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Microstructural analysis of thermal fatigue damage in 316L pipes
Sergio Gonzalez, Ana Ruiz, Karl-Fredrik Nilsson

Summary

This report summarizes the data and main conclusions derived from microstructural characterisation of 316L
pipes subjected to thermal fatigue with a peak temperature of 550°C. TOFD measurements are compared
with measured crack depths from cut segments, and fracture mode and corrosion have been assessed by
SEM and EDX, respectively.

1. Introduction

Thermal fatigue is one of the major degradation mechanisms for components in nuclear reactors. JRC has
therefore developed a research programme where thick-walled pipes are heated by induction heating from
the outside and repetitively cooled from the inside using room-temperature water; and where the damage
evolution is assessed by in-house models [1]. One of the special and complicating issues with thermal
fatigue is the intricate damage. The damage starts with a network of surface cracks, from which a large
number of deeper axial and circumferential cracks will develop. The large number of propagating cracks
interact in a complex way so that individual cracks may temporarily arrest whereas others may accelerate.
Non-destructive monitoring of the damage using Time-of-Flight-Diffraction (TOFD) was a key element in the
JRC research programme. The measurement of crack depths using TOFD becomes very demanding for the
complex crack configurations in thermal fatigue and the reliability can also be questioned. In this report we
summarize some destructive microstructural analyses on two pipe components that were tested until a
through-wall crack had developed. The analysis had two specific objectives: i) to compare measured crack
depths with TOFD measurements to assess the reliabil or intergranular and whether crack propagation was
also driven by corrosion. ity of the TOFD ii) to determine the fracture mode, in particular whether crack
propagation was transgranular

2. Comparison of TOFD measurement of crack propagation with visual
measurements using a calliper.

Two components subjected to the same nominal thermal fatigue loading, namely TFR1 and TFR3, have
been used for visual examination and comparison with TOFD data. The test parameters are listed in Table 1.
Both components failed by axial through-wall cracking (Figure 1) at different lifetimes (46000 cycles for
TFR1 and 90000 for TFR3).

i Crack Numb
tQuench ItHeat Tmax Twater A Tin Axial .« . tac. umber Max crack depth
Test Is] [oC] [oC] [oC] force | initiation | of cycles [mm] / Failure
[kNl [ (N;) x1000 | x1000
TFR1 5/45 550 | 25 | ~300 - <10 46 Axial crack failure
Circ: 5.8
TFR3 5/45 550 | 25 | ~300 - <10 90 Axial crack failure
Circ. 7.4
Table 1. Thermal fatigue test summary




TFR3

Fig 1. Failed components TFR1 and TFR3 with axial cracks

2.1 Visual crack measurements

The cracks were oriented in two orientations: axial-radial propagation and radial-circumferential
propagation. We refer to them as axial and circumferential cracks respectively. The growth in the radial
direction is referred to as the crack depth and the growth in the axial or circumferential direction as crack
length. The crack depths were measured using a calliper. The measurements of component TFR1 were
done from 3 cm thick segments cut at 1.5 cm from the centre (pieces bl and b2), and in the central piece
for TFR3 (see Figure 2). The central segment from TFR1 had been analysed before but was no longer
available.
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Fig 2. Pieces visually examined: TFR3 central cut, and TFR1 off-center parts
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The depth and number of axial cracks were measured from two horizontal cross sections:

e TFR1: 15 mm from the centre using Piece bl and b2,
e TFR3: 15 mm from the centre using central piece.

To measure circumferential cracks, the segments were cut vertically along the 0°-180° line taken as
reference for TOFD, and the cracks were measured in both halves for each component:

e TFR1: vertical cut in piece b2, corresponding to 0° and 180° orientation in TOFD
e TFR3: vertical cut in the central piece, corresponding to 0° and 180° orientation in TOFD

Tables containing the results of visuals measurements (axial and circumferential cracks) for the
selected surfaces, together with pictures illustrating where the measurements have been taken, are
presented in the two following sub-chapters separately for each pipe.

2.1.1 Component TFR1

Figure 3 shows the two horizontal cross sections and measured crack depths for the axial cracks.
Figure 4 shows the vertical cross sections and the measured circumferential crack depths. The red line
drawn in Piece b2 in Figure 3 indicates the plane along which the piece was cut for visualizing
circumferential cracks, and the degrees in blue indicate the TOFD angles of measurement. Note that
the distance between the two horizontal cross-sections is 3 cm. Seventeen out of the 18 cracks on b2
were also seen on bl, which means that the length of these cracks was at least 30 mm. For the cracks
measured from the vertical cuts we would expect that the same circumferential crack depths were
measured. Indeed, the difference is smaller than for the axial cracks but they are not equal. There are
two possible reasons for this: i) some material is lost during the cutting so the two surfaces do not
completely match; ii) the cutting and the surface preparation may induce some artifacts.




