750 14.32 14.87 24.71 13.55 22.10 58.93
775 14.44 14.94 24.91 13.61 22.21 59.42
800 14.55 15.01 25.12 13.68 22.31 59.90
825 14.67 15.08 25.31 13.74 22.42 60.37
850 14.78 15.15 25.51 13.80 22.52 60.83
875 14.89 15.21 25.69 13.86 22.61 61.27
900 14.99 15.28 25.88 13.92 22.71 61.71

As can be seen in Table 3, the grain growth of 253 MA
steel during heating of 900 °C (1173 K) is slower than
316L steel. After heating of 1000-1200 °C (1273-1473 K),
the grain growth of 253 MA steel is faster than 316L steel.
It implies that the higher activation energy of grain growth
of the 253 MA steel can affect the austenite grain to grow
more rapidly when it is heated at above 1000 °C (1273 K).

The austenitic grain growth of these steels also can be
confirmed by the change in grain boundary surface area
per unit volume as seen in Eq. 5 below.

Change in grain boundary surface area per unit volume

(umh =22 (5)

Df D;

The change of grain boundary surface area per unit
volume value of tested steel of 253 MA and 316L
according to Eq. 5 has been presented in Fig. 6. These
values did not increase significantly when the tested steels
were heated between temperatures of 900 and 1000 °C,
whereas the heating temperature of these steels above
1000 °C showed that the value change in grain boundary
surface area per unit volume of 253 MA steel was higher
than 316L steel. It implies that the high content of
chromium in 253 MA steel was contributing to retard
grain boundaries movement when it heated until 1000 °C.

-02

——253 MA-900 °C ~ —-253 MA-1000 °C —#-253 MA-1200 °C
-®-316L-1100°C
—

- #+-316L-900 °C -m-316L-1000 °C

=
%

(nm )
: I R
-5 E =

<o
=
%

-0.06

-0.04

-0.02 -

Change in GB surface area per unit volume

0 100 200 300 400 500 600 700 800 900
Holding time (s)
Fig. 6: The value of change in grain boundary surface area
per unit volume on tested steel of 253 MA and 316L

3.3 Creep rupture behaviors

The behaviors of creep rupture on heat resistance steel
only perform for high chrome steel type 253 MA steel,
whereas high chrome steel type 316L is only used to
investigate and evaluate the austenitic grain growth
behavior. The tested steel 253 MA which varied the
austenite grain size due to pre-heating at 900 °C and
holding time of 0, 30, and 60 minutes were prepared as a
creep test specimen with a gauge length of 25 mm and
cross-section area of 13.8 mm?. The steel is heated until it
reaches a temperature creep of 700 °C and stress of 150
MPa was applied so that the uniaxial creep rupture test run
until this steel occurred rupture. The experiment data of
creep rupture test was plotted on the curve of creep strain
with time of rupture as shown in Fig. 7. In this figure, the
stage of primary, secondary, and tertiary creep has
occurred in all grain size variance. Generally, the high
grain size of the steel when applied at the high temperature
of creep will cause a long rupture time for steel. For
example, the steel with a grain size of 19.8 pm shows
rupture time more rapidly than that grain size of 40.35
um?*Y. However, the rupture time of this steel, which has
a grain size of 40.35 um®Y occurred more slowly than that
grain size of 50.99 um?®Y as displayed in Fig.7. It might be
due to the appearance of a precipitate in the steel with a
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grain size of 50.99 pm?3 that can initiate the micro-crack
between precipitate and grain boundaries more rapidly
than that the steel with a grain size of 40.35 pm3Y. The
role precipitated by the crack propagation under creep
deformation has been studied also in previous works>3%,

0 5(;00 l()(')()() 15(')00 20(’)00 25000
Time of rupture (min)

Fig. 7: Creep rupture of 253 MA steel on temperature of
700 °C and stress of 150 MPa with several grain size of (a) 19.8
pm, (b) 20.32 um, (c) 22.87 um, (d) 32.4 um®Y, (e) 34.88

pum3Y, (f) 40.35 um3Y, and (g) 50.99 um?3"

The value which are obtained on the creep rupture curve
such as elastic strain (&), fracture strain (), minimum
creep rate (Ae/At), and creep rupture time (t) were
presented in Table 4. In this table, the high elastic strain of
0.306 mm/mm is found in steel with a grain size of 50.99
pm. The high fracture strain of 0.8132 mm/mm has been
found in the steel with a grain size of 22.87 um and a high
minimum creep rate of 7.95 x 107 s7! as well as been a
high creep rupture time of 21846.14 min*" was found in
the steel which has a grain size of 40.35 um.

