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Abstract

In multi-pass welds, the development of residual stress generally depends on the response of the weld metal, heat-affected zone (HAZ)
and nearby parent material to complex thermo-mechanical cycles. Here, the evolution of local material properties and residual stress was
investigated for each of these zones during the manufacture of a three-pass groove weld in SA508 steel. Residual stress distributions were
measured by neutron diffraction for a sample in which only one weld bead had been deposited, and again for a completed three-pass
weld. The evolution of material properties was also characterised by measuring local hardness and conducting tensile tests on small cou-
pons that were extracted from the same welded specimens. Overall, the addition of subsequent weld passes resulted in lower peak tensile
residual stresses in the weld as a whole, softening of the HAZ, modest cyclic hardening in nearby parent metal, and some softening in the
low-carbon weld metal.
! 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Both the performance and the safe operation of a ther-
mal power plant are highly dependent on the integrity of its
welded joints. Indeed, many critical components, such as
the header and main steam pipe in a fossil-fired plant, or
the reactor pressure vessel in a pressurised water reactor,
are joined by fusion welding. The localised melting that
takes place during welding is in turn associated with rapid
heating and cooling, the formation of microstructures that
differ from the parent material, as well as the development
of substantial residual stresses [1]. The latter are significant
because they can be additive to externally applied (or

operational) loads and, as such, they can increase the
driving force for fracture [2], while also accelerating the
degradation of the material [3,4].

In recent years significant efforts have been made to
incorporate weld residual stresses into structural integrity
assessments on power plant infrastructure. In the R6 assess-
ment procedure [5], for example, there are three options for
accounting for residual stress in welds. The first, and most
conservative, approach is to assume that the residual stres-
ses are uniform and of yield level magnitude across the
joint. The second option introduces another level of sophis-
tication by referring the assessor to a compendium of resid-
ual stress profiles and providing guidance on identifying an
appropriate profile for assessment purposes. Finally, the
third option involves the assessor undertaking a detailed
analysis of the weld configuration through a combination
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of numerical modelling and carrying out residual stress
measurements.

Numerical modelling is a vitally important tool in the
power generation sector. However, any ability to predict
residual stresses in thick-section multi-pass welds must be
underpinned by an understanding of the way in which
the material being joined will respond to the complex
thermo-mechanical cycles that arise during welding. This
is clearly pertinent in the case of welds in components made
from austenitic stainless steels due to the manner in which
these steels harden when subjected to multiple welding
thermal cycles [6], and the fact that this hardening is asso-
ciated with a corresponding capacity to sustain stress.
Indeed, substantial efforts have been made to develop
empirical models for the cyclic hardening of austenitic
steels based on the concepts of isotropic and kinematic
hardening, as well as models that use a combination of
these concepts [7–10]. While there is some evidence to sug-
gest that ferritic steels do not cyclically harden to the same
extent [11], the situation with these steels is made more
complex due to the influence of the solid-state phase trans-
formations that occur on heating and cooling [12]. Phase
transformations influence the properties of the material
directly, as they will differ from one phase to another,
but they also influence the development of stress because
each type of transformation in ferritic steels has an associ-
ated transformation strain [13]. Indeed, a substantial body
of work has been carried out that demonstrates that solid-
state phase transformations can have a very large effect on
residual stresses in ferritic steel welds [14–17].

In this paper, we report on a body of experimental work
designed to provide insights into the evolution of both
material properties and residual stress in an SA508 steel
weld subjected to multiple passes. A simple three-pass weld
configuration was chosen so that the outcomes might be of
general interest and serve as a valuable test case for the val-
idation of numerical modelling strategies. In this manner
we have developed a much better understanding of multi-
ple pass welding for SA508 steel and similar steels.

2. Experiments

2.1. Welding

Two plates were machined from a block of SA508 Grade
3 Class 1 steel to the dimensions of 200 ! 150 ! 20 mm3. A
6 mm deep groove was then machined along the centreline
of the long axis on one face of each plate, as shown in
Fig. 1. The machined plates were then stress relieved. The
nominal chemical composition for the steel is listed in Table
1 while the mechanical properties for the steel in the
quenched and tempered condition are given in Table 2.

