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Abstract

Austenitic stainless steels are used extensively throughout power stations in high
temperature applications such as superheater tubes and fuel rod guides. For these
applications, welding is often required to join sections of components or pipes/tubes due to
their large sizes and lengths.

In this paper, samples of a cast niobium stabilised stainless steel welded to a wrought 321
stainless steel were investigated. The sections were joined together using an autogenous
Tungsten Inert Gas (T1G) weld. The effects of long term ageing at 750°C for up to 4000
hours have been studied. The ageing treatments were conducted in an inert atmosphere.

Compositional changes and precipitates have been investigated using SEM with EDX and
EBSD analysis. Niobium dissolved completely into the weld melt however it is observed to
precipitate back out during long term ageing. Titanium carbonitrides however remained intact
during the welding process, creating agglomerated particles throughout the weld bead.
Ageing above 100 hours causes further Nb rich MX precipitates to form, which coarsen with
longer ageing times up to 4000 hours.
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Introduction

Most of the nuclear power currently generated in the UK is generated through the use of
Advanced Gas Cooled Reactors (AGRs). Many of these have been in service for over twenty
years, and have been scheduled to be decommissioned in the next decade [1]. This would be a
costly and time consuming process, along with the knock-on effect of the requirement of
other methods of baseline power generation throughout the UK. For these reasons, the
lifespan of many of the AGRs are being extended further before decommissioning. However,
the effect of these lifespan increases on the components and materials used must be
understood.

Stainless steels have been used in high temperature applications for many years due to their
advantageous properties such as high corrosion resistance, creep resistance and mechanical
strength [2,3]. Components inside an AGR must be able to withstand temperatures up to
650°C for thousands of hours during service [2]. Along with this, they must also exhibit good
corrosion resistance and maintain their mechanical properties during the high temperature
exposure [2,4].
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Welding of materials is necessary in applications such as AGRs as many components are
simply too large or long to be completely manufactured from one piece of material. Other
joining methods such as riveting or bolts have proven to be less effective when put into
service at high temperatures due to the high localised stresses these methods incur [5].

It is generally understood that materials will tend towards a form of thermodynamic
equilibrium after initial manufacturing [5,6]. This tendency will be affected by thermal
history and service temperatures [5-7]. Welding of materials greatly influences this process
and it has not been very well researched, with only a handful of studies researching welds
with austenitic 321 stainless steel [8-10].

Long term ageing of materials results in the tendency to form precipitates and secondary
phases which can have both positive and negative effects on the mechanical properties of the
material. For stainless steels in particular, common precipitates are MX, M,3Cg, and sigma
[4]. MX precipitates are very common in stabilised stainless steels where M is usually Ti, Nb
or V, and X is either C or N [4]. These are advantageous to the long term microstructural
stability of these steels due to the locking effect they have on C and N. These form during
initial solidification of the material and have been shown to have good high temperature
properties by keeping their stability up to very long ageing times [11,12]. In stainless steels
with high Cr, N and Nb, the Nb rich MX particles have been commonly observed to
transform to a highly ordered, highly stable phase called the Z phase [13,14]. M,3Cg particles
are often observed after short ageing times at intergranular sites [15]. M is often Cr or Fe,
which can sometimes be substituted for Mo or V [16]. These deplete the matrix of Cr and
thus cause intergranular corrosion in austenitic stainless steels. Also, in high volume fractions
they can cause grain boundary embrittlement due to a continuous film being formed through
a network of these precipitates [16—18]. Sigma phase is a precipitate of FeCr, and often forms
as intergranular particles usually under 2pum which are associated with embrittlement [19,20].

With these different factors in mind, it is important to understand the microstructural
changes that occur in materials during long term ageing. This paper focusses on the weld
material between a cast stainless steel with a duplex microstructure and wrought 321
austenitic stainless steel.

Experimental

The samples are cast Nb stabilised stainless steel autogenously welded to wrought 321
stainless steel. The compositions of these are shown in Table 1. There was no post weld heat
treatment. Ageing of samples was carried out at 750°C in quartz glass tubes which were filled
with argon to prevent any oxidation during the ageing process.

Samples were mounted into Bakelite and grinding was conducted from 220 grit, 600 grit
and on to 1200 grit. Polishing was completed using a diamond suspension at 9um particle
size, 6um and then 1um. Etching for optical microscopy as completed using a solution of
50ml H,0O, 5ml HNO3 and 50ml HCI. For EBSD analysis, polishing was then moved onto a
0.02um colloidal silica polish. After colloidal silica polishing, samples were washed in an
acetone filled sonic bath, and cleaned in a ZoneSEM ozone cleaner.

