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A B S T R A C T   

A thermal-metallurgical-mechanical model was developed to study the effects of dilution in each weld pass for 
multipass gas tungsten arc and submerged arc welding in low alloy steel (i.e. SA508) plates. Hardness distri
butions and residual stresses were measured on the transverse sections perpendicular to the welding direction of 
the manufactured weldments. The predicted hardness and residual stresses were compared with the measure
ment data and shown to be reasonably accurate. The results showed that dilution can significantly affect both the 
hardness and the residual stress field in the weld metal. It was found that, for the base and filler materials used, 
increased dilution led to greater weld-metal hardness and reduced the magnitude of tensile stress or promoted 
compressive stress in the as-deposited and reheated weld metals. This mechanical behaviour is associated with 
the tendency for diluted weld metal to experience delayed austenite decomposition, owing to the high hard
enability of SA508 steel relative to the filler materials used. Although dilution is irrelevant for the hardness of the 
base material and its transformation products adjacent to the weld metal, it affected the full-field residual stresses 
via the equilibrium interaction between the stresses in the base and weld metals.   

1. Introduction 

The mechanical properties of welds and the residual stresses in 
weldments have significant effects on structural integrity, and thus they 
are of particular concern for safety-critical structures such as those 
found in nuclear reactor pressure vessels [1,2]. Key properties of welds, 
such as strength and toughness, require optimisation to enhance their 
in-service performance and prolong their service life. As weld residual 
stresses are usually detrimental to service life owing to their adverse 
effects on fatigue, creep, fracture and environmentally assisted cracking 
[1–3], they need to be mitigated or managed accordingly [2,4]. Unfor
tunately, the mitigation of weld residual stress is difficult and expensive 
for large structures (e.g. nuclear reactor pressure vessels and steam 
generators), and it is often necessary to consider these stresses in 
structural integrity assessments [5]. 

Manufacture of thick-section structures (e.g. nuclear reactor pressure 
vessels) still relies on multipass arc welding [1,6]. Welding gives rise to a 
non-uniform transient field of temperature ranging from ambient tem
perature to melting point and beyond, and consequently, the micro
structure of a weldment is inevitably heterogeneous due to the 
evolutionary metallurgical processes (e.g. dilution, grain growth, phase 
transformation and in-process tempering [7–11]) that are controlled in 
part by the applied thermal load. Since mechanical properties (e.g. yield 
strength and fracture toughness) are strongly dependent on micro
structure, it is necessary to evaluate the resultant heterogeneity of me
chanical properties in the fusion zone (FZ) and heat affected zone (HAZ) 
of a weldment [12–14]. Regarding weld residual stress, its origin and 
development in ferritic steel weldments are complicated by 
multi-physics factors, which include the thermal expansion mismatch, 
transformation-induced deformation and plastic distortion. 
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The effects of dilution on the mechanical behaviour of a multipass 
steel weld arise from the following two mechanisms. First, dilution af
fects the chemical composition of weld metal, assuming that a chemical 
mismatch between the base and filler materials exists. The alloying el
ements have a primary impact on the final microstructures developed 
within either the as-deposited weld metal or the reheated weld metal 
during subsequent weld passes, as commonly occurs in multipass 
welding processes. The microstructures that were influenced by dilution 
determine the mechanical properties of the diluted weld. Second, dilu
tion leads to distinctive solid-state phase transformation (SSPT) kinetics 
in weld metals produced by different passes. The final residual stress 
field, which is known to be influenced by SSPT kinetics [1,15–17], is 
thus affected by dilution. 

Previous experimental studies [18,19] have demonstrated the effects 
of dilution on the mechanical properties (e.g. hardness and toughness) 
of single-pass welds. However, the effects of dilution are further 
complicated when the weld metal experiences several transformation 
cycles during multipass welding. The experimental investigation [20] of 
residual stresses in multipass steel welds indicates that dilution signifi
cantly affects the stress state of the welds made of low transformation 
temperature filler alloys, due to the sensitivity of martensite start tem
perature to the chemical composition of the diluted weld [17]. However, 
dilution is often neglected in multipass weld modelling [16,21,22], 
despite recent research efforts to clarify its effects [23–25]. The over
sight of dilution may introduce significant errors in the predicted SSPT 
kinetics and thus leads to elevated uncertainty in modelling results. 
Therefore, the effects of dilution on the mechanical behaviour of mul
tipass welds require further quantification and clarification. 

This paper is concerned about the effects of dilution on the hardness 
and residual stresses in multipass arc weldments made of SA508 steel. 
The investigation into effects of dilution on the alloy content and 
microstructure of the arc weldments identical to these studied here has 
been reported in a previous paper by the same authors [24]. As yield 
strength is generally proportional to hardness [26], the effect of dilution 
on yield strength is expected to be similar to that for hardness. In Section 
2, the welding experiments and the methods of measurement and 
modelling for hardness and residual stresses are described. In Section 3, 
the experimental and modelling results are presented. The discussion 
and conclusions are presented in Section 4 and Section 5, respectively. 

