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Abstract

Weld filler alloys that exploit transformation plasticity through low austenite-to-martensite transformation
temperatures offer an effective method of reducing residual stresses in strong, steel welds. However, in
multi-pass welds the heat input from later weld passes may be insufficient to retransform prior welding
passes, leading to the accumulation of thermally-induced strains and elevated residual stresses. In this
work, the residual stress distributions produced around arc welds fabricated with a martensitic weld filler
alloy that transforms at a low temperature, have been studied as a function of the number of passes
deposited and the inter-pass temperature. It is found that when the inter-pass temperature is above the
transformation temperature of the weld metal, the entire multi-pass weld transforms as a single entity, thus
permitting the optimum exploitation of the transformation plasticity. In contrast, the deposition of new
metal with a relatively low inter-pass temperature leads to increased residual stresses in the underlying
layers, reducing or eliminating the beneficial stress states previously created.

Keywords: transformation induced plasticity, martensitic weld metal, residual stress, welding, phase
transformation

1. Introduction

The residual stresses associated with welded joints are a problem in the optimum exploitation of
engineering structures as they may compromise structural integrity and limit component life. One method
by which such stresses may be mitigated, is through the use of a welding consumable that undergoes a
displacive transformation at low temperatures. The plasticity associated with such transformations can
compensate for the accumulated thermal contraction strains, thereby minimising or reversing the residual
stresses that would otherwise develop. Based on the original work by Alberry and Jones [1], this has led
to considerable research on the design of appropriate compositions [2-16], which have contributed to the
development of this particular welding alloy.
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Recently, other compositions have also been investigated [17-22], the essential requirement of such
weld filler alloys is that the phase transformation should not be exhausted until the weld cools to ambient
temperature. Otherwise, further thermal contraction in the temperature range corresponding to the finish
of transformation and room temperature will lead to increased stresses. In addition, phase changes that
occur by a displacive process have a greater capacity for plasticity than those which require long-range
diffusion. Both of these conditions favour the selection of a martensitic weld metal provided that the
carbon concentration is kept low enough to avoid the embrittlement associated with hard martensite.
The martensitic transformation is defined by a martensite-start temperature, Mg, and the temperature
corresponding to ~95% martensite, which is typically designated M. It therefore follows that Mg should
be close to room temperature to minimise subsequent thermal strains and hence that Mg should be
~ 230°C; following the Koistinen and Marburger [23] equation. To achieve such a low martensite-start
temperature while limiting the carbon concentration requires the weld metal to contain relatively large
concentrations of solute such as nickel and chromium, so it is not surprising that the total substitutional
alloying element concentration in low transformation temperature (LTT) weld filler alloys is usually 15-
20 wt% [16].

Diffraction data and fatigue tests have demonstrated that the use of LTT weld filler alloys can be
beneficial in mitigating residual stresses and their consequences [2, 3, 6, 13, 24-28]. However, there may
be difficulties in applying the concept to multi-pass welds in which the deposit is built up in layers in order
to fill the weld joint. In such circumstances, much of the LTT material deposited first will not be reheated
into the austenitic phase by the heat of a subsequent layer and therefore thermally-induced strains will
accumulate, which will be retained to room temperature.

A possible way of avoiding this issue is through the use of an inter-pass temperature in excess of Ms.
This enables the whole of the multi-layer, filled weld joint to remain austenitic. On subsequent cooling
at the end of the welding operation the entire deposit can then transform into martensite in order to
cancel the development of contraction stresses. The process is illustrated in Fig. 1. In the present work,
neutron diffraction has been performed on single and multi-pass welds fabricated with a LTT weld filler
alloy to assess the effect of inter-pass temperatures, 71, relative to Mg on the residual stress distributions
produced.

2. Experimental Method

Welds were prepared on plates of the commercially available high strength steel, Weldox 700, using
a martensitic stainless steel filler alloy with a low Mg, LTT-1 [15]. The compositions of both of these
alloys are shown in Table 1. The martensite-start temperature of the LTT filler alloy was measured using
dilatometry on cylindrical samples of length 12mm and diameter 8 mm cut from a 20 mm thick 18-pass
buttered butt-weld to minimise dilution, with the data analysed according to [29]. Using this method, the
martensite start temperature was determined to be 164 + 12°C.