Table 4. The value of creep rupture of 253 MA steel with grain
size variation

D &e & Ae/At (s1) tr Ref.
(um) X106 (min)
19.80 0.242 0.5674 112.740 2227 This
20.32 0.047 0.7058 116.431 3026 experi-
22.87 0.025 0.8132 238.701 2756 ment
32.40 0.055 0.3670 22.1 9270
34.88 0.039 0.3390 16.8 11684 30
40.35 0.135 0.605 7.949 21846
50.99 0.306 0.601 8.289 16924

Fracture surface of creep rupture test 253 MA was also
evaluated, where the creep rupture surface of 253 MA
steel with grain size variation caused by the creep rupture
test was observed using a SEM-EDS with magnification
of 500X as shown in Fig. 8(a-g). In these figures, the
brittle fracture shape and micro-cavities were clearly seen
on the fracture surface in all of the grain size variations.
This fracture can occur due to plastic deformation at high
temperatures as a function of time. The precipitate in the

grain boundaries can also trigger a micro-cavity or micro-
crack, and it can propagate when constant stress and high
temperatures apply until the steel ruptures. There are two
types of fracture in these figures, intergranular and
transgranular fracture. The intergranular fracture as shown
in Fig. 8(a-e) occurred on the steel with grain size between
19.8 and 22.87 pm as well as a grain size of 34.88 pm?3?
whereas the steel with grain size between 40.35 and 50.99
um?*D suffered mix mode of fracture, intergranular and
transgranular mixed fracture as shown in Fig. 8(f-g).

{‘: df 8

{ \,
I8 1/ 200V X500 50pm 0000 1230 SE1

200y X800 Sopm 0000 12 3051

LAY

00, 60pn 0000 1340 861

(2)

Fig. 8: Fractography of creep rupture 253 MA steel observed
by using SEM with magnification of 500X at grain size of (a)
19.8 um, (b) 20.32 um, (c) 22.87 um, compared with previous

work (d) 32.4 pum3Y, (e) 34.88 um?Y, (f) 40.35 pm3Y, (g) 50.99
pm?)

The mixed mode of fracture can be triggered by
coalescence of a micro-cavity in the matrix grain and an
intergranular crack in the grain boundary under creep
rupture test’®. The average creep cavity size in 253 MA
steel is observed to be relatively small with a grain size of
19.8 to 22.87 um compared with the grain size in the
previous work3". The creep rupture of high chrome steel
seems to be rapid due to course precipitate occurs in grain
boundaries. It has been reported by Hu et al*? that the size
of creep cavity has a close relationship with stress
concentrations on grain boundaries, having course
precipitates which is triggered the creep rupture test much
faster. According to the literature, the types of precipitate
which are found in the heat resistance steel are Ma3;Cs,
laves phase, Z-phase, and § phase’>3%37,

3.4 The relationship between austenitic grain and
hardness with Larson-Miller parameter

The Larson-Miller parameter is usually used by
researchers to predict creep rupture time and it can be
rewritten in Eq. 6 below.

LMP = T(logt, + C) (©6)
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The relationship between the Larson-Miller parameter
(LMP) and austenite grain size high chrome steel 253 MA
is displayed in Fig. 9 below, as can be seen in this figure
the LMP seems to be increased exponentially as austenite
grain size increased.

60

50 A °
y =8E-06x?-0.3147x+3117.3 .
R?=0.8484 *

S
o

Avg. grain size (um)
N w
o o
®
.'~.

=
S)

0 T T T T T T
20800 21000 21200 21400 21600 21800 22000 22200

T(logt,+20)

Fig. 9: Relationship between grain size and Larson Miller
Parameter (LMP)

The slope relationship between LMP and grain size can
be empirically modeled as shown in Eq. 7 below.

D =8x10"%(LMP)? — 0.3147(LMP) + 3117.3 (7)
The empirical equation above (Eq. 7) can be modified

as Eq. 8 below by using the relationship between LMP and
the logarithmic austenite grain size as seen in Fig. 10.

In(D) =9x 10~*(LMP) — 15.384 (8)
45
! * .
354 e e .
PR y =0.0009x - 15.384
3 & e R?=0.9108

In(D)

20800 21000 21200 21400 21600 21800 22000 22200
T(logt,+20)

Fig. 10: Relationship In (D) vs LMP

The modified empirical equation in Eq. 8 can be
validated using another result which has been reported
using several high chrome austenitic steels shown in Fig.
11.

= SS304
% SS316LN
0O SUS321HTB

Model Eq. 8 O This Experiment
55316 A286 Steel

® SS304HCu A Inconel X-750
< Cr-Mn-N-Steel

6 //
x <
4 x ©

om0, ° N
[ ]

19000 20000 21000 22000 23000 24000 25000
LMP =T(log t,+20)

Fig. 11. Prediction of LMP using data experiment and model
Eq. 8 and compared with previous result3®-4

From Fig. 11 above, it seems that a modified empirical
model Eq. 8 to be closed in agreement with the result of
other high chrome austenitic steel of SS 304, SS 316 and
Inconel X-750 as well as SUS 312 HTB which has been
reported from previous work.