2. Materials and methods 

2.1. SA508 steel weldments 

SA508 Gr. 3 Cl. 1 steel was used in the preparation of experimental 
weldments, including three (i.e. 1-pass, 2-pass and 3-pass) welded plates 
produced using gas tungsten arc (GTA) welding process and three (i.e. 1- 
pass, 2-pass and 3-pass) welded plates produced using submerged arc 
(SA) welding process. All plates have dimensions of 30 × 170 × 300 mm, 
and the 1-pass and 2-pass welded plates were produced using the same 
process parameters as the 3-pass welded plate. A through-length U 
groove was machined from each plate; for the GTA welded plates, the 
depth and width of the groove were 6 mm and 15 mm, respectively, 
while for the SA welded plates, the groove dimensions were 10 mm and 
16 mm, respectively. It should be mentioned that the groove geometry 
chosen here was consistent with other grooved and narrow-gap welded 
specimens studied elsewhere within the same research programme [6] 
and the main research purpose here is to understand dilution effects 
rather than to produce weldments with perfectly filled grooves. The GTA 
welding heat input and torch travel speed were 1.57–1.97 kJ/mm and 
75 mm/min, respectively; for SA welding, these values were 0.81 
kJ/mm and 450 mm/min, respectively. More details about the param
eters of weld process and geometry can be found in Ref. [24]. 

The carbon equivalent has been calculated using the Ito-Bessyo 
equation [27,28]: 

Ceq =C + Si/30 + (Mn+Cu+Cr)/20 + Ni/60 + Mo/15 + V/10 + 5B
(1)  

where the symbols denote the weight percentages of chemical elements. 
Table 1 shows the chemical compositions of base and filler materials, 
and the Ceq values are 0.30, 0.22 and 0.17 for the base material, GTA and 
SA weld fillers, respectively. 

The chemical composition of the weld metal produced by each pass 
can be calculated using a dilution-based rule-of-mixtures, as follows 

pn = pbDn + pf(1 − Dn) (2)  

where Dn is the dilution for n-th pass (Table 2); and pn, pb and pf are the 
weight percentages of each chemical element for the n-th pass weld 
metal, the base and filler materials, respectively. The calculated chem
ical composition of weld metal generally agrees well with experimental 
measurement [24]. Apart from the differences in the dilution and 
chemical compositions of the weld metals for the two welding processes, 
the SA welding process gave rise to higher cooling rate than the GTA 
welding process, as shown in Table 2, mainly due to the lower heat input 
of the SA welding process. 

2.2. Experimental measurements 

Micro-hardness measurements based on the Vickers method were 
performed using a Durascan tester with an applied load of 1 kgf, and a 
series of test matrices were constructed with predefined test points for 
2D mapping of hardness distribution. The distance between different 
test points (primarily located in the weld region) ranged from 0.35 mm 
to 0.5 mm for the three GTA weld samples, which were cut from the 1- 
pass, 2-pass and 3-pass GTA welded plates. The distance between test 
points ranged from 0.3 mm to 1.5 mm for the three SA weld samples, 
which were cut from the 1-pass, 2-pass and 3-pass SA welded plates. All 
the samples were extracted as transverse-section slices far from the weld 
ends. The hardness measurement data were then plotted as 2D contour 
maps using the Matlab software (R2014a). 

The incremental centre-hole drilling (ICHD) method was employed 
to measure the near-surface residual stress on the weld centreline for the 
3-pass GTA and SA welded plates. The ICHD technique is semi-invasive, 
which determines the residual stress based on the measurements of 
relieved strains due to hole drilling, along with the subsequent calcu
lations using a series of equations [29]. The ICHD measurements were 
performed by VEQTER Ltd., UK. The welded plates were cut into two 
halves through the mid-lenght plane for microstructure characterisation 
[24]. Then two locations at the weld centreline, with distances of 30 mm 
(i.e. Measurement A) and 50 mm (i.e. Measurement B) to the mid-length 
cut plane of the welded plate, were tested in the ICHD measurements. 
The measurements were carried out by orbital drilling using step in
crements of 0.05 mm and measurement depth of 1 mm. Strain gauge 
rosettes of type CEA-06-062UL-120 were utilised, which were designed 
especially for ICHD measurements and supplied by Vishay Measure
ments Group UK Ltd. The hole was drilled at the centre of the rosette, 
with the three-gauge elements being distributed along the circumfer
ence of a circle with radius of 2.6 mm. The gauge elements were aligned 
in the longitudinal, transverse and shear directions. The diameter of the 
drilled hole was 1.5–2.0 mm. 

2.3. Modelling 

2.3.1. Hardness prediction 
The thermal and metallurgical models for the weld samples studied 

here have been elaborated in Ref. [24], and thus only the models related 
to hardness and residual stress are described here. Empirical equations 
[30–32] that correlate hardness and microstructure are adopted here to 
predict the impact of the diluted weld microstructure on mechanical 
properties. The Vickers hardness of a ferritic phase (here refers to ferrite, 
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pearlite, bainite or martensite) is expressed as a function of chemical 
composition (designated as element symbols in weight percentage) and 
cooling rate at 700 ◦C (designated as Vr in oC/hour) [31], and the ex
pressions are as follows 

HvM = 127 + 949C + 27Si + 11Mn + 8Ni + 16Cr + 21 log(Vr) (3)  

HvB = − 323 + 185C + 330Si + 153Mn + 65Ni + 144Cr + 191Mo+
​ (89 + 53C − 55Si − 22Mn − 10Ni − 20Cr − 33Mo)log(Vr) (4)  