Automated gas-shielded metal arc welding (GMAW) was performed on four identical Weldox 700
plates of dimensions 500 x 150 x 15 mm, machined with 60° V-grooves, each with a root radius of 4 mm,
Fig. 2. The plates were clamped to the bench prior to welding, which was performed horizontally in
the down hand position; the welding parameters and number of layers deposited are listed in Tables 2-3.
To ascertain the extent of stress relief that can be achieved with the LTT filler alloy, one, single-pass
weld (weld A) was prepared. Three further three-pass welds were subsequently fabricated with different
inter-pass temperatures (welds B,C,D) from which the effect of multiple welding passes and inter-pass
temperature on the residual stress distributions produced could be determined.
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2.1. Neutron Diffraction

The residual stresses in the welded plates were measured using neutron diffraction [30] on two strain
scanning instruments: the STRESS-SPEC beamline [31] at the FRM II reactor (weld C & D), and the
ENGIN-X beamline [32] at the ISIS pulsed spallation neutron source (weld A & B). For both experiments,
strain scanning was performed across a plane perpendicular to the weld at the position along the sample
shown in Fig. 3a. Measurements were made across both sides of the weld, heat-affected zone (HAZ)
and extended into the base plate to identify any asymmetry in the stress field. It was assumed that the
principal stresses are parallel to the plate edges.

The STRESS-SPEC measurements were made using a monochromatic beam with a wavelength of
~1.69 A, provided from a bent Si (400) monochromator set to a take off angle 20y = 77.3°. The diffracted
intensities were recorded on a 30 x 30 cm? position-sensitive detector. Measurements of the {211} ferrite
diffraction peak were performed around a scattering angle of 20 ~ 92.5°. The {211} peak was selected
as this reflection is known to accumulate only small compressive intergranular stresses following uniaxial
tensile deformation [33, 34]. The stresses determined from the strains measured with this reflection and
the appropriate diffraction elastic constant were therefore taken to be representative of the macroscopic
residual stress. A gauge volume of 2 x 2 x 2mm?® was defined by a primary slit of 2 x 2mm? and a
secondary 2mm radial collimator for the longitudinal direction. The transverse and normal directions
were measured using a gauge volume 2 x 20 x 2mm?, with the long dimension of this volume parallel to
the weld direction. The use of an elongated gauge volume in the welding direction was deemed appropriate
as the residual stress is not expected to vary significantly along the central portion of the welded plates.

The ENGIN-X beam line uses time-of-flight neutron diffraction to measure a continuous range of
reciprocal space at 26y; angles from 76-104°. The inter-planar spacings of many different reflections are
thus recorded simultaneously. A single macroscopic strain value was found for each measured location
and direction using the lattice parameter derived from a Pawley fit to the measured diffraction data. This
approach has been shown to be effective in providing a measure of the average residual strains and may
be directly converted to stress using the appropriate bulk values of the elastic constants [35]. Following
the approach described above for the STRESS-SPEC measurements, a 3 X 3 x 3mm? gauge volume was
used for the longitudinal strain measurements, and 3 x 15 x 3mm?® used for the transverse and normal
strain measurements. Again, a fixed 3 mm radial collimator was used to define one dimension of the gauge
volume, with the other two defined by the cross-section of the incident beam.

2.2. Stress Analysis

In order to determine the residual stresses across the welded plates, strain-free reference specimens
were used to account for the effect of compositional variation between the filler alloy and base plate on
the measured lattice spacings, which would otherwise be misinterpreted as strain. These were removed as
3mm thick cross-sectional slices from the welded plate, as shown in Fig. 3a, and further slotted at 3 mm
intervals along the transverse direction using wire electro-discharge machining, Fig. 3b, to form a ‘comb’
sample typically used for this type of work [36].

From the STRESS-SPEC data, the elastic strain, ,5;, at each measurement location and direction
was found from a comparison of the measured lattice spacing in the weld, dpg;, for a reflection (hkl) to
that at the corresponding location in the stress-free reference sample, do pi:

dprr — do, i (1)

Enkl =
do, ki

Elastic strains were calculated from the ENGIN-X data in an analogous way using the lattice parameters
obtained from the Pawley fits.



