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Influence of Nickel and Manganese on Microstructure
and Mechanical Properties of Shielded Metal Arc-Welded
API-X80 Steel
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Microstructure developments of X80 weld metal by the addition of different amounts of alloying elements
such as nickel and manganese to the covering of electrodes were investigated. For this reason, samples were
welded with electrodes that Ni value has changed between 0.8 and 3.5% in two critical amounts of Mn 0.7
and 1.6. Optical microscopy and scanning electron microscopy were applied for peer investigation of
microstructure. Different phase percentages were obtained by Clemex software and compared in all
samples. Results indicated that Ni and Mn change weld microstructure in the as-deposited zone and
reheated part and corresponding to each alloying element concentration, amount of acicular ferrite, as a
determining factor for mechanical properties, were changed.
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1. Introduction

There have been ongoing developments in high-strength
steel weld metals with the aim of increasing strength while
maintaining acceptable toughness since the 1960s (Ref 1).
Mechanical properties of welds are determined by chemical
composition, cooling rate (technological parameters such as
voltage and current) and microstructure, in fact microstructure
is a function of the other variables (Ref 2). To achieve optimal
combination of strength and toughness, new grades of low alloy
steels such as API-5L X80 for offshore constructions and line
piping have been designed and developed (Ref 2, 3). Research
has been carried out based on fundamental understanding of the
effects of alloying on phase transformations and microstructure
to develop new improved compositions. Ultimately, the aim has
been to achieve weld metal properties that surpass established
commercial weld metals and show less sensitivity to welding
parameters (Ref 1). Alloying additions in the majority of weld
metals are usually kept to a minimum to avoid the formation of
brittle phases and defects, such as cold cracks inside the weld.
This is related to the hardenability of the weld metal, which has
to be low enough in order to avoid the transformation of
residual austenite to relatively high carbon martensite (Ref 4).
In the majority of high-strength steel weld metals studied
previously, different amounts of microalloying elements (Ref 2-5)
or important factors which involved in HAZ properties such as
cooling rate (Ref 6) and welding speed (Ref 7) have been
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investigated. Hence, there were little focuses on effects of main
alloying elements on weld metal properties of API-X80. And
there is no general agreement regarding the amount and
combination proportion ratios of Ni and Mn in weld metal. It
has been reported that the weld metal toughness can be
increased noticeably by an increase of Ni content (Ref 8).
However, some investigations have shown that the benefit from
Ni is conditional (Ref 9-11). This study details the effect of Ni
and Mn on weld metal properties and metallographic studies
were conducted to evaluate the influence of Ni and Mn on
hardness, yield strength, tensile strength, and toughness of
API-X80 weld metal.

2. Experimental Procedures

2.1 Electrodes

Six experimental, low hydrogen basic electrodes (E8018G
base) were designed. The coating ratio of the electrodes was
considered as 1.5. Different amounts of alloying powders were
added to the coating to produce different levels of manganese
and nickel in all weld metal samples, nominally 0.7 and 1.6%
Mn and 0.8, 2.4 and 3.2% Ni. Prior to welding, the welding
electrodes were baked for 1h at 350 °C. The chemical
composition and codes of different samples have been illus-
trated in Table 1.

2.2 Weld Preparation

The welding was carried out on API-X80 plate with a
nominal chemical composition as shown in Table 2. The
thickness of the plate was 19 mm; welding was performed in
flat position. The groove filled with 16 layers, each containing
three beads, reversing welding direction after each bead. The
joint geometry is illustrated in Fig. 1. The interpass temperature
and welding parameters are indicated in Table 3.
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2.3 Metallographic Study

The transverse section of the weld deposits were prepared
from the top beads (Fig. 2) and the adjacent reheated zones and
polished by using different grades of emery papers and finally
with diamond paste. All metallographic specimens were etched
with Nital 2% and examined by light optical microscopy.
Further investigations of the microstructure were undertaken by
scanning electron microscope (SEM). A Clemex Image Anal-
ysis System (professional version 2002) was used for the
microstructural observation, grain size evaluation, and quanti-
tative phase analysis.

Table 1 Chemical compositions of experimental
specimens weld metals

Concentration of elements%

3. Results and Discussion

3.1 Metallographic Examination

3.1.1 As-Deposited Zone. Figure 2 shows optical micro-
graphs of the microstructures of all samples based on Mn
and Ni variations. White intercellular-dendritic boundaries of
welds were revealed by etching in Le Pera’s etchant. The
increased nickel and manganese contents render the intercel-
lular-dendritic boundaries more resistant to etching, and
hence, they appear white in the light micrograph. In Fig. 2,
the magnification is not high because of revealing overall
microstructure. It is simply obvious that up to 2.4% Ni,
columnar grain size in both amounts of Mn has reduced but
it has extremely increased in 3.2% Ni. As it was mentioned
in Zhang investigation (Ref 10), this phenomenon was
named as “elephant structure” that it is illustrating very wide
grains.

