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ABSTRACT

The relationship between alloying content, microstructure and properties has been studied for high strength steel weld
metals with 7 wt. % nickel. Following neural network predictions, shielded metal arc welding was used to produce
experimental welds with manganese at 0.5 or 2 wt. %, while carbon was varied between 0.03 and 0.11 wt. %. High
manganese was positive for strength but very negative for impact toughness while manganese reductions lead to
large impact toughness increases. Carbon additions up to 0.11 wt. % were found to increase yield strength to over
900 MPa while impact toughness was maintained and over 60 J was recorded at —100 °C. High resolution microscopy
was used to characterise the microstructure. In dendrite core regions a mixture developed of predominantly upper
bainite and a coarse grained, previously not documented constituent, characterised to be coalesced bainite. In inter-
dendritic regions mainly martensite formed 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 con-
structed that summarises microstructure as a function of manganese and nickel contents. Mechanical properties of
the weld metals were rationalised in terms of the relative amounts of the different microstructural constituents.
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Ultimate tensile strength; Impact toughness; Toughness; Microstructure; Austenite; Bainite; Martensite; Neural net-

works; Artificial intelligence; Mathematical models; High strength steels; Steels; Reference lists.

1 BACKGROUND

Steels with yield strengths in the region of 1 000 MPa
that possess good impact toughness have been read-
ily available for some time. They are increasingly
employed in many applications offering both size and
weight reduction. In many applications, it is an engi-
neering requirement 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 more flexible and productive
flux shielded welding methods such as shielded metal
arc welding (SMAW) [1, 2]. As a result there is a need
to develop new high strength welding consumables that
meet the market requirements.

To date, high strength steel weld metals have usually C
less than 0.2 wt. %, Ni less than 4 wt. % and Mn less
than 3 wt. % [1, 3-18]. Results generated yield strengths
ranging from below 500 MPa to above 1 000 MPa.
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However, with the common flux shielded welding
processes, good impact toughness was mostly achieved
at lower yield strengths. Promising work with SMAW
carried out by Lord [10] used the composition of a com-
mercial SMAW consumable with 3 Ni, 2 Mn, 0.5 Cr,
0.6 Mo, 0.05C as the basis of development. He
increased nickel concentrations to 4 wt. % and
decreased Mn levels to 0.8 wt. %. It was found that
impact toughness increased to 74 J at —60 °C and the
yield strength was reduced to 809 MPa [10]. Kang fol-
lowed the trend of increasing Ni and reducing Mn with
metal cored wires recording 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. From microstructural investiga-
tions, the presence of lath martensite and various forms
of ferrite was reported [19]. From literature it is gener-
ally found that as impact toughness increases, yield and
tensile strength decrease. To limit strength losses, car-
bon additions and reducing interpass temperature have
been most effective [20-21]. 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 [20]. In another study it was found
that yield and ultimate tensile strength also increased
with decrease in interpass temperature [21]. In both
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cases, changes in mechanical properties were claimed
to be strongly related to the microstructure described
as mixtures of martensite and bainite.

In work presented elsewhere [22], neural network mod-
elling was engaged to optimise the development process
and to allow the effects of a wide variety of parameters
to be perceived quickly. The technique and the advan-
tages it offers materials science are further described in
[23-25]. In particular, the models predicted that man-
ganese reductions from 2 to 0.5 wt. % at 7 wt. % nickel
lead to large increases in impact toughness. Setting Ni
and Mn at 7 and 0.5 wt % respectively, further predic-
tions suggested that carbon additions would increase
strength significantly. It was also suggested that impact
toughness levels at —60 °C were to remain acceptable
with carbon additions up to at least the region of
0.12 wt. %.

This paper is an overview of a larger study [26] inves-
tigating the effects of changing C, Mn and Ni contents
on the microstructure and the mechanical properties of
high nickel high strength steel weld metals. Selected
results are presented here and more details along with
comprehensive discussion may be found elsewhere [22,
26-31].

2 EXPERIMENTAL TECHNIQUES

Five experimental weld metals were produced using
SMAW to study the changes in mechanical and
microstructural behaviour for Mn concentrations of 0.5
or 2.0 wt. %, and carbon additions from 0.03 to
0.11 wt. % with Ni at 7 wt. %.