The stress, 0;;, in each of the three orthogonal directions was found from the strain measurements
according to:

Oii = ED) €ii + ﬁ(&l + €22 + €33) (2)
where E is the Young’s modulus and v is Poisson’s ratio. E = 220 GPa and v = 0.28 are the diffraction
elastic constants for the {211} used to calculate the stress in welds C and D [37]. E = 212.7GPa and
v = 0.30 are the macroscopic bulk properties for a ferritic steel following the Kroner model and used to
calculate the stress in welds A and B [38]. ¢ = 1, 2, 3 denotes the direction of the initial lattice parameter
of lattice spacing measurement and hence, strain and stress direction with respect to the welded plate
geometry. Linear interpolation of the data obtained from the comb sample allowed suitable strain free
reference inter-planar spacings or lattice parameters to be obtained for each measurement position in the
welded plate. Although shear stresses were not measured in this coordinate system, Equation 2 remains
valid even when the orthogonal directions are not the principal directions. In practice, one would expect
that the longitudinal direction is a principal direction, but that the other two principal directions may
vary on the plane normal to the longitudinal axis.

3. Results and Discussion

3.1. Residual Stress Measurements

The residual stress measurements are presented as stress contours overlaid on their respective macro-
graphs for the longitudinal, transverse and normal directions for each of the four welded plates, Fig. 4. The
crosses represent the original strain measurement positions and the stress contours have been restricted to
the minimum (2.5mm) and maximum (12.5 mm) measurement positions below the surface; extrapolation
to the surface would not be appropriate due to potentially steep stress gradients that would need to be
taken into account. It is noted that the measured stresses are averaged over a the gauge volume which
represents the spatial resolution of the technique used. This will have the effect of smoothing variations,
particularly where the gradients are steep. Consistent with the weld geometry, the stress contours show
remarkable symmetry reflected across the weld centreline. The contours, as expected, follow the fusion
surface, as has been seen in similar experiments [10].

Compressive stresses can be seen in the weld material for all four specimens in both the longitudinal and
transverse directions, providing comprehensive evidence for the shape deformation and net expansion of
these types of low transformation temperature alloys [39]. The stresses accumulated in the welded plates
are greatest in the longitudinal direction. This is to be expected as this is the direction of maximum
thermal constraint during cooling. In all four welded plates the longitudinal stresses show a general trend
of compression being developed within the weld metal, which decreases in magnitude and reverses sign as
the measurement position moves towards the heat affected zone. This occurs on either side of or below the
weld metal in the base plate due to the equilibration of stress and the absence of transformation plasticity
in these regions. The same stress distribution is evident for the transverse direction.

In all welds the peak tensile longitudinal residual stresses are of the order of ~ 600 MPa and are observed
in the heat affected zone. In contrast, within the fusion zones of all welds compressive longitudinal stresses
are seen in the range -200 to -400 MPa. Whilst the largest stresses occur in the longitudinal direction,
significant stresses were also measured in the transverse direction. As with the longitudinal stresses, the
largest tensile transverse stresses are observed in the heat affected zone and are up to 400 MPa, whilst
compressive transverse stresses up to -200 MPa are seen in the weld bead. The range of stresses developed
in the normal direction are much lower, being ~ 300 MPa in the base plate and ~-100 MPa in the weld
bead, but follow a similar pattern of stress distribution as the longitudinal and transverse directions.

More detail can be seen in the longitudinal-stress profiles presented in Figs. 5-8, which show the
residual stresses at exact locations within the welded plate (rather than smoothed contours) and further



highlight the symmetry about the weld centreline. These are discussed in more detail in the section that
follows.

3.2. The Effects of Inter-pass Temperature

The longitudinal stress profile for the single-pass weld, weld A, Fig. 5, shows compressive residual
stresses of ~-300 MPa generated in the weld metal at a depth of 7.5 mm. As subsequent layers of filler are
deposited, the same position records a zero residual stress state. This can be seen in the data presented
for weld B in Fig. 6. This suggests that the deposition of one layer on to another does not sufficiently
austenitise the underlying deposit to regenerate the stress-relief due to transformation plasticity. This
phenomenon is also evident for weld C, where the sign of the longitudinal stress at a depth of 7.5mm is
reversed so that the material at that location is left with a large tensile stress of ~600MPa, as can be
seen in Fig. 7. It is notable, however, that the results obtained from weld D shown in Fig. 8 do not fit
into this trend with compressive stress surviving the creation of a multi-pass deposit. An examination of
Fig. 4 shows that the transverse stresses in welds A, B and C show the same, though less pronounced,
changes from compression to tensile stress in the weld metal when additional weld layers are deposited.

