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Abstract

The relationship between alloying content, microstructure and properties has been studied for 
high strength steel weld metals with 7 to 9 wt. % nickel. Neural network modelling suggested 
that manganese reductions lead to large impact toughness increases and that nickel must be 
added in a controlled manner with respect to manganese in order toincrease impact toughness. 
Carbon additions were predicted to enhance yield strength at limited loss to impact toughness. 
Following these predictions, shielded metal arc welding was used to produce experimental 
welds with manganese at 0.5 or 2 wt. %, nickel at 7 or 9 wt. % while carbon was varied between 
0.03 and 0.11 wt. %. Based on Themo-Calc calculations and the observed segregation behav-
iour, it was concluded that the weld metals solidified completely as austenite. With high resolu-
tion microscopy the microstructure was found to be a mixture of predominantly upper bainite 
and a coarse grained, previously not documented, constituent characterised to be coalesced 
bainite in dendrite core regions, with mainly martensite present in interdendritic regions for 
high manganese weld metals. Manganese reductions were found to promote upper bainite while 
carbon additions were found to promote martensite. A constitutional diagram was constructed 
that summarises microstructure as a function of manganese and nickel contents. In Part B of 
this work, the mechanical properties are presented and discussed in relation to the microstruc-
ture and the neural network predictions .

Background

Steels with yield strengths in the region of 1000 MPa that possess good impact toughness have 
been readily available for some time. They are increasingly employed in many applications 
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offering both size and weight reduction. In many applications, it is an engineering require-
ment that a weld metal with matching or overmatching strength is used in the joining. It is well 
known that maintaining good toughness becomes more problematic as strength levels increase 
above the region of 690 MPa (100 ksi) with the more flexible and productive welding methods 
such as shielded metal arc welding (SMAW), flux cored arc welding (FCAW) or submerged 
arc welding (SAW) [1, 2]. As a result there is a need to develop new high strength welding 
consumables that meet the market requirements. 

Metallurgists have addressed the challenges of increasing strength and toughness in steel 
through grain refinement, precipitation hardening, solid solution hardening, thermomechanical 
treatment and the promotion of low temperature transformations products such as martensite 
and bainite [3]. Carbon additions have a great strengthening effect on iron and when combined 
with alloying elements such as manganese, nickel and chromium very high strengths are at-
tainable. Elements such as Ni and Mn are commonly added to weld metals in order to increase 
strength and toughness. These elements are not carbide formers and instead provide solid solu-
tion hardening. Both also reduce the austenite to ferrite transformation temperature and Ni is 
reported to influence the stacking fault energy of ferrite at low temperatures in such manner that 
plastic deformation is accommodated [4–6].

Up to now, many have kept the above theories in mind and carried out research by varying el-
emental composition or welding parameters with the aim of optimising weld metal properties. 
High strength steel weld metals have usually C less than 0.2 wt. %, Ni less than 4 wt. % and 
Mn less than 4 wt. % [1, 7–22]. Results generated yield strengths ranging from below 500 MPa 
to above 1000 MPa. However, with the common flux shielded welding processes, good impact 
toughness was mostly achieved at lower yield strengths.

For example, the promising work by Lord [14] used the composition of a commercial SMAW 
consumable (ESAB OK 75.78 with 3 Ni, 2 Mn, 0.5 Cr, 0.6 Mo, 0.05 C) as the basis of develop-
ment. He increased nickel concentrations to 4 wt. % at decreasing Mn levels between 1.1 and 
0.8 wt. %. It was found that impact toughness increased to 74 J at –60 ºC and the yield strength 
was reduced to 809 MPa [14]. Kang followed the trend of increasing Ni and reducing Mn with 
metal cored wires. He recorded an impact toughness of 55 J at –60 °C with Ni at 6.95 wt. % 
and Mn at 0.52 wt. %. Tensile strength of 684 MPa was predicted for this alloy from hardness 
results. With microstructural investigations, the presence of lath martensite and various forms 
of ferrite was confirmed [23]. In previous work it is generally found that as impact toughness 
increases, yield and tensile strength decrease. To limit strength losses, carbon additions and re-
ducing interpass temperature have been most effective [24–25]. For example carbon levels up 
to 0.08 wt. % combined with 2–4 Ni and 1.4–2.0 Mn were found good for strength with limited 
losses in impact toughness [24]. In another study it was found that yield and ultimate tensile 
strength also increased with decrease in interpass temperature [25]. In both cases, changes in 

2



mechanical properties were claimed to be strongly related to the microstructure described as 
mixtures of martensite and bainite. 