Welded joints were made according to ISO 2560 using
20 mm plates with a backing plate. The joints were but-

tered 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 temper-
ature are presented in Table 1. Names were assigned
to the weld metals according to composition and inter-
pass temperature. 7 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 maximum interpass tem-
perature. The estimated cooling time between 800 and
500 °C (ty5) was calculated using the WeldCalc program
[32]. Samples of weld metal were analysed using opti-
cal emission spectrometry and Leco combustion equip-
ment. The compositions of the weld metals are pre-
sented in Table 1.

Charpy impact testing and tensile testing were per-
formed in compliance with standard EN 10045-1. For
Charpy testing, transverse specimens were machined
having dimensions 55 x 10 x 10 mm. These were then
notched perpendicular to the welding direction in the
weld metal centre and 2 or 3 specimens were tested at
each temperature. Tensile specimens were machined
longitudinally from the centre of the weld deposits with
a specimen diameter of 10 mm and a gauge length of
70 mm.

Specimens from the weld metal cross section, extracted
perpendicular to the welding direction were mounted in
bakelite, wet ground, polished to 1 um diamond paste
and etched using 2 % nital etchant for analysis with light
optical microscopy (LOM) and field emission gun scan-
ning electron microscopy (FEGSEM). A Leitz Aristomet
light optical microscope and a Leo Ultra 55 FEGSEM
were used in these examinations. Polished specimens
were examined with scanning electron microscopy
(SEM) in the back scattered mode and elemental analy-
sis was carried out using Energy Dispersive X-ray analy-

Table 1 — Welding parameters and chemical composition

Weld Metal 7-2L.250 7-0.5L250 7-0.5L200 7-0.5M200 7-0.5H200
Welding parameters

Energy input, E (kd mm-) 1.2 1.0 1.3 1.4 1.3
Interpass temperature, IPT (°C) 250 250 200 200 200
Estimated cooling time between 800

and 500 °C, calculated from

WeldCalc [32], tys (S) 12 10 10 11 10
Composition in wt. %, unless otherwise stated

c* 0.032 0.024 0.030 0.061 0.110
Mn 2.02 0.64 0.61 0.56 0.53
Ni 7.23 6.60 6.11 6.84 7.04
Cr 0.47 0.21 0.16 0.15 0.14
Si 0.25 0.35 0.40 0.34 0.38
S* 0.008 0.008 0.009 0.006 0.007
P 0.011 0.012 0.010 0.011 0.008
Mo 0.63 0.40 0.38 0.35 0.40
Vv n.a. n.a. 0.018 0.014 0.016
Cu 0.03 0.03 0.02 0.01 n.a.
O / ppm* 380 400 340 350 260
N / ppm* 250 197 150 160 100
* indicates elements analysed using Leco combustion equipment.

“n.a.” are elements not analysed.
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sis (EDX). For TEM studies, 3 mm disc shape samples,
perpendicular to the welding direction, were ground to
between 50 and 80 um in thickness and then jet elec-
tropolished at —35 °C using 10 % perchloric acid in
methanol. After electropolishing the specimens were fur-
ther thinned by ion beam milling for a few minutes at a
low angle using a Gatan Precision lon 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 IlI dilatometer. The
specimens were heated to 1 000 °C at a rate of 25 °C/s,
held for 5 minutes and afterwards cooled to room tem-
perature at different cooling rates. Individual samples
were used for each cooling rate.

3 RESULTS

3.1 Strength and impact toughness

The results of tensile testing and Charpy impact tough-
ness testing at 22, —40, —100 °C are presented in
Table 2. Comparing 7-2L250 with 7-0.5L250, a large
decrease in ultimate tensile strength (UTS) and increase
in impact toughness was measured as a result of reduc-
ing Mn content. It is seen that 7-2L250 had relatively
low impact toughness but good yield strength (YS),
795 MPa, and high UTS (over 1 000 MPa). Weld metal
7-0.5L250, with the best impact toughness both at room
temperature and at —40 °C, recorded lower strength with
UTS at 823 MPa and YS at 721 MPa.

Interpass temperature was reduced to 200 °C in order
to promote faster cooling with the aim of increasing
strength. Comparing 7-0.5L250 with 7-0.5L200 that have
similar compositions, yield strength increased from
721 MPa to 777 MPa. However this trend was limited
with UTS which only increased from 823 MPa to
831 MPa. The impact toughness, was maintained very
well with over 100 J recorded at — 40 °C.

