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Abstract

The welding zone is considered the most vulnerable part of the components. During the welding process Heat Affected Zone (HAZ) faces
distinctive thermal experience comparing to the fusion line, for that these two zones have their unique microstructure properties and
corrosion susceptibility. In nuclear power plants, the corrosion resistance of 316L stainless steel weld joints of several components and
pipes may be affected by the formation of local sensitized zones. For safety and economy, a perfect and reliable structural integrity
assessment of the main components in NPP is required as it is joined by different welding processes. In this study, 316L stainless steel
welds were prepared by the automated Narrow Gap Welding (NGW) technique. The structural and corrosion relationships of base metal,
HAZ, weld region with different welding thickness positions such as top, middle and bottom were investigated. Differences in
microstructures features were observed in HAZ from weld and base metal, relating to grain size and ferrite contents. There was a little
increase in micro-hardness values across the weld and HAZ. The Degree of Sensitization (DOS) was measured through the Double Loop
Electrochemical Potentiokinetic Reactivation (DL-EPR) technique. The DOS values in weld regions were found larger than base metal and

HAZ. The measured DOS in HAZ was less than 1%, which confirmed that HAZ was non-sensitized during NGW.
Keywords: Micro-hardness, Sensitization, Heat affected zone (HAZ), Degree of sensitization (DOS)

1. Introduction

Several components and pipes of nuclear power plants are
joined by Narrow Gap Welding (NGW) process for less
cost and time [1]. The cycle of heating and cooling that
occurs during the welding process affects the
microstructure and surface composition of welds and
adjacent base metal. Microstructures formed in the weld
and Heat Affected Zone (HAZ) determines the properties of
the weld and their properties depend on heating, cooling
rates (power, weld travel speed). Since heat transfer of
metal is very fast, heated and partially melted base metal
cooled down rapidly; then solid-state phase transformations
occurred in the HAZ adjacent to the fusion line. A range of
thermal cycles is experienced in the HAZ, depending on the
distance from the fusion boundary. Because of the
difference in maximum temperature and cooling rate of
these two zones, have their own microstructural features
and corrosion susceptibility in each position [2]. The
welding zone, considered the weakest and failure initiation
source of the components [3]. In nuclear power plants,
316L stainless steels are commonly used material for their
metallurgical stability, high corrosion resistance, and good
creep and ductility properties at elevated temperatures. Its
corrosion resistance may be affected by the formation of
local sensitized zones (i.e., regions susceptible to corrosion)
that often develop on heating or cooling slowly in the
temperature range 723K to 1123K [4]. During this high-
temperature exposure, depletion of Cr to less than 12 wt. %
occurs, which gives rise to precipitation of a continuous
network of chromium-rich phase along critical zones, which
is called sensitization. Sensitization of the HAZ is one of
the major problems in the welding of austenitic stainless
steel. Numerous failures have been attributed to the nuclear
and petrochemical industries as a result of sensitization.
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For the safety and economy of nuclear power plants, an
accurate and dependable structural reliability evaluation of
the main components is needed as it is joined by different
welding processes. The safe operation of nuclear power
plants is reliant wupon their structural integrity;
consequently, the accurate design and lifetime assessment
of welded joints are critical to improving the life-span of
the whole plant. Various researches have been conducted
primarily on the parent material and welded regions, but
very limited studies have been conducted in the HAZ as
well as in the weld thickness direction. Previously the
fatigue crack growth rate and fracture toughness on HAZ of
316L stainless steel with NGW both in plant operating
temperature and room temperature were evaluated [5]. But
a few studies were carried out on microstructures and
corrosion behavior on HAZ in different welding thickness
layers.

In the present study, 316L stainless steel welds were
prepared by automated NGW technique. The structural and
corrosion relationships of the parent base metal, HAZ, and
weld region along with three welding thickness positions
such as Top, Middle, and Bottom were investigated.
Microstructures analysis of this weld and HAZ in terms of
grain morphology was evaluated. The volume fraction of
phases (austenite and ferrite) was measured in these
different regions by Optical Light Microscope (OLM).
Micro-hardness was measured in HAZ, weld fusion zone,
and base metal for three different positions by the Vickers
microhardness process. Degree of Sensitization (DOS) of
HAZ, weld zone, and base metal were measured through
Double Loop Electrochemical Potentiokinetic Reactivation
(DL-EPR) technique. It is a rapid and non-destructive way
to evaluate the susceptibility to intergranular corrosion.
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2. Materials and Method
2.1 Welding materials and sample preparation

Type 316L stainless steel was used for the base metal and
308L for the welding wire. The chemical compositions of

Vol. 29. No. 1&2 2020

both metals are shown in Table 1. Welding thickness was
76 mm. A detailed welding procedure was discussed in ref.
[1]. The weld block was cut in the top, middle and bottom
regions as shown in Fig. 1.