HvF/P = 42 + 223C + 53Si + 30Mn + 12.6Ni + 7Cr + 19Mo+
​ (10 − 19Si + 4Ni + 8Cr + 130V)log(Vr) (5)  

where HvM, HvB and HvF/P are the hardness values of martensite, bainite 
and ferrite/pearlite, respectively. It should be noted that in the hardness 
calculations the weight percentages of chemical elements in the weld 
metal are estimated using Eq. (2). The measured hardness of the base 
material is 200 HV, i.e. Hvb0 = 200, and the hardness of retained 
austenite is approximated to be 80% that of base material [30], i.e. 
HvA = 160. Such an approximation of austenite hardness has little effect 
on the result obtained in present analysis, since a negligible proportion 
of retained austenite was predicted, in consistence with microscopic 
observations [24]. The total hardness, Hv, can be calculated using a 
rule-of-mixtures as follows 

Hv=HvMXM + HvBXB + HvF/P(XF +XP) + HvAXA + Hvb0Xb0 (6)  

where XM, XB, XF, XP, XA and Xb0 are the fractions of martensite, bainite, 
ferrite, pearlite, retained austenite and base material, respectively. 
These phase fractions are obtained using a SSPT kinetics model [30,32] 
and the metallurgical results have been reported in a previous paper by 
the same authors [24]. Although strain hardening can be present during 
welding, its effect on hardness is secondary for SA508 steel [30]. Such a 
secondary effect becomes even negligible if the weld microstructure is 
dominated by a brittle phase (e.g. martensite). 

The accuracy of Eqs. (3)–(6) has been verified in previous studies on 
quenching and welding in low alloy steels [32–35], but it should be 
noted that these equations do not account for the presence of acicular 
ferrite as observed in some weld metals. In the metallurgical model used 
here, the transformation kinetics for bainite and acicular ferrite were 
treated as being equivalent, and only bainite fractions were predicted 
[24]. Despite the presence of some acicular ferrite in the GTA weld metal 
[24], Eqs. (3)–(6) were directly applied to calculate the hardness of the 
GTA weld sample. However, microscopic observations [24] reveal that 
the SA weld metal is largely acicular ferrite. To take account of this fact, 
in the analysis case that the actual dilution (Table 2) was used or the 
dilution was assumed to be zero (pure filler material), the hardness of 
the predicted bainite in the SA weld metal was approximated to be 214 
HV, which is representative for acicular ferrite [36]. By contrast, Eq. (4) 
was used when the dilution was assumed to be one (i.e. pure base 

material), which does not involve acicular ferrite [24]. The predicted 
hardness distributions are compared with the measured 2D hardness 
maps as a full-field evaluation of the heterogeneous mechanical prop
erties of the weldments. 

2.3.2. Stress prediction 
The generation of residual stress in a metallic weldment is strongly 

coupled with the thermo-metallurgical welding process. On one hand, 
the thermo-metallurgical deformation is the driving force for stress 
generation; on the other hand, with presence of both stress and SSPT, 
additional plastic deformation (so-called transformation-induced plas
ticity [37,38]) can occur at a stress level below the nominal yield 
strength of the material. This phenomenon has been shown to affect the 
final weld residual stress field [1,30,39]. 

Thermal strain is manifested as a volumetric expansion or contrac
tion due to the local change in temperature during welding. Metallur
gical strain comprises a volumetric strain component caused by a change 
in the intrinsic crystal structure and a plastic strain component caused 
by the presence of a deviatoric stress state during SSPT [1,37,38]. In this 
study, all thermo-metallurgical strains were calculated in the Abaqus 
subroutine UEXPAN for stress prediction by a mechanical FE model. 

For thermo-metallurgical deformation that is independent of stress, a 
rule-of-mixtures calculation was performed using the two separate 
dilatation curves of individual ferritic and austenitic phases, which were 
calibrated using dilatometry test data for SA508 steel [30]. No distinc
tion in thermal deformation was made between the base and filler ma
terials. Fig. 1 shows the calculated variations of engineering strain with 
temperature during thermal cycles for both base and filler materials, 
simulating load-free dilatometry tests. For a given material, different 
cooling rates are considered, which lead to different metallurgical de
formations, due to the effects of cooling rate on SSPT kinetics. For a 
given cooling rate, the metallurgical deformation occurs at a lower 
temperature for the base material, as compared to the filler materials, 
due to the higher carbon equivalent that the base material possesses 
(Section 2.1). 

To capture the transformation-induced plastic strain, the following 
constitutive equation [40] was used 

ε̇tp
ij =

3
2

Ksijf
′

(z)ż (7)  

where z is the fraction of a phase transformation product, ż is the 
transformation rate, f(z) is a normalised function satisfying f(0) = 0 and 
f(1) = 1, sij is the deviatoric stress, and K is a material constant. The 
normalised function f(z) describes how the transformation-induced 
plasticity increases with the increase in the fraction of a trans
formation product. For SA508 steel, we adopted that f(z) = z(2 − z) and 
K = 10− 4 MPa− 1 [40]. Although the adopted function and constant were 
determined from experiments on bainite transformation [40], for 
simplicity they were identically applied to the transformation-induced 
plasticity for different transformation products considered in the weld 
model. 

The mechanical analysis was carried out after both thermal and 
metallurgical solutions were obtained, following a sequential coupling 
modelling approach. Biquadratic, generalised plane strain, hybrid ele
ments (Abaqus designation CPEG8H) were used in the mechanical 
model, and the nodal coordinates were identical to those used in the 
corresponding thermal model [24]. The 2D mechanical model is 
acceptable for estimate of residual stress on a section under steady-state 

Table 1 
Chemical compositions (in wt.%) of base and filler materials.   