With Lord’s work [14] as our starting point, neural network modelling was engaged to opti-
mise the development process and to allow the effects of a wide variety of parameters to be 
perceived. The technique and the advantages it offers materials science are further described 
in [26–28]. A brief description of the modelling applied in this research is given here and more 
complete details may be found in [29–30]. The present report is Part A of two reporting on work 
carried out on high strength steel weld metals with variations in nickel, manganese and carbon. 
Using SMAW, the effects were studied of varying nickel at 7 or 9 wt %, manganese at 0.5 or 2.0 
wt. % and carbon between 0.03 and 0.11 wt. % on the microstructure (Part A) and the mechani-
cal properties (Part B [31]). 

Neural Network Modelling

Four neural network models were constructed to predict impact toughness, yield strength (YS), 
ultimate tensile strength (UTS) and elongation based on a database of some 3300 experimental 
weld metal results. An assessment was made for the optimum size of committee for each me-
chanical property since it is frequently found that a committee of models can give better predic-

Model No. of 
members in 
committee

σν 
(Max Percieved 

Noise)

Impact
Toughness / J

YS / MPa
UTS / MPa

Elongation / %

5
13
5
2

0.083
0.04
0.023
0.064

Table 1 Some basic neural network model character-
istics.

Table 2 The base composition used 
for analysing the effects of nickel and 
manganese concentration in neural 
network modelling. All elements are 
in wt. %. unless otherwise stated.

Element Content
C 
Cr
Si
P

Mo
V
Cu
Co
W

S / ppm
B / ppm 
Ti / ppm 
Nb / ppm 
O / ppm 
N / ppm 

0.034
0.5
0.25
0.01
0.62
0.011
0.04
0.009
0.005
0.008

1
80
10
380
250

tions [26–27]. The results of the assessment are presented 
in Table 1.

Using the base composition presented in Table 2 along with 
an energy input of 1 kJ / mm and an interpass temperature 
of 250 ºC, a contour plot was generated for impact tough-
ness behaviour at –60 ºC for varied manganese and nickel. 
The predictions are surprising in that manganese reductions 
at all nickel levels lead to impact toughness increases. The 
contour plots also suggest that below a certain critical con-
centration of manganese, controlled additions of nickel can 
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Figure 1 Contour plots showing the calculated weld metal impact toughness at –60 ºC as a 
function of manganese and nickel concentrations. The errors represent ± 1 σ of uncertainty.

Figure 2 Predicted impact toughness at –60 ºC 
as a function of carbon concentration. The er-
ror bars represent ± 1 σ of uncertainty.

Figure 3 Predicted yield strength as a function 
of carbon concentration. The error bars repre-
sent ± 1 σ of uncertainty.

lead to an increase in impact toughness as well as strength. However, the reverse mechanical 
behaviour was predicted if nickel exceeds critical levels depending on the manganese concen-
tration. 

Given that the contour plot suggested the best impact toughness would be achieved with Mn 
and Ni concentrations in the region of 0.5 wt. % and 7.0 wt. %, respectively, the base input com-
position for further calculations was set at these values. Since it is well known that additions 
of carbon lead to strength increases, it was estimated with the models how yield strength and 
impact toughness would behave with carbon variations between 0 and 0.2 wt. %. The results of 
these predictions are presented in Figures 2 and 3. It is shown that yield strength is predicted to 
increase from the region of 830 MPa to just slightly over 1000 MPa when the carbon content is 
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increase from 0.01 wt. % C to 0.19 wt. %. It was noted that impact toughness levels at –60 ºC 
are predicted to remain acceptable with carbon additions up to the region of 0.12 wt. %. Above 
this content, there are insufficient data to predict accurately as shown by large error bars.

Experimental Techniques 

Based primarily on the neural network predictions, seven experimental weld metals were pro-
duced using SMAW. It was decided to study the changes in mechanical and microstructural be-
haviour in detail for Mn concentrations of 0.5 or 2.0 wt. %, Ni levels at 7 or 9 wt. % and carbon 
additions from 0.03 to 0.11 wt % with Ni at 7 wt. % and Mn at 0.5 wt. %. 