The first plate specimen had a single weld bead deposited
into themachined groove using the gas-tungsten arc welding
process. Prior to welding, the plate was preheated to a tem-
perature of 150 "C. The weld bead was deposited using a low
carbon steel filler wire (SD3), with a diameter of 1.2 mm, for

which the nominal composition is given in Table 1. The weld
bead was deposited using a nominal heat input of 2 kJ mm
"1 and a welding speed of 76 mm min"1. The tungsten elec-
trode contained 2% thoria, was 3.2 mm in diameter, and it
was prepared so that it had a truncated conical tip with an
included angle of 60" and a 0.5 mm diameter flat end. Weld-
ing grade argon was used as the shielding gas.

The second plate was welded using the same nominal
welding parameters as the first. The principal difference
between the two samples was that, in the case of the second
sample, a further two weld passes were deposited in order
to completely fill the machined groove. The interpass tem-
perature was nominally identical to the preheat tempera-
ture (150 "C).

2.2. Neutron diffraction

A 25 mm long slice of material was removed from
the weld-start end of each plate after welding so that

Fig. 1. Schematic representation of (a) the overall specimen configuration
and (b) details of the weld groove geometry for the one-pass and three-
pass specimens. A coordinate system denoting longitudinal (L), transverse
(T) and normal (N) directions is also shown in (a). The welding direction is
along the longitudinal direction.
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comb-shaped strain-free reference (d0) specimens could be
prepared. These specimens are required so that any
stress-free changes in lattice parameter across the weld
can be determined, as might occur due to gradients in sol-
ute concentration brought about by the welding cycle [19].
The configuration of the comb-shaped specimens is shown
in Fig. 2. Note that five separate combs were prepared by
electric discharge machining, each at a different depth,
from within the 20 mm thick off-cut. As such, each comb
was #4 mm thick and, within each comb, a number of
teeth were formed by making further cuts. The cross-
sections of the individual comb teeth were nominally

4 ! 4 mm2. It is assumed that any macroscopic residual
stresses that originally existed within the slice as a conse-
quence of welding will have been relaxed by the material
removal.

The neutron diffraction measurements were made on the
Stress-Spec strain scanning instrument at the FRM II neu-
tron source in Garching, Germany. The {2 1 1} crystal
reflection was used, and a nominal gauge volume of
2 ! 2 ! 2 mm3 was employed in all cases. The locations
within the transverse section for which d0 and d were mea-
sured are indicated in Fig. 3. For d0 the locations corre-
spond to the locations of specific teeth in the reference
combs and were measured 3 mm from the end of each
tooth, where we would expect the relaxation of macro-
scopic stress to be most effective. Furthermore, care was
taken to ensure that the gauge volume was always com-
pletely immersed within an individual comb tooth, so that
errors associated with incomplete gauge filling could be
avoided [20]. The corresponding d-spacing map was
obtained over the transverse section at the mid-length of
the weld, where it is believed that the residual stresses will
not have been significantly influenced by the removal, for
the cutting the reference combs, of a 25 mm thick slice at
the weld-start end of each sample. In total, measurements
were made at 45 locations within the one-pass specimen
and 53 locations within the three-pass specimen.

In calculating elastic strains and stresses at the mid-
length position of the weld, it was assumed that the values
measured for d0 would have been identical if they had been
measured at the mid-length position of the specimen.
Accordingly, the longitudinal strain acting at each point
(x, y) on the mid-length measurement plane, designated
as eL(x,y), was calculated as follows:

eLðx;yÞ ¼
dLðx;yÞ " d0ðx;yÞ

d0ðx;yÞ
ð1Þ

where dL(x,y) is the value of the d-spacing that was mea-
sured in the longitudinal orientation at point (x, y). In this
way, the strains acting in the longitudinal (L), transverse
(T) and normal (N) directions (with the orientations as de-
fined in Fig. 1a) were evaluated at each point (x, y) in the
measurement plane. The stress acting in the longitudinal
orientation, for example, at a point (x, y) in the measure-
ment plane, which is denoted by rL(x,y), can then be calcu-
lated using a generalised version of Hooke’s law according
to the following equation:

rLðx;yÞ ¼
Ef211g

1þ vf211g
eLðx;yÞ þ

vf211g
1"2vf211g

eLðx;yÞ þ eT ðx;yÞ þ eNðx;yÞ
! "# $

ð2Þ

Table 1
Nominal compositions of SA508 Grade 3 Class 1 steel and SD3 weld filler metal (wt.%).