For studding the effect of Ni and Mn on amount of different

WeldID C Mo Cu Ni Mn Cr Ti P Si phases, optical micrograph with higher magnification were
prepared. The microstructures have been shown in Fig. 3. One
LNil 0.070 0.40 0.11 0.79 0.70 0.012 0.009 0.010 0.45 of the most important phases in low carbon weld metal is
LNi2 0.057 0.40 0.12° 2.40 0.71 0.013 0.008 0.008 0.42 acicular ferrite (AF) and other kinds of ferrite such as side plate
LNi3 0.050 0.37 0.12 320 0.70 0.013 0.009 0.008 0.44 ferrite (FS), grain boundary ferrite and secondary phases exist
HNil 0.085 040 0.03 076 1.55 0.010 0.010 0.0190.52 in as-deposited weld metals too. Secondary phases in this zone
HNi2 0067 041 0.08 240 1.60 0.009 0.010 0.008 0.51 p L of vearlite. bait b%p 4 MoA. TH
HNi3  0.077 041 0.02 340 1.60 0.006 0.009 0.017 0.53 are composed ‘ot peartite, baiie, carbides, and Wi-A. 11°
percentages of the various ferrite morphologies including AF
Table 2 Chemical composition of X80 steel
Element C Si Mn P S Ni Cr Cu Mo \% Nb Ti Al N
Wt.% 0.072 0.250 1.805 0.0078 0.001 0.26 0.02 0.009 0.29 0.003 0.035 0.012 0.031 0.004
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Fig. 1 Schematic diagram of (a) location of test specimen and (b) joint preparation (Ref 12)
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and FS are shown in Table 3 and graphically in Fig. 4 for the
six welds.

Generally in both groups (L and H), it is obvious that by
increasing Ni, microstructure size will decrease and become

Table 3 Columnar grain size and different phase
percentages in last pass

Columnar

Sample grain Secondary
1D size, pm AF% PF(G)% SPF% phase%
LNil 130 42.1 43.7 12.3 1.9
LNi2 53 47.8 28.7 20.2 3.3
LNi3 210 53.8 19.9 21.4 52
HNil 237 62 12.4 1.5 24.1
HNi2 67 77.1 9.2 2.3 114
HNi3 250 80.5 1.9 0 17.6

finer. In L group, Ni effect has been reflected by increasing AF
and FS, in expense of decreasing grain boundary ferrite
percentage. However, in group H, Ni extremely increases AF,
and decreases side plate and grain boundary ferrite at the same
time. Finally in 3.2% nickel, side plate percentage reach
approximately zero. Noticeable increasing of secondary phases
by Ni is in consistent with previous investigations. The reason
is that Ni shifts low carbon steel CCT diagram in a manner that
some phases such as bainite and martensite forms in the same
cooling rates. In addition, Ni is known as a strong austenite
stabilizer and increases M-A phase amount too.

In a constant level of Ni, Mn prompted AF and as it was
expected the amount of two other kinds of ferrite decrease.
Influence of Mn on phase transformation and grain size is
similar to Ni, but Mn effect in comparison to Ni, is more
noticeable that it can be seen easily from Fig. 3. As an example
comparison of LNi3 and HNi3 illustrates that in a constant
amount of Ni, the percentage of microphases extremely
enhanced by Mn.

Fig. 2 Optical microstructure of columnar zones of as-deposited weld metals 50x. (a) Mn% = 0.7, Ni% = 0.8, (b) Mn% = 0.7, Ni% = 2.4,
(c) Mn% = 0.7, Ni% = 3.2, (d) Mn% = 1.6, Ni% = 1.2, (¢) Mn% = 1.6, Ni% = 2.4, and (f) Mn% = 1.6, Ni% = 3.2
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Fig. 3 Optical microstructure of columnar zones of as-deposited weld metals 200x. (a) Mn% = 0.7, Ni% = 0.8, (b) Mn% = 0.7, Ni% = 2.4,
(c) Mn% = 0.7, Ni% = 3.2, (d) Mn% = 1.6, Ni% = 1.2, (¢) Mn% = 1.6, Ni% = 2.4, and (f) Mn% = 1.6, Ni% = 3.2

3.1.2 Reheated Zone. In multipass welds, more than
50% of weld metals reheat. In this zone, Ni has significant
influence on microstructure as it is deducible from Fig. 5.
Austenite decomposition during heating and cooling and
existence of suitable places for nucleation of ferrite leads to
the appearance of different kind of ferrites that amount, size,
and distribution of them play an important role in mechanical
properties. In this zone, when percentage of alloying
elements were low (L group), heat cycle led to a new
microstructure in comparison to as-deposited zone. Reheating
transformed microstructure to equiaxed or polygonal ferrite.
Ni and Mn effectively refined the microstructure of this zone.
Figure 6 envelopes SEM results of all samples reheated zone,

1450—Volume 21(7) July 2012

which demonstrates existence of different phase especially
secondary phases and granular bainite. Different phase
percentages have been demonstrated in Table 4 and diagram-
matically in Fig. 7.