C Si Mn Ni Cr Mo V Al Cu Ti Fe 

SA508 (base material) 0.16 0.27 1.43 0.77 0.23 0.52 0.003 0.02 0.04 0.003 Bal. 
S3 (GTA weld filler) 0.10 0.20 1.47 0.88 0.03 0.25 0.003 0.003 0.075 0.002 Bal. 
SDX (SA weld filler) 0.081 0.371 1.481 0.037 0.012 0.003 0.001 0.014 0.054 0.007 Bal.  

Table 2 
Dilution and cooling rate (oC/s, at 700 ◦C) for each welding pass [24].  

Process Variable First pass Second pass Third pass 

GTA welding Dilution 0.50 0.27 0.27 
Cooling rate 64 ± 8 63 ± 6 51 ± 6 

SA welding Dilution 0.45 0.24 0.15 
Cooling rate 135 ± 12 118 ± 14 115 ± 9  
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welding conditions [23,41]. To prevent rigid body motion, two nodes on 
the bottom and close to the middle of the 2D finite element (FE) model 
were constrained. Fig. 2 shows the FE meshes and boundary conditions. 

The material properties used in the FE model are dependent on both 
temperature and SSPT kinetics. Material parameters for SA508 steel and 
its transformation products have been reported in Ref. [30], which were 
adopted in this study. The elasto-plastic properties of the predicted 
micro-constituents in the weld metal are presumed being same as those 
of the counterpart transformation products of the base material. The 
different microstructural phases were indicated through the use of field 
variables, which were updated in Abaqus subroutine USDFLD, and a 
rule-of-mixtures was used to estimate the mechanical properties of a 

mixed microstructure, if any. The Lemaitre-Chaboche strain hardening 
model was used to capture the plastic behaviour, and the hardening 
parameters were adopted from Ref. [30]. 

3. Results 

3.1. Hardness 

Fig. 3 shows the measured and predicted hardness distributions on 
the transverse section for the GTA welded plates. It should be noted that 
dilution only affects the hardness of the weld metal. When the experi
mentally determined dilution (Table 2) is considered in modelling 

Fig. 1. Calculated variations of engineering strain with temperature during thermal cycles for (a) SA508 Gr. 3 Cl. 1 steel (base material), (b) IABCO™ S3 steel (GTA 
weld filler) and (c) HOBART™ SDX steel (SA weld filler). A prior austenite grain size of 50 μm was assumed for predicting austenite decomposition kinetics during the 
dilatometry simulation. 

Fig. 2. FE meshes and boundary conditions for mechanical analyses of GTA welding (a) and SA welding (b) in 30-mm thick grooved plates. The out-of-plane length of 
300 mm is considered under generalised plane strain assumption. The X (1), Y (2) and Z (3) directions correspond to the transverse, normal and longitudinal di
rections, respectively. 
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(Fig. 3b), the hardness prediction is in good agreement with experi
mental measurement (Fig. 3a). Unsurprisingly, the coarse-grained HAZ 
(CGHAZ) that originated in the base material exhibits the highest 
hardness, as the SA508 steel (Ceq = 0.3) is more prone to forming 
martensite when compared against the filler material (Ceq = 0.22). The 
CGHAZ in the reheated weld metal, i.e. that formed in the first-pass weld 
metal after the second and third weld passes, demonstrates a lower 
hardness than its SA508 counterpart, since the hardenability of the weld 
metal is relatively low due to limited contribution from the base mate
rial. In general, the hardness in both the as-deposited and reheated weld 
metals decreases when new weld bead is deposited (i.e. from first pass to 
third pass, see Fig. 3a and b). Fig. 3c and d shows the predictions when 
the dilution is assumed to be one (i.e. purely base material) and zero (i.e. 
purely filler material), respectively. It is evident that, when dilution is 
equal to one, the base-material CGHAZ and weld metal exhibit similar 
predicted hardness values typical for martensite [24]. By contrast, when 
dilution is equal to zero, the weld metal exhibits lower predicted hard
ness values. It can be also seen that there is a slight decrease in overall 
hardness of weld metal from first pass to third pass, whether dilution is 
equal to one or zero, which is due to the slight decrease in cooling rate 
from first pass to third pass (Table 2), thereby promoting the formation 
of softer phases (e.g. bainite). 

Fig. 4 shows the measured and predicted line-profiles of hardness 
distributions for the GTA welded plates. In Fig. 4 and other following 
figures where data are plotted as lines, the uncertainty in interpolating 
the modelling data with high gradient at HAZ/FZ boundary can cause 
some spikes, while the spikes in measured line-profiles are mainly due to 
scatter in data between different test points. Lines are taken from the 
bottom of the plate to the top of the weld cap (Fig. 3a) at a section where 
steady-state welding conditions are anticipated to exist. The significant 

effect of dilution can be clearly seen. The assumed dilution values of one 
and zero are associated with two bounds of the solution, wherein the 
hardness is overestimated and underestimated by the weld model, 
respectively. The use of experimentally determined dilution in the weld 
model leads to hardness predictions that are in best agreement with 
measurement results. However, it is noteworthy that the predicted 
hardness in the region that is approximately 20–21 mm away from the 
bottom surface is substantially higher than the measured hardness after 
two or three passes. This deviation can be explained by the fact that 
tempering was not considered in the present model; an over-tempering 
effect is known to arise near the outer boundary of the HAZ after each 
pass, which would serve to lower the overall hardness in this region. The 
tempering effect has been thoroughly investigated in Ref. [9] and thus is 
not further discussed here. 