On other hand, the relationship between the Larson-
Miller parameter (LMP) and the hardness value of high
chrome steel 253 MA is displayed in Fig. 12 below. In this
figure, the initial hardness of steels is used to determine
the relationship between hardness and LMP. This figure
shows that LMP is increasing exponentially as the
hardness decreases.

[N)
N
o

N

w

o
s

180 - y =-3E-07x’ + 0.017x2- 365.37x + 3E+06
R?=0.9783

Avg. micro-Hardness Vickers

[

Iy

o
s

150 T T T T T
20900 21100 21300 21500 21700 21900 22100

T(log t+20)

Fig. 12. Relationship between hardness and Larson Miller
Parameter

The slope relationship between LMP and hardness can
be empirically modeled as shown in Eq. 9 below.

HV = =3 x 1077(LMP)3 + 0.017(LMP)? — 365.37(LMP) +
3 x 106 O]

The empirical equation above (Eq. 9) can be modified
as Eq. 10 below by using the relationship between LMP
and the logarithmic hardness as seen in Fig. 13.

InHV = 9.123 — 0.0002(LMP) (10)
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Fig. 13. Relationship between In (HV) and LMP

The modified empirical equation in Eq. 10 can be
validated using another result which has been reported
using several low and high chrome austenitic steels shown
in Fig. 14.

14 ——model Eq. 10 @ This Experiment
9Cr-1Mo-V-Nb-steel 1.25Cr-1Mo-V steel
12 9Cr-3W-3Co steel 12Cr-1Mo-1W-VNb steel
1.25Cr-0.5Mo steel ¢ Inconel X-750
10 A Cobalt base L-605 Alloys ©  12CrMoVNb Steel
=
z 8
£
6 o PR
OXe ¢ &
4
2
0
15000 17000 19000 21000 23000 25000 27000

LMP =T(log t,+20)

Fig. 14. Prediction of LMP using model Eq. 10 and compared
with another result reported previously*346-52)

From Fig. 14 above, it seems that a modified empirical
model Eq. 10 to be closed in agreement with the result of
another low chrome steel of 1.25Cr-1Mo-V, 1.25Cr-
0.5Mo, 9Cr-1Mo-V-Nb, 9Cr-3W-3Co and high chrome
steel 12Cr-1Mo-1W-VND as well as 12CtMoVNDb which
has been reported by previously work.

4. Conclusions

The creep resistance of high chrome steel has been
studied through the relationship between the
microstructure and creep rupture time in terms of a
modified model which can be used to predict the
remaining life of this steel. The 253 MA steel, which has
higher chrome elements as shown larger grain size and
better creep resistance than 316L steel.

The grain growth of 253MA steel is faster than steel of
316L at a constant temperature, so the grain size of 253
MA steel is observed as larger than the grain size of 316L.
steel. The model kinetic of grain growth of those steel can
be modified as below.

D555 — D§SS = 1.3x101° - £147 - EXP (-
MA steel and

376
RT

) for 253

320
RT

D*S — DS = ko - 9667 - EXP (=220} for 316L steel

The creep rupture time is in close relationship with the
austenitic grain size of 253 MA steel, where the fine grain
size is observed faster creep rupture time compared with
the coarse grain size. The modified model of creep rupture
time in terms of Larson-Miller Parameter can be described
as the relationship with grain size can be modeled as

In(D) = 9 x 10~*(LMP) — 15.384

The hardness of 253 MA steel is influenced by the
austenitic grain size, where the hardness of the steel
decreases as the austenitic grain size increases. The
modified model of creep rupture time in terms of Larson-
Miller Parameter can be described as the relationship with
hardness can be seen as

InHV = 9.123 — 2 x 10~4(LMP)

This modified model of creep rupture in terms of
Larson-Miller Parameter would help evaluate remaining
life for steel grade of high chrome for ultra-supercritical
steam boiler application.
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Nomenclature
D average of grain size (um)
Dy initial average of grain size (um)
t holding time (s)
n grain growth exponent
m time exponent
O activation energy of grain growth (kJ/mol.K)
ko pre-exponential term
R general gas constant (8.31 J/K.mol)
T temperature (K)
Dy average of final grain size (um)
D; average of initial grain size (um)
t creep rupture time (min, h)
LMP larson miller parameter
C constant
HV Hardness vickers
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Greek symbols

&
&f

Ae/At

1))

2)

3)

4

5)

6)

7)

8)

9)

10)

elastic strain
fracture strain
minimum creep rate (s)
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