Welded joints were made according to ISO 2560 using 20 mm plates with a backing plate. The 
joints were buttered prior to the deposition of the experimental weld metals that took place in 
33 cm runs with two or three runs per layer. The energy input and interpass temperature are 
presented in Table 3. Names were assigned to the weld metals according to composition and 
interpass temperature. 7 or 9 is the Ni content, 2 or 0.5 is the Mn content, L, M or H are the low, 
medium, or high carbon contents and 200 or 250 is the interpass temperatures. The estimated 
cooling time between 800 and 500 ºC (t8/5) was calculated using the WeldCalc program [32]. 
Samples of weld metal were analysed using a Spectro Lab S optical emission spectrometer and 
Leco combustion equipment (Model EF500 for C and S and model TC – 436 DR for N and O). 
The compositions of the weld metals are presented in Table 3. 

Weld Metal 7-2L250 9-2L250 7-0.5L250 7-0.5L200 9-0.5L200 7-0.5M200 7-0.5H200
E / kJ mm–1

IPT / °C
t 8/5  / s

C *
Mn
Ni
Cr
Si
S*
P

Mo
V
Cu

O / ppm *
N / ppm *

1.2
250
12

0.032
2.02
7.23
0.47
0.25
0.008
0.011
0.63
n.a.
0.03
380
250

1.2
250
11

0.031
2.11
9.23
0.48
0.27
0.008
0.011
0.64
n.a.
0.03
340
260

1.0
250
10

0.024
0.64
6.6
0.21
0.35
0.008
0.012
0.4
n.a.
0.03
400
197

1.3
200
10

0.030
0.61
6.11
0.16
0.4

0.009
0.010
0.38
0.018
0.02
340
150

0.7
200
5

0.026
0.37
8.67
0.2
0.34
0.008
0.007
0.41
n.a

0.01
367
130

1.4
200
11

0.061
0.56
6.84
0.15
0.34
0.006
0.011
0.35
0.014
0.01
350
160

1.3
200
10

0.110
0.53
7.04
0.14
0.38
0.007
0.008
0.40
0.016

n.a
260
100

Table 3 Welding parameters and chemical composition. Welding parameters presented are en-
ergy input (E), interpass temperature (IPT) and the estimated cooling time between 800 and 
500 °C (t8/5) calculated from WeldCalc [32]. Composition is in wt. % unless otherwise stated, 
‘*’ indicate elements analysed using Leco Combustion equipment and “n.a.” are elements not 
analysed.
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Figure 4 A low magnification light optical micrograph from 7-2L250 showing a cross section 
of the welded joint.

Specimens from the weld metal cross section, extracted perpendicular to the welding direction 
were mounted in bakelite, wet ground, polished to 1 µm and etched using 2 % nital etchant for 
analysis with LOM and field emission gun scanning electron microscopy (FEGSEM). A Leitz 
Aristomet light optical microscope and a Leo Ultra 55 FEGSEM were used in these examina-
tions. Polished specimens were examined with scanning electron microscopy (SEM) in the back 
scattered mode and elemental analysis was carried out using Energy Dispersive X-ray analysis 
(EDX). For TEM studies, 3 mm disc shape samples, perpendicular to the welding direction, 
were ground to between 50 and 80 µm in thickness and then jet electropolished at –35 °C using 
10 % perchloric acid in methanol. After electropolishing the specimens were further thinned by 
ion beam milling for a few minutes at a low angle using a Gatan Precision Ion Polishing System 
(PIPS). These specimens were examined with a Jeol 2000 FX or a Philips CM200 TEM.

Dilatometer specimens in the form of cylinders with a diameter of 3 mm and a length of 10 mm 
were machined from the centre of the welded joint. These were then investigated using a Theta 
Dilatronic III dilatometer. The specimens were heated to 1000 °C at a rate of 25 °C / s, held 
for 5 minutes and afterwards cooled to room temperature at different cooling rates. Individual 
samples were used for each cooling rate. 