Low manganese samples comparison shows that by increas-
ing Ni microstructure change from polygonal ferrite to AF. In
addition, grain sizes reduced significantly. In H group, grain
refining is more visible. It means that in high level of Mn,
nickel addition is more determining on microstructure. The
most important factor for AF nucleation is the non-metallic
inclusion.

In this zone similar to as-deposited area, by increasing
alloying elements AF increased and primary ferrite decreased.
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Fig. 4 Different phase amounts in last pass versus Ni and (a) Mn% = 0.7 and (b) Mn% = 1.6

Fig. 5 Reheated zone microstructure 500x. (a) Mn% = 0.7, Ni% = 0.8, (b) Mn% = 0.7, Ni% =24, (¢) Mn% = 0.7, Ni% = 3.2, (d)
Mn% = 1.6, Ni% = 1.2, () Mn% = 1.6, Ni% = 2.4, and (f) Mn% = 1.6, Ni% = 3.2

Very low amount of polygonal ferrite in HNi3 illustrates that and Ni concentration, grain refining did not occurred in
microstructure of reheated and as-deposited zone are approx- reheated zone. The reason is the reduction of the phase changes
imately same in high levels of alloying elements. At high Mn according to Ni and Mn addition.
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Fig. 6 SEM observing photographs of the reheated zone microstructure 2000x. (a) Mn% = 0.7, Ni% = 0.8, (b) Mn% = 0.7, Ni% = 2.4, (c)
Mn% = 0.7, Ni% = 3.2, (d) Mn% = 1.6, Ni% = 1.2, (e) Mn% = 1.6, Ni% = 2.4, and (f) Mn% = 1.6, Ni% = 3.2

Table 4 Different phase percentages of reheated zone

Sample ID AF% PF(G)% GB Secondary phase%
LNil 10.6 543 33.6 15

LNi2 18 25.5 54.7 2.32

LNi3 25.6 18.6 48.4 7.4

HNil 12.59 12 73.4 2.21

HNi2 28.22 10.1 56.2 5.48

HNi3 53 0 40.3 12.74
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To clarify Mn effect two samples (LNil and HNil) were
compared. In former because of low content of alloying
elements coarse ferrite grain were visible, however, in later the
microstructure was finer with large amount of AF and granular
bainite.

HNil mostly contained granular bainite that is formed in the
same temperature range as AF and nucleation and growth of
them is same too. The difference between them is their
morphology which bainite first nucleates in austenite grain
boundary and grows by unites repetitions, but AF usually

Journal of Materials Engineering and Performance



Mn%=0.7

Phase%

0
0.8 24 32
Ni%

(a) AF PF I GB [l P

Phase%
g

Mn%=1.6

AT
s

&
&
&

AT

-

T

AT

g

HWH

pF N Ge [l sP

3.2

Il

Ni%
(b) AF

Fig. 7 Different phase amounts in last pass versus Ni% and (a) Mn% = 0.7 and (b) Mn% = 1.6

Fig. 8 Microsegregation because of Ni and Mn aggregation

nucleates between the austenite grains on the non-metallic
inclusions.

SEM observations of the microstructure of the reheated zone
indicated that, the proportion of the AF structure was increased
and the polygonal ferrite structure decreased, respectively, and
granular bainite and martensite-austenite structure could be
found, as the contents of Mn and Ni was increased. Especially,
an increase of the Ni content in both levels of Mn, from 2.4 to
3.2% resulted in a significant increase in amount of M-A and a
reduce in their size.

3.1.3 Elemental Segregation in Weld Metal. Because of
increasing the concentrations of elements such as Mn, Ni, S, P,
and Si in liquid during solidification leads to the formation of
some dark and light layered nets which resist against the
etchant as it is shown in Fig. 8. This structure is deleterious for
toughness. The microsegregation is a result of delta ferrite
growth from the liquid weld metal. Microsegregation of
elements reinforced formation of hard phases in interdendertic
zones and increase M-A.

4. Conclusions

With three nickel amount (0.8, 2.4, and 3.2%) and two Mn
level (0.7 and 1.6%) addition to the covering of E8018
electrodes, it was possible to produce low alloy electrodes for
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welding of X80 steel instead of cellulosic electrodes for
reduction of hydrogen induced crack risk. The major conclu-
sion of this research can be summarized as follows:

1. A wide range of microstructure, such as various ferrites
formed in different proportion of Ni and Mn in columnar
zone and reheated zone. At high Mn and Ni concentra-
tions, grain refining did not occurred in reheated zone.

2. The proportion of AF was increased as Ni and Mn con-
tents were increased, and bainite and M-A structure be-
gan to arise at the same time.

3. High Mn and Ni contents tend to promote microsegrega-
tion of Mn, Ni, and Si in a network or parallel to grain
boundaries in reheated zone.
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