Welds C and D, although being identical in geometry and composition, show profoundly different
residual stress distributions: c¢f. Figs 4, 7, 8. The large compressive stress of ~ —400MPa in the weld
bead of weld C at a depth of 5mm at the weld centreline changes abruptly into a large tensile stress of
about 600 MPa at 7.5 mm, for which the measurement position was largely within the first layer of the weld
material. The compressive stress in weld D is comparatively lower in magnitude, being ~ —200 MPa, but
covers a much larger region and remains in compression at 7.5 mm. These differences in stress distribution
are a consequence of the selected inter-pass temperatures with respect to the Mg temperature (Table 3).
Given that the weld metal Mg temperature is Mg = 164 + 12°C, in the case of weld C, the inter-pass
temperature was always below Mg at 45-50°C so that following deposition, each layer transforms into
martensite before another is deposited. Therefore, only those regions of the first layer which happen to
reaustenitise due to the heat from the subsequent layer can contribute to transformation plasticity; the
remainder of the first layer simply contributes to constraint and accumulates thermally-induced strains.
The beneficial stress system introduced when the first layer was deposited, is therefore lost or reduced.

In contrast, the inter-pass temperature in the case of weld D was kept in the range 200-240°C, so that
the weld metal should remain fully austenitic, only to form martensite after all layers are deposited and
the welded plate is finally allowed to cool below Mg. The martensitic transformation of the entire weld
then ensures that the benefits of transformation plasticity are optimally exploited, thus resulting in a
persistent compression at the weld centreline. The fact that weld D does indeed remain largely austenitic
is clear from the images presented in Fig. 9-10. The columnar austenite grains terminate at layer junctions
in weld C, whereas they are continuous across the second and third layers in the case of weld D. This
is a classic replication of the effect observed when welding austenitic stainless steels, where the lengthy
columnar grains extend completely across welds by epitaxial growth since no nucleation is needed when
subsequent layers are deposited [40].

On a thermodynamic basis, the first solid to form is d-ferrite and this is then replaced by columnar
austenite grains [41], but for the alloys of interest, solidification usually consists of a mixture of d-ferrite
and austenite at the fusion surface [42, Chapter 9]. When the inter-pass temperature is high so that the
substrate consists of columnar austenite grains, the increase in temperature due to the deposition of a
subsequent layer leads to the formation some J-ferrite, but the original austenite grains continue to grow
and eventually consume the d-ferrite, thus leading to a continuity of  grains across beads. In contrast,
when an inter-pass temperature below the Mg is implemented, new austenite grains are generated during
heating, thus destroying any possibility of y-continuity across beads. It should be noted, that the Mg of
the first deposited layer will be higher than subsequent layers by virtue of compositional dilution with the
base plate. This could reduce the alloying additions in the weld metal up to 30% and increase the Mg



to ~240°C, the inter-pass temperature for weld D. If the Mg > 71, continuity of columnar grains across
the fusion boundary into the second layer will not occur. However, the Mg is in very close proximity to
the 771 so that the majority of the first pass will remain as untransformed ~ until all three layers have
been deposited and transformation to martensite occurs with final cooling; this is indicated by the residual
stress contours. In order to maintain a more uniform Mg across the multi-pass weld, a more highly alloyed
weld filler should be used for the first layer. Indeed, dilution will occur with the deposition of each new
layer, causing a variation in the Mg, but it is most significant for the first layer and reduces with the
number of passes.

