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ABSTRACT

Nondestructive phased array ultrasonic testing (PAUT), eddy current testing with a high-
temperature superconductor, direct current, and superconducting quantum interference device
(ECT+ HTS-dc-SQUID) and observation of a replica were conducted to detect creep damage of
Grade 91 steel welds. Creep strain measurements were also performed for residual life
assessment of the welds. PAUT showed that the threshold of creep damage detection was
between 60% and 80% of the creep life. In the case of ECTe HTS-dc-SQUID, the threshold was
between 80% and 90% of the creep life. Creep voids were observed on the replica just before
creep rupture. A capacitive strain sensor, laser displacement meter, and SPICA strain
measurement were used to detect changes in the strain during creep exposure. The capacitive
strain sensor can continuously measure the strain during creep exposure. The laser displacement
meter was used after creep interruption. Creep curves obtained by the capacitive strain sensor and
laser displacement meter were similar to those obtained by the conventional extensometer with a
linear gauge. The SPICA method successfully measured the strain in the heat-affected zone
(HAZ) after creep exposure. The strain measured by SPICA was higher in HAZ than in the base
and weld metal after creep exposure. Furthermore, the strain measured by SPICA in HAZ
monotonously increased during creep exposure.

INTRODUCTION

In ultra-supercritical (USC) power plants, ASME Grade 91 steels are widely used for components
such as pipes and tubes. Residual life assessment of the components is needed because in some
cases, the operation time of the USC power plant is already more than 200,000 h [1]. The
allowable stress has been reviewed for Grade 91 steels due to creep strength degradation in the
long term [2, 3]. In the ASME code, the chemical compositions of Grade 91 steel were reviewed,
leading to the specification of Type 2 [4]. The creep strength of Grade 91 steel welds is lower
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than that of the base metal due to the remarkable degradation and damage during creep exposure
for the welds compared to the base metal [5]. Therefore, residual life assessment should be
performed based on the measurement of degradation and damage.

For Grade 91 steel welds, creep voids and cracks are formed in the fine-grained heat-affected
zone (FGHAZ) in the long term, causing Type IV fracture [6]. Many researchers have tried to
detect the creep voids and cracks in FGHAZ by nondestructive methods [7-9]. However, it is
difficult to compare their methods due to the different specimens in their results. In the present
study, several nondestructive methods were applied to the same Grade 91 steel weld specimens to
establish a residual life assessment based on the validity of each method.

EXPERIMENTAL PROCEDURES

ASME SA-335M P91 (OD: 356 mm, WT: 50 mm) was used for the present study. The chemical
compositions and heat treatment conditions of the steel are listed in Table 1. Heat treatment
equivalent to stress relief annealing at 760°C for 2 h was carried out on the steel, and welding
was carried out using tungsten inert gas (TIG; 1 or 2 layers) + shielded metal arc welding
(SMAW; residual layer) on the weld material of the chemical compositions in Table 2, after
which post-welding heat treatment at 760°C for 2 h was carried out. That is, the base metal part
was subjected to heat treatment twice, and the weld part was subjected to heat treatment once
after welding. Creep specimens were sampled from the girth weld joint. The weld metal was
located at the center of the gauge portion of the creep specimens. The appearance of a creep
specimen is shown in Fig. 1 The cross-section size of the gauge portion was 48x25 mm and the
gauge length was 200 mm. Creep interrupted tests were performed at 625°C under 60 MPa.
PAUT (transverse wave, 5 to 10MHz, sector scan) and ECT-HTS-dc-SQUID (excitation
frequency :25Hz, measurement speed :10mm/sec, measurement interval :lmmStep, lift-off
between ECT coil and test piece :about 0.5mm) were used to detect creep damage such as cracks.
A replica obtained from the surface of the creep specimen was observed by optical microscopy
(OM) and atomic force microscopy (AFM) to detect creep voids. The strain was measured by an
extensometer for high-temperature use, a capacitive strain sensor, and a laser displacement meter.
SPICA strain (digital image correlation technique for speckle pattern) was also evaluated by
using platinum markers (size : 10mm x 15mm) attached to the surface of the creep specimen.
Three specimens were used for the same creep conditions. Table 3 shows the inspection method
for each specimen.

Table I Chemical compositions(mass%) and heat treatment conditions of steel examined.

C Si Mn P S Ni Cr Mo \%
0.10 0.29 0.45 0.014 0.002 0.17 8.56 0.85 0.208
Nb Al N Ti Zr Normalizing Tempering

0.077 0.003 0.0375 | <0.003 | <0.001 | 1050°C, 10min A.C. | 785°C, 45min A.C.

Table 2 Chemical compositions(mass%,) of welding wire.