Fig. 5 shows the measured and predicted hardness distributions for 
the SA welded plates. The prediction is in reasonable agreement with 
measurement when experimentally determined dilution is considered in 
modelling. However, the hardness of the base-material HAZ produced 
by first pass is overestimated after the second and third passes. This is 
mainly due to the neglect of tempering effect in the present model, see 
Ref. [9] for further discussion of tempering effect. Assuming dilution 
equal to one or zero leads to prediction of hardness dominated by the 
SSPT behaviour of base material (Ceq = 0.3) or filler material (Ceq =

0.17), respectively. As with the GTA welded plates, the hardness in the 
weld metal is overestimated when a dilution value of one is assumed, 
and it is underestimated when a dilution value of zero is assumed; i.e. 
they bound the supposed best-estimate solution. Although the cooling 
rate of SA welding is approximately twice that of GTA welding (Table 2), 
the SA weld metal exhibits significantly lower hardness relative to that 
of the GTA weld metal (Figs. 4a and 5a). Such a result can be attributed 

Fig. 3. Comparison between the measurements (a) and predictions (b–d) of hardness distributions in the GTA welded plates. Different scenarios are considered in 
modelling (Dn indicates the dilution for pass n): (b) D1 = 0.5, D2 = D3 = 0.27 (experimentally determined); (c) D1 = D2 = D3 = 1; (d) D1 = D2 = D3 = 0. The black 
solid line, black dashed line and grey dashed line indicate the boundaries of the current FZ, accumulated FZ and accumulated HAZ, respectively, as observed in 
macrographs [24]. The path for central line plotting of hardness is indicated by dashed arrow in (a). 
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to the fact that the value of Ceq is greater for the GTA weld filler relative 
to the SA weld filler. Similar to the GTA weld metal, the hardness of the 
as-deposited SA weld metal decreases with increasing pass. The model 
has demonstrated the effect of dilution on hardness (Fig. 5b–d). The 
predicted differences (Fig. 5b) in hardness between weld metal and 
base-material HAZ, and between weld metals produced by different 
passes, are consistent with the experimental result (Fig. 5a). 

Fig. 6 shows the line profiles of the hardness distributions for the SA 
welded plates. Since the SA welding process generated a weld region 
that is not symmetric about the weld centreline, the line paths are 
selected so as to cover both high and low hardness regions after each 
pass (Fig. 5a). Also note that both experimental and modelling results 
show that the as-deposited weld metals produced by successive passes 
have successively lower hardness values, due primarily to the reduction 
in dilution pass by pass (Table 2), while the slightly reduced cooling rate 
(Table 2) in successive pass plays a secondary role; this fact is demon
strated by the similar modelling results for weld metals produced by 
different passes when dilution values are assumed constant (i.e. one or 
zero). The dilution effect revealed in Fig. 6 is consistent with the results 
for the GTA welded plates (Figs. 3 and 4). It should be noted that, even 
when representative dilution is considered (Figs. 5b and 6), the model 
systematically overestimates the hardness in the SA weld metal, 
particularly for the as-deposited weld metal. This issue is associated with 
acicular ferrite transformation, which will be discussed in Section 4. 

3.2. Residual stress 

Fig. 7 shows the longitudinal residual stress in the 3-pass GTA wel
ded plate. Fig. 7a–c compares the predicted longitudinal residual 
stresses when different dilution values are adopted in modelling. In 
general, high tensile stress is generated around HAZ/base-material 

boundary. Dilution has not only a direct effect on the weld metal re
sidual stress, but also an appreciable secondary effect for the HAZ and its 
adjacent base material. This indirect effect arises due to a redistribution 
of equilibrium stresses, which are caused by the variation of both phase 
composition and SSPT kinetics in the weld metal. With an assumed 
dilution of one, low tensile stresses in weld metal and relatively high 
tensile stresses in the HAZ (Fig. 7b) are predicted. Assuming a dilution 
value of zero leads to an increase in predicted tensile stresses in the weld 
metal, and consequently, in the HAZ (Fig. 7c) the tensile stress is 
reduced while the compressive stress is enhanced, due to the stress 
equilibrium effect. When experimentally determined dilution is used, an 
intermediate stress state is predicted (Fig. 7a), which lies between the 
two bounding cases. The above observation is further verified by 
comparing the through-thickness distributions of the predicted longi
tudinal stresses along the weld centreline, as shown in Fig. 7d, in which 
the ICHD measurement result is also shown. It appears that the 
measured longitudinal stress in the region with a distance of 50 mm to 
the mid-length cut plane (i.e. Measurement B) is higher than that for a 
distance of 30 mm (i.e. Measurement A), presumably due to the increase 
in constraint with increasing distance to the cut plane (Section 2.2). It is 
expected that the agreement between the experiment and prediction can 
be improved when a 3D model accounting for the mid-length cutting 
before the ICHD measurement is used. Despite the simplification of the 
2D model, the prediction accuracy is deemed reasonable at least for a 
qualitative study. 