C Si Mn Ni Cr Mo V Al Cu N Fe

SA508 0.2 0.25 1.4 0.8 0.2 0.5 0.003 0.003 0.04 100 ppm Bal.
SD3 0.08 0.3 1.4 0.03 0.04 0.01 0.04 Bal.

Fig. 2. Schematic showing (a) the location and orientation of the five
strain-free reference (d0) combs, (b) the geometry (in mm) of each comb.

Table 2
Mechanical properties of SA508 Grade 3 Class 1 steel in the quenched and
tempered condition [18].

0.2% proof stress
(MPa)

Ultimate tensile strength
(MPa)

Elongation to failure
(%)

450 560–600 25
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where E{211} and v{211} are, respectively, the {2 1 1} plane-
specific values of the elastic modulus and Poisson’s ratio,
determined from in situ tensile diffraction data. Here
E{211} and v{211} were taken to be 216 GPa and 0.27,
respectively, following Daymond and Priesmeyer [21].

2.3. Hardness

Sections for hardness testing were cut from the start end
of each welded plate after neutron diffraction measure-
ments had been performed. Slices #8 mm thick were cut,
polished to a 0.25 lm finish, and then etched by immersion
with agitation in 2% Nital for 10 s to reveal the microstruc-
ture. Hardness testing was then carried out on an Instron/
Wilson Tukon 2100 hardness testing machine, with a 0.5 kg
load and a Vickers indenter. An initial traverse was made,
with measurements every 0.25 mm down the weld centre
line (WCL), starting 0.23 mm below the surface of the weld
bead and finishing 4 mm from the bottom surface of the
plate. A second traverse was made perpendicularly to the
first traverse with measurements at intervals of 0.25 mm
along a line 1.3 mm (three-pass specimen) or 4.5 mm
(one-pass specimen) below the top surface of the plate,
starting at the WCL and extending 11 mm. These lines
were selected so that they traversed approximately the

same distance of weld filler metal and heat-affected zone
(HAZ) in both specimens.

2.4. Mechanical testing

Tensile specimens having the dimensions shown in the
inset to Fig. 4 were cut from the welded plates using electric
discharge machining, after the slices for hardness testing
had been removed. The long axis of the specimens was
aligned with the welding direction and ran along the centre
of the weld. The specimens were cut in a stack so that each
one was extracted from a different weld depth. A sketch of
the cutting layout is shown in Fig. 4. The top and bottom
specimens in the stack from each weld plate were not of the
required thickness and so were not used for tensile tests.
Tables 3 and 4 list the weld region associated with each
tested specimen for the one- and three-pass specimens
respectively. The arrangement resulted in six tensile speci-
mens for the one-pass weld specimen and eight tensile spec-
imens for the three-pass weld specimen.

The tensile tests were performed on an Instron 5569 test-
ing machine configured with a 10 kN load cell. An exten-
sion rate of 1 mm min"1 was used and the specimens
were loaded to failure. Strain gauges (Vishay General Pur-
pose Strain Gauges 1.57 mm wide by 2.9 mm long), glued
to the gauge region of the specimens prior to testing, were
used to measure strain during the tests. A National Instru-
ments system with Signal Express software was used to
gather and convert the data from the strain gauges.

Fig. 3. Schematic representation of locations of neutron diffraction
measurements for (a) stress-free lattice parameters and (b) residual strain.
The solid points were measured in both welded specimens, whereas the
open points could only be measured in the three-pass specimen. The
nominal neutron diffraction gauge volume was 2 ! 2 ! 2 mm3. All
dimensions in mm.

Fig. 4. Cutting layout for tensile specimens within the welded plates.
Specimens were cut in a stack with a backbone attached so the depth of
each specimen within the welded plate was known. The specimens were cut
from the backbone and individually labelled before testing. Figure is not
to scale.
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2.5. Microscopy

The same specimens that were used for the hardness
tests were prepared for optical microscopy in order to
observe the macro- and microstructures. The surfaces were
polished to a 0.25 lm finish. They were then etched by
immersion with agitation in 2% Nital for 10 s. For the
macrographs a Nikon D1! digital SLR camera was used
with a Nikkor 105 mm macro lens. An Olympus optical
microscope was used, with a Zeiss AxioCam camera and
AxioVision software, for capturing the micrographs.