Optical microscopy was carried out using a Reichert MEF-3 optical microscope in the bright
field (BF) setting. The samples were also imaged using a secondary electron (SE2) detector



and InLens (IL) detector on a Zeiss Leo 1530VP FEGSEM. Compositional and
crystallographic information was obtained using Nordlys Electron Backscatter Diffraction
(EBSD) detector and an Oxford Instruments X-Max Energy Dispersive X-ray Spectroscopy
(EDS) detector.

Thermodynamic calculations were performed using Thermocalc software using the TCFE 7
database. Isothermal equilibrium calculations were carried out at 750°C. The compositions of
the materials used in this experiment are shown in Table 1. The weld metal composition was
obtained by averaging the compositions of the two base materials. This was also checked
with EDX.

Table 1: Compositions of the base materials used in this experiment

Material %C %Mn %Si %P %Cu %Ni %Cr
Cast 0.02 0.46 0.78 0.01 <.01 6 21.2
321 0.03 1.24 0.41 0.03 0.42 9.22 17.2

Material | %Mo %Nb %Ti %W %Co %N %Fe
Cast 0.13 0.54 0.01 0.03 0.01 0.02 bal
321 0.37 0.01 0.4 0.03 0.2 0.01 bal

Results and Discussion

Table 2 shows Thermocalc predictions using TCFE7 of the two base materials used during
this experiment, and also the weld metal. The modelling predicts that the wrought 321 will be
almost entirely austenitic with a small volume fraction of MX precipitates and Laves phase
present. Predictions show that the cast material will exhibit substantial transformation to
sigma phase during ageing, along with the delta ferrite remaining present from the original
casting. The weld material takes on a small amount of sigma phase transformation which will
be due to the general mixing of the two alloys. Along with this, Laves phase will also be
present in the material at thermodynamic equilibrium. Despite Thermocalc predicting no
BCC material being present in the weld material at 750°C, it is highly likely that upon
cooling a BCC transformation will take place to form ferrite/martensite, as predicted by the
DeLong calculation, discussed later in these results.

Upon conducting a DelLong calculation, the Creq and Nigq values for the weld metal come out
at 20.48 and 9.2 respectively [21]. This puts the weld metal firmly into the austenite + ferrite
+ martensite region of the Delong diagram. This means that whilst the Thermocalc
predictions bring out no mention of any BCC phases, there is a martensitic transformation
predicted under certain conditions in the weld metal [21].



Table 2: Thermocalc predictions for volume fractions of phases at thermodynamic
equilibrium at 750°C

W321 | WELD | Cast

Austenite 99.478 | 90.407 | 75.658
Ferrite 6.134
(Ti,Nb)C 0.010

Ti(C,N) 0.352 | 0.315

Nb(C,N) 0.253
Laves Phase 0.171 0.509 0.394
Sigma Phase 8.758 | 17.422
Z Phase 0.138
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Fig.2: EBSD analysis of un-aged weld material (a) Euler color, (b) phase map



In the unaged condition, Figures 1 and 2 show the weld to have a predominantly austenitic
structure with small delta ferrite regions dotted throughout. There is between 1 and 1.5% area
BCC material in the weld material detected from the EBSD scans carried out. This takes the
form of small lath-type sections which are labelled in Fig. 1, which correlate to the red spots
observed in Fig. 2(b). The Euler figure shown in Fig. 2(a) shows the common orientation of
the delta ferrite regions. The amount of BCC material does not appear to be effected by
location in the weld, with weld material at the boundaries to base materials resembling the
scans shown in Figure 2. Niobium-rich MX particles were not found at this stage using SEM-
EDX however Ti rich particles were distributed throughout the weld. EDX analysis revealed
no further localisations of elements in the unaged material. Full Nb dissolution is typical in
welds however it is well noted that it rapidly precipitates during ageing [4,22]
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Fig.3: EBSD and EDX analysis of weld material aged for 1 hour at 750°C (a) Euler
colour, (b) electron image, (c) phase distribution, (d) Ti EDX map, (¢) Cr EDX
map, (f) Nb EDX map.

There is no considerable increase of BCC material after 1 hour of ageing when compared to
the unaged material. Fig. 3 shows the structure of the weld close to the centre of the melted
zone, at a higher magnification than Fig. 2. The EDX maps in Fig. 3 confirm that the
cuboidal particle in the centre of the electron image is in fact a Ti (C,N) particle, along with
the other low contrast particles in the electron image with a group of large particles just



below the cube. EDX scans after 1 hour of ageing also show slight Nb enrichment of Ti-rich
particles in particular, along with very small enrichments along delta ferrite regions.
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Figure 4: Electron image and EDX maps of weld metal aged for 500 hours at 750°C (a)
electron image, (b) Cr EDX map, (c) Ti EDX map, (d) Si EDX map, () Nb EDX map.