Fig. 8 shows the dilution effect on transverse residual stress. Again, 
for dilution equal to one, the weld metal is more prone to compressive 
stress state; consequently, higher tensile stress is generated in the HAZ. 
When dilution is set to be zero, the compressive residual stresses in the 
weld metal relax slightly but the effects are not as significant as for the 
longitudinal direction, owing to the relatively low mechanical constraint 

Fig. 4. Line profiles of hardness distributions for the GTA welded plates (see Fig. 3a for the central line path): (a) after one pass; (b) after two passes; (c) after three 
passes. Note that Dn indicates the dilution for pass n. 
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transverse to the weld. For the transverse stress, the measured stress 
(close to zero) is markedly lower than the predicted stress (Fig. 8d). The 
uncertainty associated with the ICHD stress measurement on a half plate 
(Section 2.2) may also be a contributing factor to the discrepancy. 

Fig. 9 shows the longitudinal residual stress results for the 3-pass SA 
welded plate. Fig. 9a–c compares the predicted longitudinal stresses by 
the model with consideration of different dilution levels. An unsym
metrical stress distribution is obtained, which is consistent with the 
process asymmetry during the 3-pass SA welding (i.e. the second pass 
was tilted towards right-hand-side and subsequently the third pass was 
tilted towards the left-hand-side, so as to complete one filled layer in the 
groove [24]). High tensile stress is generated in the first-pass HAZ that 
originated in base material and the weld metal that has not been 
re-austenitised during the third pass. When dilution is assumed to be 
one, tensile stresses are reduced in the as-deposited and reheated weld 
metals, but enhanced in the untransformed weld metal, in contrast to the 
case that dilution is assumed to be zero. The incorporation of repre
sentative dilution in modelling leads to an intermediate stress state be
tween the aforementioned two extreme cases. Such effects of dilution 
are also clearly seen from the through-thickness line plots of longitudi
nal stress (Fig. 9d). The agreement between the prediction and mea
surement is reasonable, as shown in Fig. 9d, although the measured 
stress exhibits more marked variation in the near-surface region. Again, 
since the location for Measurement A is less far from the mid-length cut 
plane, compared to the location for Measurement B (Section 2.2), the 
measured stress is lower for the former than for the latter. 

Fig. 10 compares the predicted transverse stress distributions for 

different dilution values. The high tensile stress is mainly distributed in 
the base-material HAZ produced by the first pass. Higher dilution fa
vours the compressive stresses in as-deposited and reheated weld metals 
and the tensile stress in base-material HAZ. These features are consistent 
with those of the GTA weldment. The measured transvers stress is close 
to zero, while considerable compressive stress was predicted by SA weld 
model, as shown in Fig. 10d, similar to the discrepancy observed in the 
GTA weldment (Fig. 8d). 

4. Discussion 

The hardness in the low alloy steel weldment is mainly dependent on 
the microstructural development during welding. The microscopic ob
servations and metallurgical modelling results for the studied arc 
weldments, as reported in Ref. [24], revealed that: (1) the base-material 
HAZ (i.e. the HAZ originated from base material) comprises bainite and 
martensite; (2) the microstructure of the as-deposited GTA weld metal is 
a mixture of acicular ferrite, bainite and martensite, in contrast to the 
dominance of acicular ferrite (with martensite-austenite islands and 
allotriomorphic ferrite) for the SA weld metal; (3) the reheated weld 
metal (or weld-metal HAZ) exhibits a microstructure similar to the 
as-deposited weld metal, despite difference in the fraction of each 
micro-constituent; (4) increasing dilution promotes martensite but 
suppresses bainite/ferrite in the weld metal. 

The effect of dilution on the weld-metal hardness is significant 
(Figs. 3–6) and it operates by two mechanisms. Firstly, dilution affects 
the SSPT kinetics and thus controls the fractions of different micro- 

Fig. 5. Comparison between the measurements (a) and predictions (b–d) of hardness distributions in the SA welded plates. Different scenarios are considered in 
modelling: (b) D1 = 0.45, D2 = 0.24, D3 = 0.15 (experimentally determined); (c) D1 = D2 = D3 = 1; (d) D1 = D2 = D3 = 0 (Dn indicates the dilution for pass n). The 
black solid line, black dashed line and grey dashed line indicate the boundaries of the current FZ, accumulated FZ and accumulated HAZ, respectively, as observed in 
the macrographs [24]. The path for line plotting of hardness is indicated by dashed arrow in (a). 
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constituents (e.g. martensite, bainite and ferrite) formed after cooling; 
these micro-constituents have different contributions to total hardness 
(Eq. (6)). Secondly, dilution affects the hardness of each micro- 

constituent, since the dilution is directly correlated with the chemical 
composition of weld metal [24] and the hardness is dependent on 
chemical composition, as shown in Eqs. (3)–(5). However, the second 

Fig. 6. Line profiles of hardness distributions for the SA welded plates (see Fig. 5a for line path): (a) after one pass; (b) after two passes; (c) after three passes. Note 
that Dn indicates the dilution for pass n. 

Fig. 7. Longitudinal residual stresses in the 3-pass GTA welded plate: (a) prediction when D1 = 0.50, D2 = D3 = 0.27; (b) prediction when D1 = D2 = D3 = 1; (c) 
prediction when D1 = D2 = D3 = 0; (d) through-thickness distribution along weld centreline. Note that Dn indicates the dilution for pass n. Solid and dashed grey lines 
in (a)–(c) indicate the predicted current and accumulated fusion boundaries, respectively. 