3. Numerical modelling

A two-dimensional (2-D) transient welding simulation
was carried out using a commercial finite element code
SYSWELD [22]. 2-D shell elements were used in the calcu-
lation. A nominal heat source power of 2500 W and an arc
efficiency of 0.8 were assumed for each pass. Ambient tem-
perature was #20 "C, with a pre-heat of 150 "C.

Before carrying out an actual multi-pass welding simula-
tion, a single pass 2-D transient analysis was performed for
heat source fitting (HSF). More details on HSF can be
found in Refs. [22,23]. Briefly, the heat power density func-
tion, as defined in Eq. (3), requires the empirical parame-
ters (af, ar, b, c, Qf and Qr) that need to be calibrated
before it can be applied in practice. In this work, the cali-
bration was carried out, using SYSWELD built-in HSF
tools, by seeking the best possible simulation of the fusion

zone (FZ). The FZ boundary was estimated by plotting the
maximum temperature envelope (calculated as the maxi-
mum temperature at all nodes at any time during welding)
on a contour plot with a maximum contour value of
1500 "C, corresponding to the FZ boundary, and a mini-
mum contour value of 850 "C.

Qðx; y; zÞ ¼ Qf exp " x2

a2f
þ y2

b2
þ z2

c2

 ! !

Qðx; y; zÞ ¼ Qr exp " x2

a2r
þ y2

b2
þ z2

c2

% &% & ð3Þ

The calibrated parameters were then applied to the 2-D
transient welding analysis for pass 1. An averaged thermal
cycle for the whole weld bead was exported and compiled
for use by the multi-pass welding simulations. With the
prescribed thermal cycle, a computation management tool
called the multi-pass welding advisor (MWA), which pro-
vides automatic tools and methods to ease multi-pass weld-
ing simulations, was finally used for setting up the three-
pass welding simulation. The predicted thermal histories
at specific locations within the one- and three-pass welded
specimens were subsequently used as a basis for interpret-
ing the influence of welding thermal cycles on the evolution
of material properties.

4. Results

4.1. Macrostructure

The macrostructure of one- and three-pass weld speci-
mens are shown in Fig. 5. The difference between the
one-pass and three-pass specimens lies in the locations of
the various microstructural regions. In the one-pass speci-
men the thermal conditions and thus the microstructures
are approximately radially symmetric about the weld bead.
The microstructure in the HAZ beside the weld is the same
as that in the HAZ below the weld. For the three-pass spec-
imen this is not the case.

4.2. Microstructure

The microstructure in the HAZ is not uniform. Closest
to the fusion line there is the coarse-grained HAZ
(CGHAZ) where the peak temperature experienced by
the metal during welding was high enough for both austen-
itization and grain growth to occur. Outside this there is
the fine-grained HAZ (FGHAZ) where austenitization
occurred but the peak temperature was not high enough
to dissolve precipitates, so there is no significant grain
growth, leaving a very fine microstructure. The intercritical
HAZ (ICHAZ) is outside the FGHAZ (see Ref. [12] for a
more detailed discussion). In this location the peak temper-
ature was between AC1 and AC3, in the ferrite-plus-austen-
ite region. Micrographs of the different regions of the weld
specimens are shown in Fig. 6 (weld metal), Fig. 7 (HAZ)
and Fig. 8 (parent metal).

Table 3
Details of specimens for tensile tests from one-pass weld specimen.

Specimen no. Depth from weld surface
(relative to surface of
three-pass weld) (mm)

Weld region

2 3.2 (7.2) Weld metal 1a

3 4.9 (8.9) Fine-grained HAZb 1
4 6.7 (10.7) Intercritical HAZ 1
5 8.6 (12.6) Parent metal, close
6 10.5 (14.5) Parent metal, middle
7 12.4 (16.4) Parent metal, far
a 1 – from first pass.
b HAZ – heat-affected zone.

Table 4
Details of specimens for tensile tests from three-pass weld specimen.