Table 1: Chemical composition of base metal and weldments (wt %)

Elements C Cr Ni Mo Mn

Si P S Nb+Ta N Fe

316L base metal 0.018 16.4 10.08 2.04 1.50
308L weld wire 0.027  21.09 1022 0.111 1.94

balance
balance

0.38 0.029  0.025 - -
0.531 0.029  0.007 0.121 0.017
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Fig. 1: (a) Sample collection positions (b) three collected samples
in NGW for microstructure observation and micro hardness
measurements

Weld and HAZ samples were collected by classifying their
characteristic microstructures (base metal, HAZ, and weld
metal) through an optical microscopic analysis and cut by
IsoMet® 5000 precision saw & IsoMet™ low-speed
precision cutter. The HAZ is the region between the fusion
line and the base metal which is formed near the fusion
zone as shown in Fig. 2.

Weld

Base

metal HAZ

Fig. 2: Locations of HAZ and weld specimen

2.2 Microstructures observations and Phase volume
fraction measurement

The sample was polished down to 1 pm with Silicon
Carbide sandpaper and diamond paste using standard
metallographic preparation technique and finally cleaned
with pure ethanol and dried with air. The samples were

etched with 1 HNOs;:1 HCIl solution to reveal the
microstructure of weld & HAZ by LOM. Optical
microscopy was conducted using an OLYMPUS GX 51
microscope at various (5-100X) magnifications. Images
were captured using analysis ts materials software.

OLYMPUS Image Analysis Software was used to identify
the austenite & ferrite phases which present in the base
metal, weld & HAZ. The mounted specimens were polished
to a finish of one micron and electrochemically etched in 20
(wt. %) NaOH solution as described in ASTM A923 [6].
The electrolyte was selected to provide a distinction
between the austenite and ferrite phases. The specimen to
be etched was as an anode, and a piece of platinum metal as
large as the specimen was made the cathode. The solution
for etching was prepared by adding 20 g of reagent grade
sodium hydroxide (NaOH) to 100 g of distilled water. The
specimens were etched at 20V dc, for 5-10 s.

2.3 Vickers micro-hardness measurements

During the micro-hardness test, the sample surface was well
polished without any fine scratches to minimize errors that
might occur when indenting on these scratches. Vickers
hardness measurements were made using a 100 g load for
the base material, HAZ, and weld regions of the welded
three sample positions. Hardness value was measured using
400 Series automated hardness tester with Expert Hardness
2007 v2.0 software.

2.4 Degree of sensitization (DOS) measurement

Mounted samples

0.28 ecm? exposed area

Fig. 3: Samples used for DL-EPR test

Specimen preparation and the polarization measurements
for the DL-EPR test were performed according to ASTM G
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108-94 (2010) [7]. The electrochemical testing samples
were connected to a copper wire, mounted in epoxy cold
resin to avoid the presence of crevices after the electric
contact. Surfaces exposed to the electrolyte were prepared
by sequential grinding with silicon carbide paper and
polishing down to 1 micron with diamond paste. Fig. 3
shows the configuration of the samples used in the DL-EPR
test. The exposed working area was 0.28 cm’.

The DL-EPR tests were carried out using GAMRY
potentiostat, a conventional electrochemical cell composed
of a three-electrode setup. The sample under study is a
working electrode equipped with a high purity graphite
counter electrode and a saturated calomel reference
electrode (SCE) in front of the sample. Fig. 4 shows the
standard electrochemical cell and a photograph of the
experimental setup with GAMRY potentiostat. All the tests
were conducted in 0.5 M H,SO, + 0.01 M KSCN
electrolyte solution at room temperature (~ 30° C).

Grraphite counter
electrode

Working  Saturated calomel
electrode  electrode (SCE)

b)

Fig. 4: (a) Electrochemical cell used in DL-EPR test (b) EPR test
setting with GAMRY Instruments Reference 300

3. Results and Discussion

3.1 Microstructures characterization and Phase volume
Sfraction

The developed microstructures are dependent on alloying
elements, solidification behavior, and thermal cycles in
welding processes. An optical micrograph of the base metal
316L stainless steel is shown in Fig. 5 of 500 um scale.