Y.L. Sun et al.                                                                                                                                                                                                                                   



International Journal of Pressure Vessels and Piping 187 (2020) 104154

9

effect is usually insignificant unless the chemical mismatch between 
base and filler materials is exceptionally large. Therefore, the first effect 
plays a major role in determining the hardness of weld metal studied 
here. The experimental results (Figs. 3a and 4) for the GTA weldments 
show that the hardness in the as-deposited weld metal of the 2-pass 
sample is lower than the 1-pass sample, despite almost identical cool
ing rate (Table 2), suggesting that the difference is mainly due to 

dilution effect. The dilution reduced after the first pass (Table 2), and 
consequently the hardenability of the as-deposited weld metal is low
ered by a reduced contribution from the base material which has higher 
hardenability (Ceq = 0.3) than the GTA weld filler (Ceq = 0.22). Similar 
effect also works for the SA weld-metal hardness (Figs. 5a and 6). The 
variation in the hardness of as-deposited weld metal between different 
passes is consistent with the microstructural evolution for both GTA and 

Fig. 8. Transverse residual stresses in the 3-pass GTA welded plate: (a) prediction when D1 = 0.50, D2 = D3 = 0.27; (b) prediction when D1 = D2 = D3 = 1; (c) 
prediction when D1 = D2 = D3 = 0; (d) through-thickness distribution along weld centreline. Note that Dn indicates the dilution for pass n. Solid and dashed grey lines 
in (a)–(c) indicate the predicted current and accumulated fusion boundaries, respectively. 

Fig. 9. Longitudinal residual stresses in the 3-pass SA welded plate: (a) prediction when D1 = 0.45, D2 = 0.24, D3 = 0.15; (b) prediction when D1 = D2 = D3 = 1; (c) 
prediction when D1 = D2 = D3 = 0; (d) through-thickness distribution along weld centreline. Note that Dn indicates the dilution for pass n. Solid and dashed grey lines 
in (a)–(c) indicate the predicted current and accumulated fusion boundaries, respectively. 
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SA welding processes [24]. 
For the reheated weld metal, the chemical composition does not 

change as this material does not re-melt, and thus the hardness is mainly 
affected by the dilution of the already deposited weld metal (i.e. existing 
diluted chemical composition before reheating) and the subsequent 
thermal cycle (i.e. peak temperature and cooling rate). With similar 
thermal condition during third pass, the third-pass HAZ (i.e. the region 
close to current FZ) originated from both the base material and the 
reheated first-pass and second-pass weld metals, wherein the hardness 
distributions are distinctive, as shown in Figs. 3 and 5, due primarily to 
the difference in dilution. It is also interesting to see that the measured 
hardness of the SA weld metal is much lower than that for GTA weld 
metal, as shown in Figs. 3a and 5a, even though the cooling rate of SA 
weldment is approximately twice that of GTA weldment (Table 2). This 
trend is observed because the dilution for SA weld metal is relatively low 
(D1 = 0.45, D2 = 0.24, D3 = 0.15) in comparison with GTA weld metal 
(D1 = 0.5, D2 = D3 = 0.27), and the hardenability of the SA weld filler 
(Ceq = 0.17) is also lower than that of the GTA weld filler (Ceq = 0.22). In 
such a case, the tendency for the SA weld metal to form martensite at 
high cooling rates is constrained by the chemical-driven promotion of 
other ferritic phases (e.g. bainite and/or ferrite) [24]. 

The hardness predictions are in overall good agreement with 
experimental measurements for the three GTA weld samples (Figs. 3 and 
4), despite the approximation that the experimentally observed acicular 
ferrite in GTA weld metal is treated as bainite in the FE weld model [24]. 
This agreement confirms that the approximation of acicular ferrite to 
bainite in the GTA weld model is acceptable from metallurgical point of 
view, as long as the microstructure of the GTA weld metal is a mixture of 
acicular ferrite, bainite and martensite [24]. In contrast, the SA weld 
model significantly overestimates the weld-metal hardness, although 
the hardness prediction for base-material HAZ is good (except for the 
over-tempered region [9]), as shown in Figs. 5 and 6. Experimental 
observations show that the microstructure of the SA weld metal is 
largely acicular ferrite with presence of some martensite-austenite 
islands and allotriomorphic ferrite [24]. Therefore, the inaccuracy of 
hardness prediction for the SA weld metal can be attributed to an 

unacceptable approximation of acicular ferrite to bainite in this case. 
Although acicular ferrite is broadly similar to bainite in terms of trans
formation temperature ranges [27,42] and it is widely regarded as 
intragranularly nucleated bainite [42,43], the growth of acicular ferrite 
is normally faster than that of bainite [42,44]. It is thus unsurprising that 
the present SA weld model underestimates bainite (or acicular ferrite) 
and overestimates martensite [24], leading to the overestimate of 
hardness in weld metal. In future work, more accurate SSPT kinetics for 
acicular ferrite should be incorporated in the metallurgical model to 
improve the prediction. 