Specimen no. Depth from weld
surface (mm)

Weld region

2 2.0 Weld metal 3a

3 3.9 Course-grained HAZ 3
4 5.8 Fine-grained HAZ 3
5 7.6 Course-grained HAZ 1,3b

6 9.4 Fine-grained HAZ 1,3
7 11.2 Parent metal, close
8 13.1 Parent metal, middle
9 15.0 Parent metal, far
a 3 – from third pass.
b 1,3 – HAZ from first pass, after three passes completed.
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The weld metal microstructure in the three-pass speci-
men (Fig. 6b) has the typical appearance of acicular ferrite,
consisting of elongated ferrite grains with carbides between
them in a cross-weave pattern [24]. There are also some
equiaxed ferrite grains. In the one-pass specimen the weld
metal structure is similar to, but finer than, the three-pass
microstructure. Fine martensite may be present between
the ferrite grains in the one-pass weld metal microstructure.

The comparison of the HAZ microstructures is shown in
Fig. 7 where the locations are relative to the fusion line of
the first pass. For example, the image of the CGHAZ in the
one-pass specimen (Fig. 7a) was taken 0.5 mm below the
fusion line for the first pass. To obtain the micrograph of
the corresponding area after three passes (Fig. 7b) an image

was taken 0.5 mm below the fusion line of the first pass in
the three-pass specimen.

The expected thermal histories were obtained for specific
nodes (locations) from the numerical model of the welding
process (see Section 3). The nodes were chosen using the
peak temperature for the first pass. The peak temperatures
associated with the CGHAZ region are approximately in
the range of 1500–1100 "C. The equivalent temperature
ranges for the FGHAZ and the ICHAZ are 1100 "C to
AC3 (790 "C) and AC3 (790 "C) to AC1 (670 "C) respectively
[25]. Nodes that experienced peak temperatures in the first
pass of 1300 "C, 950 "C and 750 "C were chosen to repre-
sent the CGHAZ, FGHAZ and ICHAZ respectively. The
coarse nature of the mesh used in the model meant posi-
tions relative to the fusion line could not be used alone
to match the temperatures to the microstructures. The ther-
mal paths given by the model are approximate but they
give a good indication of the temperature changes driving
the microstructural evolution during the three passes of
the welding process.

The CGHAZ in the one-pass specimen (top left of
Fig. 7) consists of bainite and some martensite. The prior
austenite grain (PAG) boundaries are visible. The alter-
ation in this microstructure after two further weld passes
(the approximate thermal conditions for which are shown
in Fig. 7c) is shown in Fig. 7b. The PAG boundaries are
no longer discernable. The microstructure has the appear-
ance of having been formed during the second pass, at a
temperature close to AC3. There are regions of bainitic fer-
rite (pale) and regions of a carbon-rich structure (darker
grey); this microstructure is referred to as granular bainite
[24], and is likely to contain some martensite. The third
pass would have mildly tempered the microstructure from
the second pass.

The fine-grained heat affected zone (FGHAZ) in the
one-pass specimen (mid-left in Fig. 7) has a complex micro-
structure consisting of regions of densely grouped carbides
(darkest areas) and the granular bainite structure. There
also appear to be some small regions of martensite and/
or retained austenite. The corresponding area in the

Fig. 5. Optical micrograph (left) and schematic (right) of the macrostruc-
ture of (a) the one-pass specimen and (b) the three-pass specimen. The
fusion lines (FL) mark the extent of the previously molten weld metal and
the heat affected zones (HAZ) for the relevant pass are also indicated.

Fig. 6. Weld metal microstructure for (a) one-pass specimen and (b) three-pass specimen (final pass).
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three-pass specimen has not changed in microstructure as
significantly as in the case of the CGHAZ. There are areas
of bainitic ferrite and carbide-dense regions. The previous
carbon-rich structure has been tempered during the second
pass, with carbides becoming more equiaxed and grain

boundaries becoming less distinct. The third pass is unli-
kely to have had a significant effect.

The microstructure of the ICHAZ in the one-pass spec-
imen (bottom left in Fig. 7) consists primarily of ferrite
with smaller carbon-rich regions than in the FGHAZ.