Results

Microstructure – The last bead
The welded joints comprised different regions and the microstructure of the joint was inhomo-
geneous from region to region – typical of a normal welded joint. The last bead of each weld 
was found to consist of a columnar structure with the columns varying in size but normally less 
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Figure 5 LOM micrograph from 7-0.5L200 showing a martensite / bainite microstructure. Here 
it is seen that dendrites formed within the columnar structure as the weld metal solidified.

Figure 6 Light optical micrograph from 7-0.5L200 showing the fusion zone between the last 
bead and underlying weld metal. Epitaxal growth between the beads and a grain growth zone in 
the underlying weld metal is clearly seen.

than 0.5 mm in width (Figure 4). These columns were further subdivided into a cellular struc-
ture of dendrites with a thickness between 10 and 30 µm (Figure 5). A fine scale microstructure 
typical of bainite or martensite was formed within the dendrites. Figure 6 shows the fusion zone 
between the last bead and underlying beads in 7-0.5L200. The fusion boundary is easily recog-
nised and it is seen that solidification began as a result of epitaxial growth between the beads. A 
small amount of grain growth was observed just below the last bead.  

Figures 7 and 8 present the variation of microstructure in the as-deposited last bead as a result of 
changing nickel, and carbon content. In the images the former dendrite boundaries can be seen. 
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Figure 7 LOM micrographs of the as-deposited last bead from 7-2L250 and 9-2L250 showing 
a fine scale microstructure with large grains not typically found in high strength steel weld met-
als. The black arrows indicate the former dendrite boundaries.

Figure 8 The refinement of the microstructure with increasing C content is clearly seen by com-
paring LOM micrographs of as-deposited last bead of 7-0.5L200 and 7-0.5H200.

The microstructure is very fine scale, typical of martensite or bainite, but it is not possible to 
decipher between the two with LOM due to their similar morphologies. Large grains not com-
monly found in high strength steel weld metals were also observed in particular with 7-2L250 
and 9-2L250. LOM images from the as-deposited last bead in 7-0.5L200 and 7-0.5H200 are 
shown in Figure 8 which allows the effect of changing carbon from 0.03 wt. % to 0.11 wt. % 
to be observed. It was found that the microstructure becomes very fine with increase of carbon 
content but again it is not possible with LOM to identify the microstructure with full certainty 
and investigations with instruments offering better resolution are necessary. This work has been 
carried out and full details may be found elsewhere [33–36]. A summary is presented here.

The as-deposited last bead microstructure of weld metals 7-2L250, 7-0.5L250 and 7-0.5H200 
is shown in Figure 9. Focusing on weld metal 7-2L250, it was investigated in great detail both 
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Figure 9 The microstructure in the as-deposited last bead of weld metals 7-2L250, 7-0.5L250 
and 7-0.5H200 imaged using FEGSEM. M is for martensite, BU is upper bainite, BL is lower 
bainite and BC is coalesced bainite.
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with FEGSEM and TEM. The constituent with a large grain size, also seen with LOM in Fig-
ure 7, was characterised to be a previously not reported variant of bainite that forms through a 
coalescence of supersaturated bainitic ferrite plates when Ms and Bs are close. Full details of 
its characterisation are presented elsewhere [33]. A FEGSEM micrograph showing coalesced 
bainite at slightly higher magnification is presented in Figure 10. Using electron diffraction it 
was found that cementite precipitates formed within the bainitic ferrite grains (Figure 11). Gen-
erally the coalesced bainite was found along with upper bainite in dendrite core regions while a 
lath-like microstructure of martensite was found at interdendritic regions. An interdendritic re-
gion is shown at higher magnification in Figure 12 where the morphology of martensite can be 
seen. It is also observed that a small distance away from the interdendritic region upper bainite 
forms. Overall it was found that the microstructure in weld metal 9-2L250 was very similar to 
that of 7-2L250 with the same microstructural constituents developing [33].
 
Comparing the micrographs from 7-2L250 and 7-0.5L250 in Figure 9 the effects of reducing 
Mn content from 2 to 0.5 wt. % at nickel content of 7 wt. % may be observed. With 7-0.5L250 
there was the noticeable absence of coalesced bainite and the microstructure was predominately 
upper and lower bainite in former dendrite core regions while martensite was the main constitu-

Figure 10 Coalesced bainite in weld metal 7-2L250. Small precipitates can be observed within 
the bainitic ferrite grains.
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Figure 12 An interdendritic region in the last bead of weld metal 7-2L250 showing a mainly 
martensitic microstructure. M is martensite and BU is upper bainite.