C Si Mn P S Cu Ni Cr

TIG 0.12 0.26 0.75 0.003 0.004 0.01 0.49 9.25

SMAW 0.10 0.28 0.85 <0.01 <0.01 0.02 0.43 8.9
Mo v Al Nb N
1.01 0.25 <0.01 0.06 0.04
1.04 0.22 <0.01 0.04 0.03
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Side surface

Figure 1 Appearance of creep specimen.

Table 3 Inspection methods for each specimen.

Specimen No. Inspection method
12 Strain 1'11easurement : extensometer, capacitive strain sensor,
laser displacement meter, SPICA
2-2 PAUT, OM and AFM for replica
32 PAUT, ECT - HTS-dc-SQUID, OM for replica

RESULTS and DISCUSSION
Type of creep damage

The appearance of a specimen just before creep rupture is shown in Fig. 2. A crack is clearly
observed at the side surface of the specimen. Figure 3 shows the crack detection results obtained
by PAUT. The results show that the crack is clearly detected in HAZ. The length of the crack was
about half the thickness of the gauge portion. The crack was also observed inside the specimen
shown in Fig. 3. The length of the crack was about 10 mm at the side surface shown in Fig. 2
However, the length of the crack was 23 mm at the center of the specimen thickness shown in
Fig. 3. Therefore, the creep damage was larger on the inside than at the surface. The location of
the crack was around the boundary between HAZ and the base metal, indicating Type IV fracture.
It was confirmed by optical microscopy that many creep voids were observed in HAZ. Figure 4
shows the distribution of the creep void density in HAZ. The number of creep voids was a
maximum at a depth of about 4 mm from the specimen surface corresponding to the outer surface
of the pipe. On the other hand, the number of creep voids was low near the inner surface.

Weld metal

—
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i
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Figure 3 Crack detection results by
PAUT just before creep rupture.

Figure 2 Appearance of specimen just
before creep rupture.
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Figure 4 Distribution of creep void density in HAZ.
Nondestructive testing

Figure 5 shows the results of PAUT on the side surface of the creep interrupted specimens.
Several indications were observed in the weld metal and fusion boundary. However, these
indications were not creep damage because they were already detected before creep exposure.
They may have been introduced during welding. Additionally, no large change in these
indications occurred during creep exposure. On the other hand, another indication was detected in
the HAZ of the specimens interrupted for 10,800 h and 12,215 h as indicated by the arrows.
These are clearly creep damage indications because no indications were observed in the same
location for the specimen interrupted for 7,800 h. Therefore, these indications were at least
formed between 7,800 and 10,800 h corresponding to 57% and 79% of the creep life,
respectively. For another specimen in this study, the creep damage in HAZ was detected between
63% and 87% of the creep life by PAUT.

10800h
(79%)

7800h
(57%)

Figure 6 Result of ECT + HTS-dc-SQUID on outer surface of creep interrupted specimen.
(a) before creep, (b) t=12215h, (c) t=13215h, (d) contour image of (c)
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The results of ECT*HTS-dc-SQUID for the specimen interrupted for 12,215 and 13,215 h are
shown in Fig. 6. High and low areas of detection intensity are observed around the creep damage.
Figure 6 shows the detection intensity on the surface corresponding to the outer surface of the
pipe. The high and low areas of detection intensity were confirmed near the fusion boundary at
the left-hand side of the specimen, which may correspond to the creep damage. In this case, creep
damage was detected between 79% and 89% of the creep life. Considering that the measurement
results of ECT*HTS-dc-SQUID were affected by ECT, we are working to improve the sensitivity
of ECT.

Microstructure on surface

Figure 7 shows the optical microscopy observation results of the replica from the side surface of
the specimen interrupted for 7,800, 10,800, and 12,215 h. The location of the replica was at a
depth of about 4 mm from the outer surface in HAZ. Creep voids were clearly observed in HAZ
after creep for 7,800 h. The number of creep voids increased with an increase in the creep time.
However, after creep for 12,215 h, a very small number of creep voids were observed on the
replica obtained from the specimen surface corresponding to the outer surface of the pipe. AFM
observation was also used to detect creep damage for the surface. A small number of creep voids
were detected even after creep for 12,215 h corresponding to 99% of the creep life. For actual
components, PAUT is suitable for the detection of creep damage because it can detect creep
damage from the outer surface of the pipe.
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Figure 7 Optical micrographs of replica from the side surface.

Comparison of creep damage detection method

Table 4 summarizes the results of the creep damage evaluation by PAUT, ECT*HTS-dc-SQUID
and the replica (OM and AFM). PAUT detected creep damage between about 60% and 80% of
the creep life. In the case of ECT*HTS-dc-SQUID, creep damage was detected between about
80% and 90% of the creep life. Creep voids were observed on the replica from the outer surface
just before creep rupture. PAUT was able to detect the creep damage at a relatively low creep life
ratio compared with ECT*HTS-dc-SQUID.