Fig. 7. Micrographs showing microstructures at different distances from the fusion line from the first pass (FL1) and their associated predicted thermal
histories for the one-pass and three-pass specimens. These depths correspond to the CGHAZ1, FGHAZ1 and ICHAZ1 respectively.

Fig. 8. Parent metal microstructure for (a) one-pass specimen and (b) three-pass specimen.
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After two additional weld passes the microstructure has
changed little. The ferrite and carbon-rich regions are still
present. The carbides appear somewhat spheroidised and
the grain boundaries are less distinct. This tempering effect
would have occurred during the second pass with the third
pass having little effect.

By definition, there are no significant differences between
the microstructures of the parent metal after one pass and
after three passes. The microstructure consists primarily
of ferrite with regions of relatively densely packed carbides.

4.3. Hardness

For the single pass specimen the hardest region is the
CGHAZ, just outside the fusion line. As the distance from
the fusion line increases, the hardness decreases through
the FGHAZ and the ICHAZ and then levels off in the par-
ent metal. This trend is consistent in both specimens, as can
be seen in Fig. 9b. The hardness in the weld metal is higher
than that in the parent metal, with the one-pass weld metal
being slightly harder than the three-pass weld metal. There
is very slight hardening of the parent metal below the weld,
shown in Fig. 9a, which is not evident to the sides of the

weld (Fig. 9b). These variations are discussed in terms of
the weld microstructure in Section 5.1.

4.4. Residual stresses

Contour maps (Fig. 10) of the measured residual stres-
ses were generated from the array of measured data, using
a standard routine in MATLABe. The pattern of the
residual stress is similar in form for the two specimens;
the band of peak tensile stress follows the edge of the
HAZ. The magnitude of the peak tensile residual stress
is slightly lower in the three-pass specimen than in the
one-pass specimen but there is a significantly higher ten-
sile stress in the weld metal in the three-pass specimen.
At the back surface of the three-pass specimen there is
a small area of compressive longitudinal and transverse
stress while in the one-pass specimen the back surface is
essentially unstressed.

4.5. Tensile tests

The tendency for the parent metal to undergo only lim-
ited work-hardening is evident from the slope of the stress–
strain curves shown in Fig. 11. The work-hardening is more
pronounced in the weld metal and in the HAZ, at least for
levels of strain below 1%. It is clear from Fig. 12 that, in
both specimens, the yield stress follows the same trend as
the hardness with respect to depth.

5. Discussion

5.1. Microstructure, hardness and hardening

The highest hardness is achieved in the CGHAZ after a
single weld pass (Fig. 9). This region comprises a fine,
aligned structure of bainite and martensite (Fig. 7, top left).
This region softens after another two passes (Fig. 9a) due
to its re-austenitization during the second pass, resulting
in its subsequent transformation to a structure of bainitic
ferrite with carbon-rich regions (Fig. 7b). The location of
the CGHAZ for the first pass would correspond to the
FGHAZ region in the second pass. However, the final
microstructure in this location is not the same as is seen
in the FGHAZ in the single pass specimen because the
starting microstructure in each case was different. For
example, the FGHAZ for the single pass specimen would
not have reached a high enough temperature during weld-
ing to dissolve all the carbides from the parent microstruc-
ture. In contrast, in the three-pass specimen, the region
corresponding to the CGHAZ for the first pass will have
reached a higher temperature and thus the carbides would
have been dissolved during the first pass. The low temper-
atures experienced by this region during the third pass
would have had little effect on the microstructure.

The first-pass FGHAZ and ICHAZ regions become
softer after further weld passes, although the change is
not as large. The bainite in the first-pass FGHAZ, and

Fig. 9. Hardness of the one- and three-pass specimens measured (a) down
the weld centre line and (b) parallel to the surface of the plate at depths of
4.5 mm (one-pass) and 2.0 mm (three-pass), relative to the surface of the
three-pass weld. The fusion line for the third pass is indicated (FL3) as are
the locations of the micrographs of the various weld regions, shown in
Section 4.2.
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the mixed microstructure in the ICHAZ, would have been
annealed during the subsequent passes without reaching
temperatures high enough for austenitization to occur.
The micrographs indicate that carbides in both the
FGHAZ and the ICHAZ spheroidised during the second
and third passes.