Figure 11 TEM bright (left) and dark (middle) field images with corresponding diffraction pat-
tern (right) of a cementite precipitate within a coalesced bainitic ferrite grain.  The dark field 
image was formed using the {–1,3,0} cementite reflection.
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Table 4 Average compositions recorded in wt. % at dendritic boundary regions and dendrite 
core regions in the last bead using EDX spot analysis. Mn values in brackets are values adjusted 
using the average composition in Table 3 to allow for the overestimation of Mn with EDX. 

Weld Metal Mn Ni
7-2L250  Boundary

7-2L250  Core

9-2L250   Boundary 
9-2L250  Core

7-0.5L250   Boundary
7-0.5L250   Core

3.1       (2.5)
2.35     (1.75)

3.2       (2.9)
2.05     (1.75)

0.95      (0.9)
0.57      (0.5)

8.18
6.3

10.3
7.7

7.55
5.83

ent at interdendritic regions. It was found that carbon additions promote a finer microstructure 
with mainly martensite across the dendrites as shown with 7-0.5H200 (Figure 9) [36]. 

Elemental Segregation
When polished specimens from weld metals 7-2L250, 9-2L250 and 7-0.5L250 were examined 
in the backscattered mode, there was a clear contrast between the dendrite core regions and 
the interdendritic regions. This led to the observation that there may be significant elemental 
segregation across the former dendrites and it was decided to carry out EDX spot analysis. The 
results are presented in Table 4. In general it was found that manganese was overestimated in all 
analyses. Nevertheless, it was observed that interdendritic regions were enriched in nickel and 
manganese with weld metal 9-2L250 showing the greatest amounts of segregation. 

Microstructure – Reheated beads
The microstructure in central beads was as expected even more complex which resulted from 
different thermal histories and tempering depending on the location within the joints. Figure 13 
shows the centre of reheated beads in weld metals 7-0.5L200 and 7-0.5H200. From these im-
ages it is difficult to conclude what the microstructure is, but given the examinations in the last 
bead it is inferred to be that of mainly tempered bainite with 7-0.5L200 and mainly tempered 
martensite with 7-0.5H200. 

An overview of the centre in a reheated bead in weld metal 7-0.5L250 is shown in Figure 
14. Within the micrograph, the former dendrites are clearly seen. The same microstructural 
variation, as in the last bead, was found across the former dendrites except that it was tem-
pered. In dendrite core regions, mainly tempered bainite (Figure 15) was found while tempered 
martensite (Figure 16) was predominantly found at interdendritic regions. In bainitic areas it 
was found that the carbon had redistributed within the bainitic ferrite. The cementite precipi-
tates observed in the last bead (Figure 10) were found to have spheroidised within the grains 
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Figure 14 A FEGSEM overview of a reheated bead in weld metal 7-0.5L250. 

Figure 13 LOM micrographs from 7-0.5L200 and 7-0.5H200 showing the microstructure in the 
bead interior of reheated central beads in the joint.
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Figure 15 A high magnification FEGSEM micrograph showing spheroidised and coarsened 
cementite along with newly formed small precipitates in tempered bainite in a reheated bead of 
weld metal 7-2L250. 

Figure 16 FEGSEM image of tempered martensite in a former interdendritic region within a 
reheated bead of weld metal 7-2L250. 
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temperatures and austenite transformation on cooling takes place in the region of 100 degrees 
higher. Carbon additions were found to reduce the Ac1 temperature, but interestingly, Ac3 was 
maintained at the same temperature as with low carbon levels. Austenite was stabilised to very 
low temperatures on cooling (365 °C), the same transformation temperature as with high nickel 
and manganese. 

Thermo-Calc Calculations
Given that it is difficult to observe with microstructural studies whether the weld metals solidi-
fied as ferrite or austenite it was decided to use Thermo-Calc [37] to simulate the transformation 
based on alloying content. It was felt that the solidification mode is of particular importance for 
the final chemical distribution and knowledge was necessary to have a complete understanding 
of the final microstructure. 