The effect of carbon additions on mechanical properties
were then examined with the deposition of 7-0.5M200
and 7-0.5H200. From Table 2, it is seen that carbon
additions increased both YS and UTS. 7-0.5H200
recorded the best YS of all alloys studied with 912 MPa
achieved at a carbon level of 0.11 wt. %. Given the

strength, high impact toughness was also recorded with
average 63 J at —100 °C.

3.2 Microstructure — The last bead

The last bead of each weld was found to consist of a
columnar structure with the columns varying in size but
normally these were less than 0.5 mm in width. The
columns were further subdivided into a cellular struc-
ture of dendrites with a thickness between 10 and 30 um
(see Figure 1).

Figure 2 presents LOM micrographs showing the varia-
tion of microstructure in the as-deposited last bead as
a result of changing manganese and carbon content.
The former dendrite boundaries can be seen clearly
more or less in all images. The microstructure is very
fine scale, typical of martensite or bainite, but it is not
possible to discriminate between the two with LOM due
to their similar morphologies. Large grains not commonly
found in high strength steel weld metals were also
observed in particular with 7-2L250. The progressive
effect of changing carbon from 0.03 to 0.11 wt. % can
be observed by comparing micrographs from 7-0.5L200,
7-0.5M200 and 7-0.5H200. It is found that some larger
grains appear in the 7-0.5M200, but apart from these,
generally the microstructure becomes very fine with
increase of carbon content. It is not possible with LOM
to identify the microstructure with full certainty and inves-

The dendrites that formed within the columnar structure
as the weld metal solidified are seen.

Figure 1 — LOM micrograph from 7-0.5L200
showing a fine scale microstructure

Table 2 - Yield strength (YS), ultimate tensile strength (UTS) and Charpy impact toughness
for the experimental weld metals

Weld Metal 7-2L.250 7-0.5L250 7-0.5L200 7-0.5M200 7-0.5H200
YS 795 721 777 858 912
UTsS 1 006 823 831 895 971
Impact toughness (J)
22°C 45 124 123 109 85
—-40°C 32 112 101 90 78
—100 °C n.m. 55 60 79 63
“n.m.” stands not measured.




22 MICROSTRUCTURE AND PROPERTIES OF NOVEL HIGH STRENGTH STEEL WELD METALS

tigations with instruments offering better resolution are
necessary. This work has been carried out and full
details may be found elsewhere [22, 28-31]. A summary
is presented here.

The microstructure of the as-deposited last bead in weld
metals 7-2L250 and 7-0.5L250 is shown in Figure 3.
Focusing on weld metal 7-2L250, it was investigated in
great detail both with FEGSEM and TEM. The con-
stituent with a large grain size, also seen with LOM in
Figure 2, was characterised to be a previously not
reported variant of bainite that forms through a coales-
cence of bainitic ferrite plates when martensite start tem-

e
5
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Large grains not typically found in high strength steel weld
metals are observed in weld metal 7-2L.250.

The arrows indicate the former dendrite boundaries.
The refinement of the microstructure with increasing C
content is clearly seen by comparing LOM micrographs
of as-deposited last bead of 7-0.5L.200 and 7-0.5H200.

Figure 2 — LOM micrographs of the as-deposited
last bead showing fine scale microstructures

perature (M,) and bainite start temperature (B,) are
close. Full details of its characterisation are presented
elsewhere [28]. A FEGSEM micrograph showing coa-
lesced bainite at slightly higher magnification is pre-
sented in Figure 4. It was found that the coalesced bai-
nite develops without the typical bainite subunit structure
of platelets with cementite at boundaries. Using elec-
tron diffraction it was found that cementite precipitates
formed within the bainitic ferrite grains (see Figure 5).
Generally, the coalesced bainite was found along with
upper bainite in dendrite core regions, while a lath-like
microstructure of martensite was found at interdendritic
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M is for martensite, B, is upper bainite, B, is lower bainite
and By is coalesced bainite

Figure 3 — The microstructure in the as-deposited
last bead of weld metals 7-2L.250
and 7-0.5L250 imaged using FEGSEM

regions. An interdendritic region is shown at higher mag-
nification in Figure 6 where the morphology of marten-
site can be seen. It is also observed that upper bainite
forms a small distance away from the interdendritic
region.