The hardness data show that the weld metal in the one-
pass specimen is harder than that in the three-pass speci-
men. This is likely to be related to the finer structure
(Fig. 7) and a higher carbon concentration in the first weld
pass. The latter results from dilution of the weld metal by
the parent metal, which would be more significant in the
first pass. Some dilution would also occur in the second
and third passes but this effect would be smaller than in
the first pass due to the smaller quantity of parent metal
being melted. The lower carbon content in the weld metal
will also contribute to the CGHAZ for the third weld pass
having a lower hardness than the CGHAZ in the one-pass
specimen. However, another significant consideration is
that a CGHAZ falling within weld metal will transform
to acicular ferrite on cooling, whereas the CGHAZ for
the one-pass specimen falls within undiluted parent mate-
rial, which transforms to a mixed bainitic–martensitic
microstructure.

The slightly greater hardness in the parent metal of the
three-pass specimen, when compared to the parent metal
in the one-pass specimen, does not seem to result from dif-
ferences in the microstructure. Indeed, there are no discern-
able differences in the microstructures (Fig. 8). The
hardness increase is most probably a consequence of the
cyclic work hardening that will have occurred as a conse-
quence of the heterogeneous thermal strains introduced
by each of the three weld passes. The stress–strain curves

Fig. 10. Contour maps for residual stress in the one-pass specimen (left) and the three-pass specimen (right). The stresses acting in the longitudinal,
transverse and normal orientations are shown for each specimen. Symmetry is assumed about the weld centreline, the left-hand border of the plots. The
edge of HAZ1 is marked with a dashed line for the one-pass specimen and the edges of both HAZ3 (inner line) and HAZ1 (outer line) are marked for the
three-pass specimen.

Fig. 11. Stress–strain curves for tensile specimens obtained from (a) the
one-pass specimen and (b) the three-pass specimen. Parent material at
depths of 12.6 mm and 11.2 mm, respectively, relative to the surface of the
three-pass weld.
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indicate that a low level of work hardening occurs in the
parent metal and the slight increase in hardness is consis-
tent with the trend (shown in Fig. 12) that the yield stress
of the parent metal in the three-pass specimen is just
slightly greater than that of the parent metal in the one-
pass specimen. This behaviour differs from that seen in
austenitic stainless steel weld specimens where the work
hardening due to cyclic stresses from multiple weld passes
can be quite significant [26,27].

5.2. Residual stress

Residual stresses in welds arise due to non-uniform
thermal expansion and, consequently, localised irrevers-
ible strains. The irreversible strains can occur either due
to plastic flow in the thermally softened metal, or due
to strains associated with phase transformations. When
a weld bead is deposited the resulting thermal gradients
lead to greater expansion in the HAZ than in the parent
metal further from the weld. The parent metal may, how-
ever, still be softened and thus plastically flow in order to
accommodate the expansion of the HAZ. When the weld
cools the contraction in the weld and HAZ regions will
be partially resisted by the parent metal, resulting in ten-
sion in the HAZ and compression in the parent metal.
However, if the weld metal and the HAZ undergo a
solid-state transformation from austenite during cooling,
the strains associated with the transformation can coun-
teract the thermal contraction. This can lead to reduced
tension in the weld and the HAZ. If the transformation
takes place at a low enough temperature, compressive
residual stresses can be generated in these regions at
room temperature [16,17].

In the one-pass weld specimen the region of highest
tensile residual stress is just outside the austenitised
HAZ and the stress in the weld bead is low (longitudi-
nal) or compressive (transverse). This pattern of residuals
stresses agrees well with previous measurements in single-
pass bead-on-plate welds [28]. In the one-pass specimen,
both the weld metal and the HAZ undergo a displacive

transformation from austenite during cooling (see Figs.
6a and 7a for micrographs). The transformation start
temperature is #650 "C for a coupon of undiluted filler
metal fully austenitised at 850 "C and subsequently
cooled at 50 "C s–1 [28]. However, the dilution that
occurs during welding will have raised the carbon con-
tent of the weld metal, leading to a lower transformation
start temperature. The transformation start temperature
for the parent material is #400 "C, under the same con-
ditions, and it can be even lower if faster cooling rates
are experienced in the weld [28].