Creep tests at 600°C under 60 MPa and 625°C under 40 MPa are ongoing for the next
nondestructive testing. The time to rupture is expected to be 100,000 h under the test conditions.
Creep damage evaluation using the replica from the outer surface will be attempted for the creep
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specimens under the conditions mentioned above because creep damage can be quantitatively
evaluated based on the observation of the creep voids for the replica.

Table 4 Summary of nondestructive testing.

Specimen 2.2 2400h 5400k 7800h | 10800k | 12215h
P 19% 44%, 63% 87% 20%
Setting A - - - @ ]
Inside PAUT
Selling B - - - @ e
Replica (OM) - - - - L ]
Surface
Replica (AFM) - - - - @
Spocimen 3.2 2400h 5400h 7800h | 10800k | 12215h | 13215h
P 18% 40% 57% 79% 89% 97%
Setting C - - - ® ® ®
PAUT
Inside Setting D - - - ® ® ®
ECT * HTS-de-SQUID - - - - A ®
Surface Replica (OM) - - - - - -

(@ : detection, A: signal, — : no detection)
Surface : corresponding to the outer surface of pipe

Strain measurement

Figure 8 presents schematic drawings of the capacitive strain sensor and laser displacement
meter. For the capacitive strain sensor, the strain was continuously measured during creep
exposure. In the case of the laser displacement meter, the strain was measured after the creep test,
which means that the measurement was not continuous. The relationship between the strain and
the creep time is shown in Fig. 9. The strain obtained by the extensometer, capacitive strain
sensor, and laser displacement meter gradually increased with an increase in the creep time.
However, there was a large difference in the strain value among the three measurement methods.
The gauge length for the extensometer, capacitive strain sensor, and laser displacement meter was
200, 95, and 103 mm, respectively. The gauge length included the base metal, HAZ, and weld
metal for all three methods. However, the volume of the base metal in the gauge length was not
the same for the three methods. Therefore, the strain may be different among the methods as
shown in Fig. 9. It was confirmed that there was no large difference in the creep rate estimated by
the extensometer and the capacitive strain sensor. Consequently, strain measurements by the
capacitive strain sensor and laser displacement meter can be used to assess the residual life of
actual components.

Gap distance ~_ Wweld
Electrode l Electrode Mounting ? metal Aot
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L
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Figure 8 Schematic drawings of capacitive strain sensor (left) and laser displacement
meter (right).
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Figure 9 Creep curves by extensometer, capacitive
strain senor and laser displacement meter.

Figure 10 shows the platinum markers attached to the surface of the creep specimen for SPICA
strain measurement. The platinum markers were used for the weld metal region and the area
including the base metal and HAZ region. The distribution of axial SPICA strain for the creep
interrupted specimens is shown in Fig. 11. The strain was already detected in HAZ after creep
exposure for 2,400 h corresponding to 17% of the creep life. The strain in HAZ gradually
increased with an increase in the creep time. No large change in the strain was observed in the
weld metal compared to the HAZ region. Figure 12 shows the relationship between the average
axial strain in HAZ and the creep time. The average strain monotonously increased during creep
exposure. The accumulation of strain in HAZ may be one reason for the Type IV fracture.
Therefore, the SPICA strain measurement in HAZ can be used to assess the residual life of actual

components.

Figure 11 Change in distribution of axial SPICA strain during creep exposure.
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Figure 12 Change in average axial strain in HAZ during creep exposure.

CONCLUSIONS

Phased array ultrasonic testing (PAUT), eddy current testing with high-temperature
superconductor, direct current, and superconducting quantum interference device (ECT*HTS-dc-

SQUID), observation of replica were conducted to detect creep damage of Grade 91 steel welds.
The results are summarized as follows.

1. PAUT detected creep damage between 60% and 80% of the creep life. In the case of
ECT*HTS-dc-SQUID, creep damage was confirmed between 80% and 90% of the creep life.

2. Creep voids were detected just before creep rupture for the replica obtained from the specimen

surface corresponding to the outer surface of the pipe.

3. There was no large difference in the creep deformation behavior for the extensometer,
capacitive strain sensor, and laser displacement meter. Therefore, the capacitive strain sensor
and laser displacement meter are useful for assessing the residual creep life of actual
components.

4. The SPICA strain was detected in HAZ after creep exposure for 17% of the creep life. The
SPICA strain in HAZ gradually increased during creep exposure. Therefore, the measurement
of SPICA strain is a useful method for evaluating creep strain for residual life assessment.
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