TFR1 - Axial cracks

Piece b1l

Crack Crack depth (mm)
number | Pjece bl Piece b2
1 14 14
2 7.86 143
3 2.36 151
4 1.19 468
5 1 111
6 5.07 149
7 1 641
8 2 44
9 1 0.97
10 10 543
11 4 0.88
12 6 9.79
13 6 496
14 4 3.87
15 1.36 5.84
16 1.18 162
17 2 14
18 - 2.74

Fig. 3. Left: Top view of the side closer to the center of pieces bl and b2 of TFR1, together with crack
numbering for each piece. Right: Table summarizing the depth of each crack.




TFR1 - Circumferential cracks

The same sample
rotated 3 times

54

The same sample
rotated 3 thnai
r

4r  7p 61 )

Crack depth (mm)

Crack
number Half 1 Half 2
(r numbers)

1, 1r 472 4

2,2r 091 1

3, 3r 4.16 4.45

4, 4r 419 3.87
5 1.22 -

6, 6r 16 141
7,7r 16 273
8 09 -

9, 9r 3.7 6.31
10 - 1.74
11 - 1
12 - 0.86

Fig. 4. Left: Image of the two halves of piece b2, each half rotated three times, together with crack
numbering for each half. r-numbers in half 2 indicate the cracks that are repeated and seen in both halves.
Right: Table summarizing the depth of each crack.




1.1.2. Component TFR3
Figures 5 and 6 show the measurements of axial and circumferential cracks, respectively. The red

lines drawn in Figure 5 indicate the plane along which the piece was cut for visualizing circumferential cracks,
and the degrees in blue indicate the TOFD angles of measurement.

TFR3 - Axial cracks

Crack Crack depth (mm)
number |  Side a Side b
1 461 971
2 2.89 3.43
3 52 56
4 419 52
5 14 (through) 1
6 5.16 52
7 5.02 163
8 9.84 523
9 5 484
0 | 2 10 5.87 2.91
11 6.29 3
12 761 14
13 11.42 171
14 3.16 592
15 2.7 5.9
16 191 1.03
17 223 -
18 225 -
19 967 -

Fig. 5. Left: Top view of both sides of the central piece of TFR3, together with crack numbering for each side.
Right: Table summarizing the depth of each crack.
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TFR3 - Circumferential cracks

Crack Crack depth (mm)
number Half 1 Half 2
(r numbers)
1 144 -
2,2r 11 109
3, 3r 6.8 731
4, 4r 18,27,271 2.56
5, 5r 4.25 54
6 476 -
7,7r 56 6.63
8, 8r 145 172
9 0.84 -
10, 10r 848 1283
11 2.13 -
12 314 -
13, 13r 5.78 534
14, 14r 313 3.48
15, 15r 2.88 195
16 - 133
17 - 54
18 - 0.83
19 - 2.08
TFR3, central piece, half 2 ' ' 20 - 131

Fig. 6. Left: Image of the two halves of the central piece of TFR3, each half rotated three times, together
with crack numbering for each half. r-numbers in half 2 indicate the cracks that are repeated and seen in
both halves. Right: Table summarizing the depth of each crack.




1.2. TOFD - Visual comparison

Table 2 and 3 below show the comparison of the crack depth measured by TOFD and visually. For the
comparison, the values of TOFD have been taken from the set of values measured at the number of
temperature cycles at which each component failed (46000 cycles for TFR1 and at 90000 cycles for TFR3),
and circumferential cracks were only compared at 0° and 180°, i.e. in the surfaces that become available for
visual observation upon cutting the specimens along the 0° - 180° plane. TOFD can analyse non-destructively
the entire pipe, while visual measurements can only be done after cutting the pipe at selected cross sections.
TOFD is performed by moving wedges that emit ultrasound that cannot be moved across the thermocouples
bonded to the pipes. As consequence, our TOFD measurements could not cover the complete volume, but it
assessed a larger volume that the visual measurements. Thus, TOFD measured more cracks than the can be
analysed visually. Only the matching between the deepest cracks measured by each technique is taken into
account for comparison.