After 500 hours of ageing at 750°C, the weld material has a slightly increased amount of
BCC phase at the centre of the weld, with the amount being on average around 3%. The BCC
phase increase comes in the form of a high number of small nucleation sites, developing
localised regions of BCC. These particles are found to be no larger than 10um in length and
appear to cluster together in groups of 5 — 10 particles. Fig. 4 shows EDX maps that indicate
that Nb has now begun to form long, secondary MX particles which are between 1-2um
width but up to 10 um in length at grain boundaries [23].

At 1000 hours of ageing, the average content of the weld material becomes difficult to
obtain without a full weld scan. This is due to extensive conversion of austenite to BCC near
the cast side of the weld. Fig. 5 shows an EBSD scan of the centre of the weld melt, and Fig.
5(b) an EBSD scan from the side of the weld close to the cast base material. The wrought
side of the weld did not show this type of conversion to BCC at this time at 750°C. In
contrast to the 500 hours aged sample, the regions of BCC material are now beginning to join
together to form areas of up to 50 microns in size on the cast side of the weld. Fig. 5(b) shows
this very well with the cast base material being roughly 200 um above the top of the image
shown. The amount of BCC material in Fig. 5(b) is 20%. No further particles have formed at
this stage of ageing, however the Nb precipitates are larger than those found at 500 hours of
ageing. Particles do not appear to have grown in size however. A similar type of conversion
has been observed before in 321 austenitic stainless steel [20,24].
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Fig.5: (a) EBSD map near the centre of weld material aged for 1000 hours at 750°C,
with the weld boundary 500um to the right. (b) EBSD map of the weld material near
the border to cast base material aged for 1000 hours at 750°C, with the weld
boundary 200pm above the top of the image.

After 4000 hours of ageing, the centre of the weld material remains virtually unchanged
compared to 1000 hours ageing. However the area which has been advanced upon by small,
localised BCC transformations on the side by the cast material has grown considerably so that
now there is a large area of weld material that has transformed to BCC material. This is seen
in Fig. 6 with the cast base material being roughly 500um to the right of the image. The
wrought side of the material has also begun to transform, with long columnar BCC plates
becoming apparent which were not seen at any other ageing times in this experiment. This is
seen in Fig. 7 with the wrought base material being roughly 200pum above the image. No new
particles were discovered using SEM-EDX. Figure 7 shows the columnar shape taken by the
BCC phase in the weld metal after 4000 hours ageing, which is vastly different to that of the
weld metal near the cast base material. The Euler colour (Figure 7¢) also shows a difference
in the general form taken by the weld material in this part of the weld, which could have an
effect on the growth characteristics of the BCC phase.

Thermocalc predicted no BCC material in the weld, so the BCC transformation during later
ageing times is somewhat unexpected. The BCC phase transformation also relies on element
diffusion, due to the reliance on close proximity to the point where the weld joins on to bulk
material, along with the appearance of growing outwards from this point. However the BCC
transformation is particularly unexpected within the side of the weld which joins on to the
wrought base material, this was fully austenitic in the as-received state. However there are
reports of ferritic transformations in 321 austenitic stainless steel by Green et al. [20,24]. The
BCC transformation observed in the wrought side of the weld takes the same appearance as
that in the literature [20,24], while the cast side globular transformation has not been found
elsewhere after long term ageing.
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Fig.6: EBSD analysis of weld material close to the border of cast base
material aged for 4000 hours at 750°C. (a) SEM image, (b) band contrast,
(c) Euler colour, (d) phase distribution.
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Fig.7: EBSD analysis of weld material close to the border of wrought base

material aged for 4000 hours at 750°C. (a) SEM image, (b) band contrast,
(c) Euler colour, (d) phase distribution.




Conclusions

This paper has studied the phase distribution and transformations of autogenous weld metal
between 321 austenitic stainless steel and a Nb stabilised stainless steel up to 4000 hours
ageing at 750°C. The results showed that the weld remained fully austenitic with no
noticeable transformations happened in the material until 2000 hours of ageing, which was
expected. At 1000 hours and up to 4000 hours ageing, a large scale BCC transformation
begins to take place at the boundaries to the base materials. This transformation appears
displacive, due to the lack of alloying elements diffusing into the newly transformed ferrite.
However the lack of transformation towards the middle of the weld area suggests that there is
diffusion from the base materials involved whereby certain alloying elements are making this
type of transformation possible.

The displacively formed ferrite takes different appearances on each side of the weld, with the
cast side of the weld taking spheroidal regions of BCC phase, and the wrought side of the
weld having long, columnar transformations of BCC material. This is despite there being
columnar weld grains in the cast side of the weld. This will be due to the difference of
diffusion from each alloy.
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