The work of Murakawa et al. [16] shows that as the
transformation start temperature decreases, the resulting
residual stress at room temperature tends from tensile to
compressive, with the predicted change in sign occurring
at a transformation start temperature of #400 "C. In this
study a preheat temperature of 150 "C was also applied,
and this will have effectively increased the transformation
start temperature corresponding to this change in sign,
since the application of uniform preheat reduces the scope
for localised thermal contraction strains to accumulate on
cooling after a transformation ceases. Thus, it can be
appreciated that, with a preheat temperature of 150 "C
and dilution of the weld bead, the transformation temper-
atures in the one-pass specimen would have been low
enough to develop compressive stresses in the weld and
the reduced tensile stress in the HAZ regions. Indeed, the
highest tensile stress remains in the untransformed region
immediately adjacent to the HAZ boundary.

In contrast to the one-pass specimen, in the three-pass
specimen the residual stresses in the final weld bead are
tensile. In the three-pass weld specimen the same trans-
formation process occurs but a lower level of dilution
in the third pass leads to a higher transformation temper-
ature. As a result the transformation temperature is
above that corresponding to the change in sign, and ten-
sile residual stresses rather than compressive stresses are
developed in the third weld bead [29]. Interestingly, the
effects of the transformation strain on the development
of stress in the longitudinal and transverse orientations
appear to differ. It is not clear whether this is a symptom
of an anisotropic strain associated with the transforma-
tion itself, or whether it is related to the fact that thermal
contraction misfit must be much larger in the welding
direction.

Finally, the modest work-hardening that occurs in the
parent metal below the weld results in slightly higher com-
pressive residual stresses after three passes. The microstruc-
ture in the HAZ below the weld evolves from harder fine
bainitic and carbide-dense structures to softer, coarser
structures, leading to a slight reduction in tensile residual
stress. Some martensite does form in the CGHAZ beside
the final weld bead in the three-pass specimen. This lower
transformation temperature, in the parent metal, leads to
the region of lower residual stress between the weld bead
and the outer HAZ at the surface of the three-pass
specimen.

Fig. 12. Comparison of hardness and yield stress vs. depth in both
specimens.
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6. Conclusions

One- and three-pass weld specimens have been charac-
terised using various techniques to delineate the evolution
of microstructural and residual stress that occurs during
a multi-pass welding process in a ferritic weld specimen.
This examination has led to several conclusions.

1. The peak hardness in the one-pass specimen is reduced
by re-austenitization during the second pass and the
hardness overall is lower in the three-pass specimen.
The exception is in the parent material below the weld,
which is slightly work-hardened by the strain cycles
associated with the three weld passes.

2. The longitudinal residual stress in the weld bead in the
one-pass specimen is compressive whereas the final weld
bead in the three-pass specimen it is tensile. This results
from an increase in transformation start temperature
due to a reduced level of dilution by the parent material
in the three-pass weld.

3. The peak tensile residual stresses are reduced in the
three-pass specimen and they are located slightly further
away from the surface of the specimen. However, the
surface of the specimen to either side of the weld is
under higher tensile stress in the three-pass specimen.
Thus, the residual stresses in the three-pass specimen
are likely to still be of concern from a weld integrity
standpoint.

4. The distribution of microstructures changes from the
one-pass to the three-pass specimen. The arrangement
of microstructures through the HAZ is radially symmet-
ric about the weld in the one-pass specimen but not in
the three-pass specimen. For example the extensive
CGHAZ region that exists all around the weld in the
one-pass specimen is reduced to two small areas on
either side of the weld in the three-pass specimen. This
is because in the three-pass specimen the parent material
to the sides of the weld experiences different cumulative
thermal conditions than that below the weld. This differ-
ence in distribution is reflected in the macrostructure,
the hardness curves, and the residual stress maps.

5. In this work we have focused on a three-pass specimen
in which all passes were deposited on the weld centre-
line, and for which the transformation temperature of
the undiluted filler metal was higher than that for the
parent material. Further work is in progress in which
the authors are investigating the development of stress
in multi-pass welds made with a low transformation
temperature filler material. Further work is also
required to assess the development of residual stress
and material properties in multi-pass steel welds for
which the deposition sequence is asymmetric.
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