Weld 
Metal

Ac1 / oC Ac3 / oC
Transformation of  γ

25 – 40 oC / s 
cooling

1 oC / s 
cooling

7-2L250

9-2L250

7-0.5L250

7-0.5H200

690

665

700

685

740

720

770

770

373

365

490

355

390

365

480

365

Table 5 Austenite decomposition temperatures recorded using dilatometry. 

and coarsened at the grain boundaries. In addition very small cementite precipitates in the order 
of a few nanometres had formed within the bainitic ferrite. These latter precipitates along with 
the former spheroidised and coarsened precipitates were confirmed to be cementite using TEM 
and electron diffraction [33–34]. 

Dilatometry  
Transformation temperatures for the different weld metals are presented in Table 5. The results 
at cooling rates of 25–40 °C / s are representative of the cooling rates within the welded joints 
based on the t8/5 calculations. Generally it can be said that greater alloying content with nickel, 
manganese and carbon stabilise austenite to lower temperatures. Overall there was no large dif-
ference in austenite transformation temperature as a result of changing the cooling rate. 

It is seen by comparing 7-2L250 and 9-2L250 that nickel increases reduce both Ac1 and Ac3 

temperatures and on cooling austenite is stabilised to lower temperatures. Comparing 7-2L250 
and 7-0.5L250 it is found that a reduction in manganese content increases both Ac1 and Ac3 
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Figure 17 Isopleth as a function of nickel content and temperature based on the composition of 
weld metal 7-2L250 calculated using Thermo-Calc.

Figure 18 Isopleth calculated with Thermo-Calc for the composition of weld metal 7-0.5L250 
as a function of nickel content and temperature.
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Predictions from Thermo-Calc were made using the CCTSS database and are presented in Fig-
ures 17 to 19. The liquid to solid transformation as a function of nickel content and temperature 
for the base compositions of weld metals 7-2L250 and 7-0.5L250 are presented as isopleths in 
Figures 17 and 18, respectively. It is seen from the diagrams that ferrite can form during solidi-
fication at higher nickel contents with the lower manganese content. However even with 0.5 wt. 
% manganese, it is observed that at all nickel contents in the weld metals presented in Table 3 
fully austenitic solidification will take place. 

Figure 19 presents Scheil simulations for 7-0.5L250. In these calculations it is assumed that no 
diffusion occurs in the solid state after solidification and that the liquid is fully in equilibrium. 
In diagram (a) the weight fraction of solid is predicted as a function of temperature. In (b) the 
manganese content in wt. % as a function of the weight fraction solid is predicted while in (c) 
the nickel content in wt. % as a function of the weight fraction solid is shown. 

Discussion

Solidification and Segregation
From Thermo-Calc simulations it was suggested that all the experimental weld metals solidified 
completely as austenite. Solidification as austenite may explain why the former dendritic struc-
ture is so clearly visible within the microstructure. Once solidification has taken place, diffusion 
of substitutional elements is much more limited in the austenitic lattice than in the ferrite lattice. 
The local chemistry at high temperatures is therefore inherited down to lower temperatures and 
thus may affect low temperature phase transformations. 

An interesting comparison to make is between the Scheil simulations presented in Figure 19 
and the EDX spot analysis results presented in Table 4. From the Scheil calculations for the 
weld metal 7-0.5L250 composition, it is predicted that the first solid to form has 0.45 wt. % Mn 
and 5.8 wt. % nickel (dendrite core regions) while the final composition to solidify is estimated 
to be 1.5 wt. % Mn and 10.2 wt. % Ni (interdendritic regions). Comparing these figures with 
EDX results, the average Mn and Ni content of the first solid to form was 0.57 and 5.83 wt. %, 
respectively, (dendrite core region) and the last solid to form had 0.95 wt. % Mn and 7.55 wt. % 
Ni. From this comparison, it is seen that there is fairly good agreement between the simulations 
and the actual measured alloying content considering the spatial resolution of EDX analysis and 
the fact that some diffusion will take place. Similar agreement was found for alloys 7-2L250 
and 9-2L250 supporting the conclusion that the weld metals solidified as austenite.
 