TFR1

Axial crack depth (mm) Circumferential crack depth (mm)
TOFD Visual TOFD Visual

Axial failure (90°-) 14 (through, crack 1) 46 472 (crack 1)

13.5 (0°+) 4.68 (crack 4) 0° 18 1 (crack 2)
3.1 (0°+) 1.11 (crack 5) 46 4.16 (crack 3)
3.3 (0°+) 1.49 (crack 6) 6.9 6.31 (crack 9)
13.8 (315°) 6.41 (crack 7) 47 3.87 (crack 4)
8.4 (270°-) 5.43 (crack 10) 180° 47 273 (crack 7))
13.5(270°-) 9.79 (crack 12) 23 1.74 (crack 10)
14 1.41 (crack 6)

Table 2. Comparison of axial and circumferential crack depths measured by TOFD (whole pipe) and visually
(off-center pieces) in pipe TFR1

TFR3

Axial crack depth (mm)

Circumferential crack depth (mm)

TOFD Visual TOFD Visual
8.6 (360°) 9.67 (crack 19) 6.2 11 (crack 2)
9.4 (90°+) 11.42 (crack 13) o 59 7.31 (crack 3)
9.22 (225°-) 9.84 (crack 8) 55 5.4 (crack 5)
Axial failure (270°+) 14 (through, crack 5) 48 5.4 (crack 17)
7.2 12.83 (crack 10)
180° 6.4 6.63 (crack 7)
53 5.78 (crack 13)

Table 3. Comparison of axial and circumferential crack depth measured by TOFD (whole pipe) and visually
(central piece) in pipe TFR3.

The deepest cracks are expected in the centre of pipe. The horizontal cross sections used to measure the
depth of axial cracks are 15 mm off centre. As a consequence the "visual cracks" would be normally shorter
than the ones measured by TOFD. For TFR1 this seems to be the case whereas for TFR3 the visual axial
cracks are somewhat deeper. With the same argument the depth of "visual" circumferential cracks should be
smaller for TFR1 but similar for TFR3. Indeed the visual circumferential cracks are shorter than those
measured by TOFD whereas for TFR3 the visual circumferential cracks are longer. All in all the agreement
between crack depths from TOFD and measurement form cut specimen is rather good given the very
complex cracking and the limitations of the two methods.
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2. Corrosion analysis and fracture mode.

Under pure fatigue loading cracks propagate normally across the grains, referred to as transgranular
mode. If the crack propagation is driven by stress corrosion or creep then the crack tends to propagate along
grain boundaries, which we refer to as intergranular mode. It is clear from a simple visual inspection that the
inner bore is corroded when tube fails. The more important question is whether corrosion had an impact on
the propagation of deeper cracks.

TFR1, Piece b2

Fracture
analysis

Fig. 7. Image of piece b2 of TFR1 showing the cracks analysed (cracks 1, 3 and 4), and the part taken for
fracture mode analysis (blue circle).

2.1 Corrosion - Observations:

Energy-Dispersive X-ray analysis has been used to identify the elemental composition of materials and
conclude whether oxidation has occurred. If the crack is driven by corrosion, then we expect that it should be
reflected in a change of the elemental composition along crack surfaces, in particular higher oxygen content
than for the bulk material would be observed. EDX was therefore used to assess oxidation. Figure 7 shows
the cracks analysed by EDX and the part cut for studying the fracture mode. EDX was conducted for three
cracks of piece b2 of TFR1. The cracks analysed (crack number 1, 3 and 4) and their composition at different
points are shown in Figure 8 and 9.

The material composition at locations which are not very close to the crack (Region 1 of Crack 1, and
Region 1 of Crack 4) is consistent with the nominal composition of the stainless steel 316L [2].




‘Region 2 |

' Electron Image 1

Composition cracks 1, 3 (wt.%)

0 Si P S Cl Ca Cr Mn Fe Ni Mo
Region 1 - 0.77 0.01 0.03 0.15 - 1829 | 212 | 6276 | 1323 | 265

Crack 1
Region 2 9.67 049 0.03 0.02 - - 2002 | 254 | 5453 | 1080 | 190

Crack 3 Region 1 1210 | 0.76 0.10 0.59 0.09 023 | 2044 | 171 | 5069 | 1045 | 285

Fig. 8. Elementary concentration (in wt.%) of different regions of crack 1 and 3

A region enriched in O and Cr, but slightly reduced in Fe and Ni is found at the end of Crack 1 (Region 2). A
region containing O was also found inside Crack 3 (Region 1), indicating that the surface nearby the crack is
partly oxidized. As compared to the nominal 316L composition, the region has a significant increase in P, S,
and slight increase in Cr but poor in Mn, Fe and Ni, suggesting that it might be associated to chromium oxide,
which is consistent with the passivation behaviour of stainless steels. Similar results were obtained from the
EDX of Region 2 at Crack 1 (nearby the crack) confirming that the formation of chromium oxide is likely to
occur.

The presence of Ca detected in the particle of Crack 3 suggests that it comes from the water during the
fatigue test. The content of P and S is about 10 and 6 times higher, respectively, than for the nominal
composition suggesting that these elements also come from the water.

The elemental composition in crack 4 follows the same trend as for Crack 1 and 3. Inside cracks the
composition presents the following features compared to the bulk material:

High O content,

Enrichment of the level of S and P, and reduction in Fe and Mn,
Similar content of Si and Ni,

Slight increase in P, Cl and K.