Fig. 5: Micrograph of base metal
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Fig 6: Micrograph of (a) Top weld (b) Top HAZ (c¢) Middle weld
(d) Middle HAZ (e) Bottom weld (f) Bottom HAZ in 100 pm
scale

In Fig. 6 (b,d,e) Microstructures in HAZ for Top, middle
and bottom positions are similar to the base metal but the
average grain size of the HAZ is a bit larger than the base
metal. During welding, heated and partially melted base
metal cooled down rapidly and phase transformation
occurred in the HAZ [8, 9]. Near the fusion boundary on
HAZ, shapes, and size of grains depend on locations [10].
Near the fusion boundary, the dendrite directions are
perpendicular to the fusion line as shown in Fig.6 (a,c,e).
Similar characteristics were reported in previous studies [5,
8].

Microanalysis reveals that the sample consists of ferrite and
austenite phases. It colored the austenite in white, ferrite in
light brown. The amounts of phases were estimated by
measuring the fractions of the colored area on polished and
etched specimens by light optical microscopy. The
measured volume fractions of ferrite and austenite phases in
different regions are given in Table 2.

Table 2: Phase volume fraction (%)

Position Average Ferrite phase (%) Average Austenite Phase (%)
Base 316L 1.56 98.44
Top_weld 19.51 80.48
Top HAZ 234 97.65
Middle_weld 14.74 85.25
Middle HAZ 4.3 95.69
Bottom_weld 15.24 84.76
Bottom HAZ 5.46 94.54
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From Table 2, the average measured ferrite volume fraction
of base metal is 1.56 %. Ferrite content of three positions of
the weld region is 19.51 %, 14.74 %, and 15.24 % for the
top, middle, and bottom respectively. These measured
values are nearly consistent with the ferrite number
calculated from the Welding Research Council (WRC)-
1992 diagram. According to Table 1, the used filler metal
308L contains a Chromium equivalent, Creq = 21.09 and
Nickel equivalent, Niq = 10.22 and from these Creq ang Nieg,
the WRC diagram indicates ferrite number, FN= 17. In
Table- 2 ferrite phase volume fraction of the HAZ regions
is varied between 2.34 % to 5.46 % for three thickness
positions and the average is about 4.03 %, which is less
than the weld zone, but higher than 316L base metal
(1.56%). Since ferrite content above 3 vol. % usually
guarantee primary ferrite formation and thus reduce hot
cracking susceptibility. Again, ferrite above 10 vol. % can
degrade mechanical properties at low and high-temperature
service [11]. The measured ferrite content in HAZ is below
10% and ranging from an optimum condition (3% to 8%)
for hot cracking resistance.

3.2 Vickers Micro-hardness

Micro-hardness measurement positions and results of the
Vickers micro-hardness measurements of the top, middle,
and bottom are graphically represented in Fig. 7(a)-(c). The
hardness readings were taken at different regions indicating
base metal-316L, weld-308L and HAZ for the two-sided
welding approach. The distance was identified from the
center of the weld and measured twice for each distance in
a parallel line 200 pm apart. A little increase in hardness
value on the HAZ of stainless steel NGW near fusion
boundaries was observed in Fig. 7(a) - (c¢). This is because
the phase structure of 316L base metal was not so much
transformed by the temperature variations during welding
[12]. This is in agreement with the literature reported [13]
for industrial low carbon steel. The hardness values
recorded in the HAZ were found to be around 239-273
HVy;, 237-255 HV,; and 227-255 HV,, respectively for
top, middle and bottom. By analyzing microstructure and
observing micro-hardness variation in Fig.7, the HAZ area
was identified approximately Imm from the fusion line at
both joined sides in the top, middle & bottom regions.