Small precipitates can be observed
within the bainitic ferrite grains.

Figure 4 — Coalesced bainite in weld metal 7-2L250

Comparing the micrographs from 7-2L250 and 7-0.5L250
in Figure 3 the effects of reducing Mn content from 2 to
0.5 wt. % at nickel content of 7 wt. % may be observed.
Reducing manganese gave the noticeable absence of
coalesced bainite and the microstructure was found to
be predominately upper and lower bainite with only small
amounts of martensite present at interdendritic regions.

The effect of carbon additions on the microstructure can
be observed in Figure 7. With weld metals 7-0.5L.200
and 7-0.5M200 bainite was mainly found in the centre
of the dendrites while a mixture of bainite and marten-
site developed at the prior dendrite boundary regions.
Weld metal 7-0.5L200 formed the greatest amounts of
upper bainite. Coalesced bainite was also observed, in
particular in 7-0.5M200, but its grain size was much
smaller than that observed in weld metal 7-2L250 (see
Figure 3). It was found that the amount of martensite
increases with increase in carbon content and with weld
metal 7-0.5H250 large amounts of martensite were
found within the dendrites.

[315]C
[103]a

The dark field image was formed using the {—1,3,0} cementite reflection.

Figure 5 — TEM bright (left) and dark (middle) field images with corresponding diffraction pattern
(right) of a cementite precipitate within a coalesced bainitic ferrite grain
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7-0.5L200

M is martensite and By, is upper bainite.

Figure 6 — An interdendritic region in the last bead
of weld metal 7-2L250 showing a mainly
martensitic microstructure

3.3 Elemental segregation

When polished specimens from weld metals 7-2L250
and 7-0.5L250 were examined with SEM in the back-
scattered 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 ele-
mental segregation across the former dendrites and it
was decided to carry out EDX analysis. The results are
presented in Table 3. In general, it was found that man-
ganese was overestimated in all analyses. To correct for
this the compositions were shifted to lower values based
on the Mn content presented in Table 1 and line scans
presented elsewhere [22].

3.4 Microstructure — Reheated beads

Extensive results on the microstructure of reheated
regions is presented in references [22, 29-31] and only
a brief summary is made here. The microstructure in
central beads was as expected even more complex than
the last bead which resulted from different thermal his-
tories and tempering depending on the location within
the joints. Figure 8 shows the centre of reheated beads
in weld metals 7-0.5L200 and 7-0.5H200. Given the
examinations in the last bead the microstructure is
interpreted to be that of mainly tempered bainite with
7-0.5L200 and mainly tempered martensite with
7-0.5H200.

Table 3 — Average compositions recorded in wt. %
at dendritic boundary regions and dendrite core
regions in the last bead using EDX spot analysis

Weld Metal Mn Ni
7-2L250 Boundary 3.10 (2.50) 8.18
7-2L250 Core 235 (1.75) 6.30
7-0.5L250  Boundary 0.95 (0.90) 7.55
7-0.5L250 Core 0.57 (0.50) 5.83

Mn values in brackets are values adjusted using
the average composition in Table 3 to allow
for the overestimation of Mn with EDX.

M is for martensite, B, is upper bainite, B, is lower bainite
and B is coalesced bainite.

Figure 7 — The microstructure in the as-deposited
last bead of weld metals 7-2L250, 7-0.5L250
and 7-0.5H200 imaged using FEGSEM

An overview of the centre in a reheated bead in weld
metal 7-2L250 is shown in Figure 9. Within the micro-
graph, the former dendrites are clearly seen. Higher
magnification FEGSEM images of 7-2L250 are pre-
sented in Figures 10 and 11. In dendrite core regions,
mainly tempered bainite (see Figure 10) was seen while
tempered martensite (see Figure 11) was predominantly
found at interdendritic regions. In bainitic areas it was
found that the carbon had redistributed within the bainitic
ferrite. The cementite precipitates observed in the last
bead (see Figure 4) were found to have spheroidised
within the grains and coarsened at the grain boundaries.
In addition very small cementite precipitates in the order
of a few nanometres had formed within the bainitic fer-
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Figure 8 — LOM micrographs from 7-0.5L200 and 7-0.5H200 showing the microstructure in the bead
interior of reheated central beads in the joint

10pm

Figure 9 — A FEGSEM overview of a reheated bead
in weld metal 7-2L250

o\
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-

Figure 10 — 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 7-2L.250

rite. These latter precipitates along with the former
spheroidised and coarsened precipitates were confirmed
to be cementite using TEM and electron diffraction
[22, 31].