Given that a greater alloying content is found at interdendritic regions, phase transformations 
and the final microstructure will be affected. With knowledge of the effects of alloying content, 
the variation in microstructure both across the dendrites and between the alloys can be under-
stood and justified as will be discussed in the following section.
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Microstructural Constituents
It was found that carbon additions from 0.03 to 0.11 wt. %, at 0.5 wt. % manganese and 7 wt. % 
nickel reduced austenite transformation temperature from 490 to 355 °C. In doing so, the micro-
structure became mainly martensitic (Figure 9) with some bainite also forming in dendrite core 
regions. Calculatating the martensite start temperature (Ms) and the bainite start temperature 
(Bs) using the empirical equations Ms = 539 – 423(%C) – 30.4(%Mn) – 17.7(%Ni) – 12.1(%Cr) 
– 7.5(%Mo) and Bs = 830 – 270(%C) – 90(%Mn) – 37(%Ni) – 70(%Cr) – 83(%Mo) [38–39] it 
is seen that the predicted Bs of the low carbon weld metal of 498 °C agrees very well with the 
measured transformation temperature of 490 °C. For the high carbon variant, the calculated Ms 
is 347 °C which is also close to the measured transformation temperature of 355 °C. Clearly, 
predicted and measured transformation temperatures are in good agreement with the observed 
dominant microstructural constituents. 

In order to visualise the effect of alloying content on the Ms (Figure 20) and the Bs (Figure 21) 
temperatures plots were made using the Ms and the Bs equations [38–39] as a function of Mn 
and Ni content along with the base input composition of Table 2. It is shown in these diagrams 
that with greater alloying contents, both the martensite start temperature Ms and bainite start 
temperature Bs are suppressed to lower temperatures. As expected the spacing between the iso-
Ms and iso-Bs lines are different. When the difference between the two temperatures is plotted 
as shown in Figure 22, it is found that Ms and Bs are approximately equal along a line passing 
through the alloying content of 2 wt % Mn and 7 wt % Ni. It can be seen from this diagram 
that reducing Mn or Ni is predicted to promote bainite while increasing Mn or Ni will promote 
the formation of martensite. Also plotted in Figures 20 – 22 is the variation in alloying content 
between interdendritic and dendrite core regions as measured using EDX (Table 4) for weld 
metals 7-2L250 and 7-0.5L250 along with the recorded transformation start temperature from 
dilatometry measurements (Table 5). 

From dilatometry experiments, it was found that austenite transformation with weld metal 
7-2L250 started in the region of 373 °C (Table 5). The microstructure was found to be a mixture 
of upper bainite along with a novel constituent with a large grain size in dendrite core regions 
while martensite was found at interdendritic regions (Figures 9, 10 and 12). From a detailed 
study of the novel constituent, it was characterised to be that of coalesced bainite. Coalesced 
bainite is believed to form when Bs and Ms are close to each other which is in agreement with 
the predictions using the empirical equations (Figure 22). A complete discussion about coa-
lesced bainite may be found elsewhere [33] while the mechanism of how it forms is presented 
in Figure 23 along with those of upper and lower bainite. In short, coalesced bainite is believed 
to form when bainitic ferrite plates with identical orientation coalesce to form one big super-
saturated plate.

The differences in microstructure across the dendrites in weld metal 7-2L250 may be explained 
in terms of the local composition measured with EDX (Table 4). Interdendritic regions which 
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Figure 20 The martensite start temperature (Ms) as a function of Mn and Ni content calculated 
for the base composition in Table 2 using the Ms empirical equation [38]. Also plotted is the 
variation in alloying content between interdendritic (richer contents) and dendrite core regions 
(leaner contents) for 7-2L250 and 7-0.5L250. The austenite transformation temperatures (γT), 
recorded with dilatometry are also shown.

Figure 21 The bainite start temperature (Bs) as a function of Mn and Ni content calculated 
for the base composition in Table 2 using the Bs empirical equation [39]. The austenite trans-
formation temperatures (γT), recorded with dilatometry specimens are shown for weld metals 
7-2L250 and 7-0.5L250 along with the variation in alloying content between interdendritic 
(richer contents) and dendrite core regions (leaner content). 
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Figure 22 The difference between Bs and Ms as a function of Mn and Ni content calculated 
using the Bs and Ms empirical equations [38–39] along with the base composition in Table 2. 
A negative difference means martensite is more likely to form while a positive value means 
bainite is more likely to form. The compositional variations between interdendritic and dendrite 
core regions are illustrated for 7-0.5L250 and 7-2L250. 