In the welded 308L variation of hardness values were
ranging around 225-247 HV,, 220-255 HV,; and 220-258
HVy; respectively for top, middle, and bottom. Hardness
values were a little increase at the bottom of the weld and
decrease in the middle and top of the weld. Similar
behavior was reported [10] in the Inconel weld. Hardness
values ranging from 210 HV; to 250 HV; were observed
for 316L of the base metal. Slightly higher hardness values
were observed in the weld 308L region compares to the
base 316L. This might be correlated to moderate values of
ferrite content, average grain size and a higher
concentration of interstitial atoms (such as C and N)
compare with base metal with no N and less C (0.018 wt%
in 316L base & 0.027 wt% in weld 308L).
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Fig. 7: Vickers Micro-hardness results in the (a) Top position (b)
Middle position (c) Bottom position

3.3 Degree of Sensitization (DOS)

Cyclic polarization curves of the DL-EPR method for base
metal, HAZ and weld regions are respectively represented
in Fig. 8 (a-c). DOS measurements from Fig. 8 (a-c) are
shown in Table 3(a-c). The test was repeated twice for each
region to ensure reproducibility. DL-EPR Cyclic
polarization curves were obtained in two steps: Firstly, the
working electrode was subjected to open-circuit conditions,
until a steady-state potential (E,;) was reached. It takes 3
minutes to reach a steady-state value. Secondly, an anodic
potentiodynamic sweeping rate of 1.67 mV/s (6 V/hr) from
the back of open circuit potential (~ -500 mV/E ) to +300
mVgcg was imposed. When the potential is increased above
the specimen open circuit potential (E..), the specimen
behaves anodically. As a result, the rate of corrosion (metal
dissolution reaction) rises rapidly in the activation range up
to a point when the activation peak current density (I,) is
reached. This is because; the activation or critical current
density (I,) or (I.) is proportional to the corrosion rate of
the metal. Again, when the potential is raised further, the
anodic current dropped to a lower value called passivation
current density (Ip.s), and then it remains constant over a
wide potential range. This is the passive range, in which a
thin, invisible film of oxide covers the metal surface. This
protective film acts as a barrier between the metal and its
environment and reduces the rate of dissolution. Then at the
same scan rate from +300 mVgcg, the potential scanning
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was reversed back cathodically polarized to -500 mV/ E .
This range of polarization scans was chosen to ensure that
sample was brought into the passive domain.

During the anodic sweep, the entire surface is active and
contributes to the peak current, while during the
reactivation sweep only the sensitized regions contribute to
the passive-active transition. The current on the reverse
scan is assumed to be primarily due to the reactivation of
the chromium depleted grain boundaries. As a result, the
ratio (I/I,) of the reactivation current peak (I,) to the
activation current peak (I,) is used to establish the degree of
sensitization where a value less than 1% indicates material
is not sensitized and a value equal to or higher than 1%
indicates that the material is sensitized [14]. For DOS
measurement, the peak current of the anodic nose from the
first anodic polarization (I,) is compared to the peak current
on the reactivation scan (1) [15]. The average DOS for base
metal- 316L stainless steel in Table 3(a) was measured as
0.56%; which is less than the criteria for the sensitized zone
(DOS >1%). Hence it indicates the absence of sensitization
phenomena within the base metal.

ot etz e

Fig 8: DL_EPR curves of a) base metal-316L b) Top_HAZ c)
Top_weld
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Table 3(a): DL-EPR test results obtained from polarization
curves of base metal-316L

Sample i (A) 1a(A) DOS [i/iy] Average
*100 (%) DOS (%)
Base 36.5x10° 1096x10°  0.33 0.56
Base 2 66.98x10° 853x10° 0.78 -

Table 3(b): DL-EPR test results obtained from polarization
curves of Top_ HAZ

Sample i (A) ia(A) DOS [i/iy]  Average
*100 (%) DOS (%)
Top HAZ 2.532x10° 6.635x10°  0.038 0.051
Top HAZ 26.513x10° 10.05x10%  0.064 -

Table 3(c): DL-EPR test results obtained from polarization
curves of Top _weld

Sample i, (A) i,(A) DOS [i/i,]  Average
*100(%)  DOS (%)
Top_weld 568.7x10° 2419x10° 235 3.24

Top_weld 2 819.1x10° 19.83x10°  4.13 -

Fig. 8(b) and Fig. 8(c) show the polarization curves of the
DL-EPR test for the Top HAZ and Top weld region
respectively. Measured average DOS in weld 308L was
found 3.24% and HAZ was 0.051% as shown in Table 3(b)
and Table 3(c). From Tables 3(a)-(c), the weld region
contains higher DOS than base metal and HAZ. A higher C
content in weld 3081 compare to base 316L may contribute
to higher DOS in the weld to base metal by forming more
Cr-carbide precipitation. Besides, in the weld zone, there is
a formation of the &-ferrite phase which was confirmed by
phase volume fraction measurement through OLM, and the
measured &-ferrite was higher than optimal values (3% to
8% for preventing to form of continuous carbide network)
[11]. This high &-ferrite could contribute to forming a
continuous network of carbides and which increased the
DOS in the weld. Also, because of the lower carbon
solubility in the o-ferrite phase [16] which results in the
matrix supersaturation and the consequent precipitation of
the Cr-carbides those were adjacent to the 8-ferrite phase.