Figure 11— FEGSEM image of tempered martensite
in a former interdendritic region
within a reheated bead of weld metal 7-2L.250

3.5 Dilatometry

Transformation temperatures for three of the weld met-
als are presented in Table 4. The results at cooling rates
of 25-40 °C/s are representative of the cooling rates
within the welded joints based on the t,, calculations.
Overall there was no large difference in austenite trans-
formation temperature as a result of changing the cool-
ing rate.

Generally, it can be said that greater nickel, manganese
and carbon contents stabilise austenite to lower tem-
peratures. Comparing 7-2L250 and 7-0.5L250 it is found
that a reduction in manganese content increases both
Ac, and Ac, temperatures and austenite transformation

Table 4 — Transformation temperatures recorded
using dilatometry

Weld Metal Ac, Ac, Transformation of y (°C)
(°C) (°C) 25-40°C/s| 1°C/s
cooling cooling
7-2L250 690 740 373 390
7-0.5L250 700 770 490 480
7-0.5H200 685 770 355 365
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on cooling takes place in the region of 100 degrees
higher. Carbon additions were found to reduce the Ac,
temperature, but interestingly, Ac, was maintained at
the same temperature as with low carbon levels.
Austenite was stabilised to very low temperatures on
cooling (365 °C).

3.6 Thermo-Calc calculations

Given that it is difficult to observe with microstructural
studies whether the weld metals solidified as ferrite or
austenite, it was decided to use Thermo-Calc [33] to
predict the transformation based on alloying content.
The solidification mode is of particular importance for
the final chemical distribution and knowledge was nec-
essary to have a complete understanding of the final
microstructure.

Predictions from Thermo-Calc were made using the
CCTSS database and are presented in Figures 12 to
14. The liquid to solid transformation as a function of
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nickel content and temperature for the base composi-
tions of weld metals 7-2L250 and 7-0.5L250 are pre-
sented as isopleths in Figures 12 and 13, respectively.

It is seen from the diagrams that ferrite can form during
solidification at higher nickel contents with the lower
manganese content (expected limits are 4.2 and 5 wt. %
for 2.0 Mn and 0.5 wt. % respectively, Figures 12 and
13). However even with 0.5 wt. % manganese, it is
observed that at 7 wt. % nickel, fully austenitic solidifi-
cation will take place.

Figure 14 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 weight fraction of manganese content as a function
of the weight fraction of solid is predicted while in (c) the
weight fraction of nickel content as a function of the
weight fraction of solid is shown. The Scheil calcula-
tions reaffirm that a fully FCC solidification is expected.
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Figure 14 — Scheil simulations for weld metal 7-0.5L250 of (a) the weight fraction of solid and solidifying
phase as a function of temperature, (b) manganese content as a function of the weight fraction
of solid and (c) nickel content as a function of the weight fraction of solid
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4 DISCUSSION

4.1 Solidification and segregation

From Thermo-Calc simulations it was suggested that all
the experimental weld metals solidified completely as
austenite. Diffusion of substitutional elements is much
more limited in the austenitic lattice than in the ferrite lat-
tice. The local chemistry at high temperatures is there-
fore 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 14 and the EDX spot
analysis results presented in Table 3. 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 a fairly
good agreement between the simulations and the actual
measured alloying content considering the spatial res-
olution of EDX analysis and the fact that some diffusion
will take place. A similar agreement was found for alloy
7-2L250 supporting the conclusion that the weld metals
solidified as austenite.

Given that a greater alloying content is found at inter-
dendritic 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 understood and justified as will be discussed in the
following section.