O O O O

All these regions are close to the inner or outer surface. In [1] we also looked at deeper non-surface
breaking cracks (e.g. crack 12 in Figure 7), which did not reveal any corrosion.

Thus it appears that cracks close to the inner surface have significant oxidation, the surface breaking crack
has some oxidation at the outer surface, and deeper cracks have almost no oxidation.
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Electron Image 1

Electron Image 1

Composition crack 4 (wt.%)

0 Si P S cl Ca K Cr Mn Fe Ni Mo
Region 1 - 085 | 001 | 012 - - - 1799 | 194 | 6329 | 1363 | 218
Region2 |24.19| 052 | 003 | 443 | 021 - 015 | 2037 | 039 | 3277 | 1485 | 2.10
Region3 (2344 | 050 | 008 | 087 | 039 | 023 - 1868 | 0.73 | 4377 | 888 | 244

Fig. 9. Elementary concentration (in wt.%) of different regions of Crack 4
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2.2 Fracture mode - Observations:

The fracture mode was analysed using piece b2 (shown in figure 7). This part was then cut horizontally in
the middle (15 mm below). Figure 10 shows images of axial cracks in the upper cross section and Figure 11
shows circumferential cracks from the middle cross section.

The enlarged pictures of the axial cracks presented in Figure 10 are from regions further than 1 mm from
the inner pipe wall. At this distance the cracks propagate transgranularly across the grains.

EHT = 20.00 kv
WD= 21 mm

Signal A= SE2 Date :7 Nov 2013
Photo No, = 6053 Time :14:33:34

-+ 7
EHT = 20.00 kv Signal A= SE2
Photo No. = 6054

Date :7 Nov 2013
.= Time :14:20:45

ite :7 Nov 2013
143847

EHT =20.00 kv Signal A = SE2 Date :7 Nov 2013
WD = 21mm Phota No, = 6052 Time :14:28:18

EHT = 20.00 kV Signal A= SE2 Date 7 Nov 2013
WD= 21mm Photo No. = 6055 Time :14:42:49

Fig. 10. Transgranular fracture at the end of axial cracks
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The enlarged images of the circumferential cracks taken in regions close to the inner pipe wall (left side,
Figure 11) show intergranular crack propagation, while at distances a bit further from the inner surface the
cracks already propagate in a transgranular mode.

For non-surface breaking axial cracks (e.g. crack 12 in Fig. 7) the crack propagation was mainly transgranular,
but there could also be local regions with mixed intergranular and transgranular crack propagation as shown

in Figure 12. Figure 13 shows a deep circumferential crack which also propagated mainly in transgranular
mode.

inner nine

inner nine

EHT =20.00 kv Signal A = SE2 Date :7 Nov 2013
WD= 13mm Phato Na. = 6074 Time :16:41:31

EHT =20.00 kV Signal A = SE2 Date :7 Nov 2013
WD= 12mm Photo No. = 6066 Time :16:03:40

A

EHT =20.00 kv Signal A= SE2 Date :7 Nov 2013 ﬁ EHT =2000 KV Signal A= SE2 Date :7 Nov 2013

WD= 12mm Photo No. = 6072 Time :16:32:28 WD= 12mm Photo No. = 6077 Time :16:52:18

Fig. 11. Intergranular (left) and transgranular (right) fractures in circumferential cracks.
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Figure 12. Deep non-surface breaking crack (Crack 12) with mainly transgranular fracture mode of main
crack and with crack branching at crack tip with mixed intergranular and transgranular mode.
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Figure 13. Circumferential deep crack at different magnifications showing transgranular growth.

3. Conclusions

The objective of this study was twofold: a) assess the reliability of the TOFD measurements by comparing
with observed crack depths after cutting specimens b) assess whether fatigue crack propagation was
assisted by corrosion. To this end, elemental composition analysis was conducted to detect oxidation and
determine if fracture mode was mainly transgranular or intergranular. From the analyses we draw the
following conclusions:

- The measured crack depths from the cut specimens and the TOFD agreed reasonably well, in particular
given the very complex crack configuration.

- Close to the inner surface the EDX clearly shows that oxidation has taken place. For the surface breaking
defect, oxidation was also observed at the region near the outer surface, indicating that crack
propagation was affected by corrosion. For cracked regions way from the surfaces there was hardly any
oxidation.

- The fracture mode is intergranular near the inner surface, and transgranular far from the inner wall
surface. Transgranularity predominantly occurs from 1 mm distance to the inner pipe wall, while
intergranularity is the primary mode of fracture at distances below 1 mm.

- Since oxidation and intergranular fracture mode is limited to the surface regions we conclude that the
crack propagation is dominated by fatigue.
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