However, when comparing the average DOS on HAZ
samples (0.051%) to the base metal (0.56%) and weld
(3.24%) samples from Table 3, a much lower DOS is
obtained because of the Cr-carbide precipitates possibly re-
dissolution at the HAZ. That process occurred due to the
thermal heat gradients in high-temperature on the HAZ,
which is proper to the precipitates re-dissolution [17].
Furthermore, reduced time for the Cr-carbide precipitation
could also contribute to the DOS lower levels in that region
due to the high cooling rate [18] during the welding
process. This enabled a very short remaining time in the Cr-
carbide precipitation region and a lower alloying element
microsegregation which led to reduced intergranular
corrosion susceptibility.

Fig. 9 shows the combined DL-EPR curve of three regions
(base, HAZ, and weld) in the middle position and Table 4
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presents the measured DOS. These indicate that the peak
activation current densities (I,) of the HAZ region were the
same order of magnitude as compared with the base metal
but I, values of the weld region are almost three times
higher than the base and HAZ region. Hence, the corrosion
rate of the weld region is much higher compared to the base
metal and HAZ region. The development of a reactivation
peak during reverse scanning indicates that the oxide has
dissolved and can be attributed to a metal dissolution
reaction occurring within the sensitized regions.
Consequently, lower reactivation peaks indicate incomplete
dissolution of the passive oxide film while higher
reactivation peaks indicate the complete dissolution of that
protective oxide film. Since the peak reactivation current
densities (I,) in the weld region were big different from base
metal and HAZ region which contributes higher DOS in the
weld.

[T Y i (L LU IR - LR e
-
-+ CIAVE Macte_weig 2RS0T

Fig. 9: Combined (base, HAZ,and weld) DL-EPR curves in three
regions for middle position
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Table 4: DL-EPR test results of middle position obtained
from polarization curves

Sample i, (A) i,(A) DOS [i/ia]*
100 (%)
Base 6698 x10°  8.53x10° 0.785
Middle HAZ  13.92x10°  10.88 x10® 0.127
Middle Weld 276 x10°  18.15x10° 1.52

DL-EPR curves (Fig. 9) and Table 4 present very similar
activation current densities for the base and HAZ, However,
the base metal has relatively more DOS (0.785 %) than the
HAZ (0.127 %), this is because of more reactivation current
densities (66.98 pA for base metal) than HAZ (13.92 pA).

The comparative results of DOS values, as well as the
activation and reactivation current densities, are obtained
from the polarization curve for three regions (base, HAZ,
and weld) presented in Fig. 10. The lowest Degree of
Sensitization (DOS), relatively low activation current
density (I,), and lowest reactivation current density (I,) was
observed for the HAZ while the highest degree of
sensitization, highest activation current density (I,), and
highest reactivation current density (I,) was observed for the
weld 308L region.
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Fig. 10: Comparative results of the DL-EPR test in (a) Top
Position (b) Middle Position

4. Conclusion

This study brings up an insight to understand the NGW
effects in HAZ for the microstructural and sensitization
behavior of 316L stainless steel that has a critical influence
on the integrity of nuclear components welds.
Microstructures variation related to grain size was observed
between the HAZ and weld region in different weld
thickness positions. This may be associated with different
thermal cycles and subsequent different cooling rates in the
HAZ and weld region during the welding process. The
average value in HAZ was nearly 4.03% ferrite. Since the
10% ferrite is the maximum value to prevent degradation of
mechanical properties at low- or high-temperature service,
so the HAZ can sustain mechanical degradation in such
conditions. A gradual increase in hardness values across the
joints was observed. The reason for this little hardness
change in the HAZ region is considered that the phase
structure of base 316L was not so much transformed by the
temperature variations during NGW. DL-EPR test
confirmed that 316L NGW HAZ was not susceptible to
sensitization as DOS <1%. The main reason for low DOS in
HAZ was estimated due to the lower carbon content and the
insufficient precipitation time for these specimens. This
work can provide a foundation for future work involving
dissimilar metal welds used in nuclear components. It will
also be the basis to evaluate the weld materials properties at
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plant operating temperatures in the nuclear power plant and
other works.
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