There is a good correlation between the changes in the longitudinal stress profiles across welds B, C
and D (Figs. 6-8) and their varying inter-pass temperatures. Weld C (71 = 50°C) shows compressive
residual stresses of around -500 MPa in the weld material at depths of 2.5 and 5.0 mm along the weld
centreline, which change abruptly to a large tensile stress of ~ 600 MPa at a depth 7.5 mm and remains
tensile with increasing depth into the base plate. Weld B (71 &~ 120°C), displays slightly less extreme
stress values in the weld material but the profiles follow the same trend as for weld C, the only difference
being the zero stress value recorded at 7.5 mm depth. As the inter-pass temperature is raised above the
Mg in weld D (11 ~ 240°C) the stress at 7.5mm depth becomes compressive, being ~ —300MPa, and
the value at 10mm depth falls to below 150 MPa. Weld C has an inter-pass temperature sufficiently
below the Mg to cause each individual welding pass to transform to martensite prior to the next layer
being deposited. Weld D has a sufficiently high inter-pass temperature such that all passes transformed
collectively. Weld B, with an intermediary inter-pass temperature displays stress profiles between the two
extremes, this is explained by the transformation of austenite to martensite occurring over a temperature
range [23] rather than at an absolute value. Applying an inter-pass temperature between Mg and My
permits the formation of some martensite, which will be tempered by the subsequent welding pass and
contribute towards improved toughness.

4. Conclusions

A low transformation-temperature welding alloy has been shown to be capable of inducing compres-
sive residual stresses in the weld metal of both single- and multi-pass welds.

e Compressive stresses developed in the first welding pass can be eradicated by the deposition of
additional layers if the majority of the underlying weld material is not austenitised by the heat
input of the new layer.

e If the inter-pass temperature is maintained above the Mg for all welding passes, the entire weld
remains austenitic until all the layers have been deposited. It therefore becomes possible to gain the
stress reduction benefits that can be derived from the transformation plasticity of each and every
layer.

e A more highly alloyed weld filler should be used for the first deposited layer to compensate for
dilution with the base material and maintain a uniform Mg across all welding layers.

e Steep stress gradients exist across the weld, especially at fusion boundaries. This may necessitate
a smaller gauge volume and an increased concentration of measurement points in these regions to
accurately determine the abrupt changes in stress for these types of experiments.
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Table 1: Compositions (wt%) of the undiluted welding alloy and base plate.

Material C Si Mn Cr Ni Mo
LTT-1 0.01-0.03 0.6-0.8 1.2-1.7 12.5-13.0 5.5-6.5 <0.1
Weldox 700 0.25 0.29 0.98 0.25 0.043 0.15

Table 2: Welding parameters.

Wire type Shielding gas Gas flow  Heat input Voltage Current Welding speed
(Imin™!) (kJmm™1) (V) (A) (cms™1)

Metal-cored  Ar+2%CO- 18 ~1.0 24.7 ~250 23-36

Table 3: Pre-heat and inter-pass temperatures (77). For the purposes of the present work we do not distinguish between the
preheat and inter-pass temperatures.

Temperature (°C) Weld A Weld B Weld C Weld D
Pre-heat 55 55 45 200
Inter-pass (1st—2nd layer) — 115 50 240
Inter-pass (2st-3nd layer) — 125 49 240

10



Layer 1, ambient T Layer 2, high T

All layers, ambient T

First layer at high T

™~

M. <T,

Figure 1: The influence of the difference between the inter-pass temperature 77 and the Mg temperature on the development
of structure in the weld. When Mg > T7, the multilayer weld does not transform homogeneously, whereas for Mg > T7, all
the layers remain austenitic until the weld is completed. Note that partial austenitisation that is likely for Mg > T7 is not
illustrated for the sake of clarity.

"""""""""""" 15 mm Figure 2: Cross-section of the machined V-
groove, cut along the length of the plate
prior to welding.
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Figure 3: (a) Plan view of a welded plate showing the locations of the residual strain measurements and reference strain-free
specimens. (b)Sectioned specimen used to determine the strain-free lattice parameter.
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Figure 4: Residual stress contours in MPa, for the four different welds.
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Figure 5: Longitudinal residual stress profiles as a function of distance from the weld centreline — Weld A
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Longitudinal residual stress profiles as a function of distance from the weld centreline — Weld B
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Figure 9: Macrostructures of (a) weld C, (b) weld D revealed using ferric chloride.
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Figure 10: Microstructure of weld D at the centreline, from the weld root to the top surface highlighting the boundaries
between layers.
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