4.2 Microstructural constituents

In weld metal 7-0.5L250 the microstructure was that of
mainly upper and lower bainite in dendrite core regions
as shown in Figure 9, with some little martensite form-
ing at interdendritic regions. It was found that carbon
additions from 0.03 to 0.11 wt. %, at 0.5 wt. % man-
ganese and 7 wt. % nickel reduced austenite transfor-
mation temperature from 490 to 355 °C. In doing so, the
microstructure became mainly martensitic (Figure 7) with
some bainite also forming in dendrite core regions.
Calculating the Mand the B using the empirical equa-
tions M = 539 — 423 (%C) — 30.4 (%Mn) — 17.7 (%N:i)
—12.1 (%Cr) — 7.5 (%Mo) and B, = 830 — 270 (%C) —
90 (%Mn) — 37 (%Ni) — 70 (%Cr) — 83 (%Mo) [34-35] it
is seen that the predicted B, of the low carbon weld
metal of 498 °C agrees very well with the measured
transformation temperature of 490 °C. For the high car-
bon variant, the calculated M, 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.

From dilatometry experiments, it was found that austen-
ite transformation with weld metal 7-2L250 started in
the region of 373 °C (see Table 4). 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 (see Figures 3, 4 and 6). From a detailed study
[28] of the novel constituent, it was characterised to be
that of coalesced bainite. Coalesced bainite is most likely
to form when Bq is close to M, (as predicted using the
empirical equations) and consequently the undercool-
ing below Ac, is large. The resulting transformations are
then associated with large driving forces consistent with
rapid nucleation and growth. When many bainitic ferrite
plates are nucleated, they can coalesce into a thicker
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Figure 15 — Schematic representation of the formation of upper and lower bainite [36]
along with coalesced bainite [28]
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plate if the undercooling is large enough to sustain the
strain energy [24-25]. The transformation front of coa-
lesced bainite is found to consist of a series of finer
platelets, presumably all in identical crystallographic ori-
entation, which coalesce at some distance behind the
advancing tips to generate the observed coarse grains.
As temperature drops, within the centre of the large
grains, carbon precipitates to several families of cemen-
tite while close to the boundaries carbon diffuses to the
boundaries leaving a precipitate free zone. The forma-
tion mechanism of coalesced bainite is presented in
Figure 15 along with those of upper and lower bainite.

In order to visualise the effect of Mn and Ni content on
the difference between M, and the B, temperatures, a
plot (see Figure 16) was made using the Ms and the Bs
equations [34-35], as a function of Mn and Ni content
along with the base input composition of 0.034 C,
0.25 Si, 0.5 Cr and 0.62 Mo (the base composition used
for the neural network modelling presented elsewhere
[22]). It is found that M, and B, 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 dia-
gram that reducing Mn or Ni is predicted to promote bai-
nite while increasing Mn or Ni will promote the forma-
tion of martensite. Lower M, and B, temperatures are
found towards the upper right corner of the diagram and
higher transformation temperatures towards the lower
left corner. Also plotted in Figure 16 is the variation in
alloying content between interdendritic and dendrite core
regions as measured using EDX (Table 4) for weld met-
als 7-2L250 and 7-0.5L250.

The differences in microstructure across the dendrites
in weld metals 7-2L250 and 7-0.5L250 may be explained
in terms of the local composition measured with EDX
(Table 3). Interdendritic regions which were enriched in
alloying content are believed to transform at lower tem-
peratures promoting martensite. This is supported by
the greater austenite stabilisation which is also in agree-
ment with dilatometry experiments and predictions of B,
and M, (see Figure 16).

Finally, based on microstructural observations for the
7 wt. % Ni weld metals presented here, other nickel lev-
els discussed elsewhere [29], 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 17 microstructural regions
are shown together with the martensite composition start
line taken from literature [37]. Also plotted is the line
where B, and M, are equal. In conclusion, all microstruc-
tural observations, including effects of segregation are
in excellent agreement with the proposed constitutional
diagram. However it should be kept in mind when apply-
ing the diagram that effects of variation in cooling rate
and changes in alloying elements other than Mn and Ni
also have to be considered.