Figure 23 Schematic representation of the formation of upper and lower bainite [40] along with 
coalesced bainite [33].
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Figure 24 Constitutional diagram showing the dominant microstructure as a function of Ni 
and Mn content for the base composition 0.034 C, 0.25 Si, 0.5 Cr and 0.62 Mo. The martensite 
composition start line is taken from literature [41]. Also shown is the line where Bs and Ms are 
calculated to be equal using empirical equations [38–39]. 

were enriched in alloying content are believed to transform at lower temperatures predominant-
ly to martensite. This is supported by the greater austenite stabilisation which is also in agree-
ment with dilatometry experiments and predictions of Bs and Ms (Figures 20–22). Allowing for 
the effects of segregation and using the measured compositions in dendrite core regions (Table 
4), it is found that there is good agreement between the observed and the calculated transforma-
tion temperatures.

Reducing manganese content with weld metal 7-0.5L250 was found to promote austenite trans-
formation at a higher temperature (in the region of 490 °C, Table 5). In this weld metal the 
microstructure was that of mainly upper and lower bainite in dendrite core regions as shown in 
Figure 9, with some little martensite forming at interdendritic regions. 

Finally based on microstructural observations, dilatometry experiments, Ms and Bs predictions 
and literature, a constitutional diagram was constructed showing the dominant microstructural 
constituents as a function of nickel and manganese content. In Figure 24 microstructural re-
gions are shown together with the martensite composition start line taken from literature [41]. 
Also plotted is the line where Bs and Ms are  equal. In conclusion, all microstructural observa-
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tions for the 7 or 9 Ni weld metals, including effects of segregation are in excellent agreement 
with the proposed constitutional diagram. However it should be kept in mind when applying 
the diagram that effects of variation in cooling rate and changes in alloying elements other than 
Mn and Ni also have to be considered.

Transformation Behaviour on Tempering
Dilatometry experiments showed that changes in nickel, manganese and carbon content give 
a variation in Ac1 and Ac3 temperatures on reheating. With greater nickel content austenite 
formed earlier on reheating while reducing manganese was found to increase Ac1 and Ac3 to 
higher temperatures. Carbon additions with 7 wt. % Ni and 0.5 wt. % Mn were found to reduce 
Ac1 slightly but had no effect on Ac3. Although the changes in Ac1 and Ac3 are not that large, 
nevertheless they will have an effect on the relative amount of tempered microstructure within 
the welded joints as well as the degree of tempering. Lower Ac1 and Ac3 temperatures give 
greater amounts of stronger freshly formed microstructural constituents while higher Ac1 and 
Ac3 promote more tempering which is likely to give a tougher microstructure. Possible effects 
on strength and impact toughness will be discussed in Part B [31]. 
  
Conclusions

New development routes were explored to increase strength while maintaining impact tough-
ness in high strength steel weld metals. Using neural network modelling it was predicted that 
reducing manganese concentrations at all Ni levels lead to a large increase of toughness and that 
nickel must be added in a controlled manner depending on manganese concentration in order to 
have a positive effect on toughness. Carbon additions were predicted to enhance yield strength 
at moderate expense to impact toughness.

Based on these predictions, experimental welds were made using SMAW with Mn at 0.5 or 2.0 
wt. % and Ni at 7 or 9 wt. %. Additional welds were made where carbon was varied between 
0.03 and 0.11 wt. % with Mn set at 0.5 wt % and Ni at 7 wt. %.

Based on Thermo-Calc modelling and observed segregation behaviour it was concluded that 
the weld metals solidified completely as austenite. Nickel and carbon additions were found to 
stabilise austenite to lower transformation temperature while manganese reductions promote 
the decomposition of austenite at higher temperatures. For a combination of high nickel and 
manganese a mixture of upper and coalesced bainite was found in dendrite core regions with 
mainly martensite present in interdendritic regions. A manganese reduction was found to reduce 
the amount of coalesced bainite and promote greater amounts of upper bainite within the micro-
structure while carbon additions were found to promote martensite. 

A constitutional diagram has been constructed summarising the effects on microstructure of 
varying manganese and nickel contents.
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In Part B of this work, the mechanical properties are presented and discussed in relation to the 
microstructure and the neural network predictions.
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