The residual stress analysis presented here is mainly qualitative for 
understanding dilution effect. The limitations can be attributed to 
following factors. First, the accuracy of the prediction about residual 
stress by a 2D weld model is limited by the 2D simplification [23,41]. 
Second, the present weld model adopted the mechanical properties of 
base material (i.e. SA508 Gr. 3 Cl. 1 steel) and its transformation 
products [30], which may not be fully representative for the weld metal 
[12]. Third, acicular ferrite in the weld metal has not been explicitly 
taken into account in the weld model. Despite these limitations, the 
following dilution effects have been identified for understanding the 
dominant trends, which are consistent with the findings of a previous 
study on dilution effects for a 20 mm thick GTA weldment [23]. Dilution 
affects residual stresses in both the FZ and HAZ (Figs. 7–10) of the GTA 
and SA weldments, via its effect on weld-metal SSPT kinetics. Specif
ically, dilution causes impacts on the phase-dependent mechanical 
properties and SSPT-induced strain experienced by the weld metal. For 
the mechanical properties, it is straightforward to understand that the 
residual stress level is limited by the yield strength of the final trans
formation products such as ferrite, bainite and martensite. For the 
transformation-induced deformation, the residual stresses in the 
as-deposited and reheated weld metals tend to be less tensile (or more 
compressive) in the 3-pass GTA and SA weldments when dilution is 
assumed to be one (i.e. purely base material), relative to the case when 
dilution is assumed to be zero (i.e. purely filler material), as shown in 
Figs. 7–10. Low temperature SSPT, particularly martensite trans
formation, is responsible for this mechanical behaviour. It is well known 

Fig. 10. Transverse residual stresses in the 3-pass SA welded plate: (a) prediction when D1 = 0.45, D2 = 0.24, D3 = 0.15; (b) prediction when D1 = D2 = D3 = 1; (c) 
prediction when D1 = D2 = D3 = 0; (d) through-thickness distribution along weld centreline. Note that Dn indicates the dilution for pass n. Solid and dashed grey lines 
in (a)–(c) indicate the predicted current and accumulated fusion boundaries, respectively. 
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that martensite transformation can effectively reduce tensile stresses at 
the locations wherein such transformation occurs [17,30,45–47]. As 
tensile residual stresses are produced by the constraint of thermal 
contraction during cooling, the metallurgical expansion associated with 
austenite decomposition can reduce the tensile stress through counter
acting the thermal contraction. The compensation for thermal defor
mation is most effective when the start and finish temperatures of phase 
transformation are close to room temperature. Such a mechanism has 
been widely recognised [1,17,30,45,47]. Dilution plays an important 
role in this mechanism. For the studied weldments, the base material has 
highest hardenability and consequently martensite transformation is 
promoted in the weld metal with dilution increasing. Given a single 
transformation, according to the estimate using the chemical composi
tion [30], the base material, GTA and SA weld fillers have martensite 
start temperatures of 406, 433 and 456 

◦

C, respectively, and bainite start 
temperatures of 537, 555 and 579 

◦

C, respectively. For multiple trans
forations, the transforamtions occur at lower temperatures for the base 
material than for the weld fillers (Fig. 1). Therefore, the start tempera
tures for phase transformations upon cooling are reduced in the weld 
metal with dilution increasing, thereby enhancing the effect of defor
mation compensation caused by austenite decomposition (the differ
ences in metallurgical deformation between the base and filler materials 
have been demonstrated in Fig. 1). This effect is operative in both the 
as-deposited and reheated weld metals. 

Based on the SSPT effect on residual stress, low transformation 
temperature filler alloy has been recently recommended for reducing 
tensile residual stress in weld metal [17,20,47]. In the stress engineered 
weldment, the martensite start temperature is controlled by high alloy 
filler and thus the dilution should be minimised. In contrast, for the 
weldments studied here, the relatively low martensite-start-temperature 
of the base material, as compared to the used fillers, means that high 
dilution is desirable for the purpose of tensile residual stress reduction in 
the weld metal. The effect of dilution on residual stresses in 
base-material HAZ is complicated, resulting from the balancing of the 
weld-metal stresses which are affected by dilution. The differences in the 
residual stresses and the associated dilution effect between GTA and SA 
weldments can be attributed to the following factors. First, GTA and SA 
welding processes used different filler materials (Table 1) and experi
enced different pass-to-pass variation in dilution and cooling rate 
(Table 2). Second, as the GTA welding process used in this study is 
relatively symmetric, compared against the SA welding process (Fig. 2), 
the different arrangements of weld bead deposition also affect the re
sidual stress generated. 

5. Concluding remarks 

Effects of dilution on hardness and residual stresses in multipass 
weldments have been investigated for GTA and SA welding processes in 
grooved SA508 steel plates. A thermal-metallurgical-mechanical model 
with consideration of pass-to-pass variation in dilution has been devel
oped to better understand dilution effects. Numerical predictions of 
hardness and residual stress are in reasonable agreement with mea
surements, despite some limitations of the weld model (e.g. 2D simpli
fication and approximated kinetics of acicular ferrite transformation). 
Both the experimental observations and modelling results show that 
dilution can significantly influence both the weld-metal hardness and 
the residual stresses in FZ and HAZ. The sensitivity of these properties to 
the dilution effect is proportional to the differences in hardenability and 
SSPT between the base and filler materials used. 

For the as-deposited and reheated weld metals studied here, 
increased dilution leads to higher hardness and lower tensile stresses (or 
higher compressive stresses) in both GTA and SA weld metals. This trend 
is observed because the base material is more prone to martensite for
mation at low temperature relative to the filler materials used. Hardness 
and residual stress values in the reheated weld metal are different from 
those in the as-deposited weld metal, owing primarily to the differences 

in dilution and thermal conditions. The transverse stresses do not appear 
to be as sensitive to dilution relative to the longitudinal stresses; this 
trend is likely due to the relative lack of constraint in the transverse 
direction. Although the properties of base material and its trans
formation products are not affected by dilution, residual stresses in the 
base material and HAZ can be appreciably affected by dilution as a result 
of a variation in balancing stresses imposed by the adjacent weld metal, 
which has been shown to be sensitive to dilution. 
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