4.3 Correlating properties to microstructure

A combination of 7 wt. % Ni and 2 wt. % Mn gave poor
toughness but good strength. From microstructural
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Figure 16 — The difference between B, and M, as a function of Mn and Ni content calculated
using the B, and M, empirical equations [34-35] along with the base input composition of 0.034 C,
0.25 Si, 0.5 Cr and 0.62 Mo
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Figure 17 — 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

examinations, a combination of upper bainite and coa-
lesced bainite with a very large grain size formed in den-
drite core regions with martensite present at interden-
dritic regions. Impact toughness was most sensitive to
Mn content with a dramatic increase obtained when Mn
was reduced from 2 to 0.5 wt. % (see Table 2). It was
found that weld metal 7-0.5L250 had the highest impact
toughness but the lowest yield strength (721 MPa) and
tensile strength (824 MPa) of the weld metals tested.
Reducing Mn content was found to promote austenite
transformation at higher temperatures with more upper
and lower bainite forming. Decreasing the interpass tem-
perature to 200 °C was found to reduce toughness mar-
ginally which was attributed to greater amounts of
martensite.

Increasing carbon caused yield and tensile strength to
increase while impact toughness was maintained rea-
sonably well (see Table 2). Austenite was stabilised to
lower transformation temperatures with an increasingly
finer microstructure forming and martensite becoming
the dominating constituent.

The amount of tempering which is largely controlled by
Ac, and Ac;, also has an effect on the mechanical prop-
erties in reheated regions of these weld metals. Both
7-0.5L250 and 7-0.5H200 had relatively high Ac, and
Ac, values while weld metal 7-2L250 had lower Ac, and
Ac, temperatures (see Table 4). As a result, with weld
metal 7-2L250, less tempering takes place in regions
reheated to below Ac, due to slower kinetics at lower

temperatures and the formation of fresh untempered
microstructural constituents are more likely.

It may be concluded that coalesced bainite with a large
grain size is obviously unfavourable and is believed to
contribute to lower yield strength and impact toughness.
When combined with upper bainite and significant
amounts of martensite it results in relatively high yield
strength and a very high tensile strength (7-2L250) but
most significantly poor impact toughness was recorded.
A mixture of mainly upper and lower bainite (7-0.5L200)
gave lower yield and tensile strengths with a smaller dif-
ference between the two values. For this combination of
microstructural constituents very good impact toughness
was recorded. A mainly martensitic microstructure
(7-0.5H200) gave high yield strength and tensile strength
with a small difference between the two. In addition
acceptable impact toughness was recorded.

Designing high strength steel weld metals that have a
combination of both high yield strength and good impact
toughness is a complex task. In terms of microstructural
constituents it is clear from this study and literature that
interesting properties can be obtained with different pro-
portions of upper and lower bainite along with marten-
site. However, compositional regions where the bainite
and martensite start temperatures are close, promoting
coarse grained, relatively weak and less tough coa-
lesced bainite should be avoided. More extensive dis-
cussions on the effects of microstructure on strength
and impact toughness can be found elsewhere [22].
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5 CONCLUSIONS

Based on neural network modelling, experimental welds
were produced using SMAW with nickel at 7 wt. % and
Mn at 0.5 or 2.0 wt. %. Additional welds were made
where carbon was varied between 0.03 and 0.11 wt. %
with Mn set at 0.5 wt. %.

It was concluded from Thermo-Calc modelling and
observed segregation behaviour that the weld metals
solidified as austenite. Manganese reductions promote
the decomposition of austenite at higher temperatures
while carbon additions were found to stabilise austen-
ite to lower transformation temperatures.

High manganese in combination with 7 wt. % Ni was
positive for strength but very negative for toughness.
Poor toughness was attributed to the presence of large
grains of coalesced bainite and relatively low Ac, and
Ac, temperatures which prevent effective tempering
within the welded joint.

Manganese reductions lead to large increases in impact
toughness. With 0.6 wt. % Mn and 6.6 wt. % Ni, 112 J at
—40 °C was recorded along with a yield strength of
721 MPa. Impact toughness gain was explained by the
replacement of coalesced bainite with upper and lower
bainite along with greater amounts of tempering due to
higher Ac, and Ac, temperatures.

Carbon additions up to 0.11 wt. % increased yield
strength to 912 MPa while still maintaining toughness
at over 60 J at —100 °C. Carbon additions were found
to promote a fine martensitic microstructure increasing
strength with limited loss of toughness.

Mechanical properties of the weld metals were explain-
able in terms of their relative amounts of the different
microstructural constituents. Martensite was found to
provide high strength and reasonable toughness
whereas upper and lower bainite contributed to very
good toughness and somewhat lower strength. The
coarse-grained coalesced bainite found for compositions
with Ms and Bs close to each other was concluded to
be negative for impact toughness.
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