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Multi-pass weld metals were deposited on Q345 base steel using metal powder-flux-cored wire with various
Ni contents to investigate the effects of the Ni content on the weld microstructure and property. The types of
the microstructures were identified by optical microscope, scanning electron microscope, transmission
electron microscope, and micro-hardness tests. As a focusing point, the lath bainite and lath martensite
were distinguished by their compositions, morphologies, and hardness. In particular, a number of black
plane facets appearing between lath bainite or lath martensite packets were characterized by laser scanning
confocal microscope. The results indicated that with the increase in Ni contents in the range of 0, 2, 4, and
6%, the microstructures in the weld-deposited metal were changed from the domination of the granular
bainite to the majority of the lath bainite and/or the lath martensite and the micro-hardness of the weld-
deposited metal increased. Meanwhile, the average width of columnar grain displays a decreasing trend and
prior austenite grain size decreases while increases with higher Ni content above 4%. Yield strength and
ultimate tensile strength decrease, while the reduction in fracture area increases with the decreasing Ni
mass fraction and the increasing test temperature, respectively. And poor yield strength in Ni6 specimen
can be attributed to elements segregation caused by weld defect. Finally, micro-hardness distribution in
correspondence with specimens presents as a style of cloud-map.
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1. Introduction

Nowadays, advanced steels developed by optimizing the
alloy compositions and microstructure from ferrite plus pearlite
through tempered martensite to extra-low-carbon lath bainite
plus lath martensite can successfully achieve high strength of
1000 MPa and Charpy V toughness of 200 J at �40 �C (Ref 1).
In addition, strictly thermo-mechanical controlling process,
transformation-induced plasticity process, and reasonable heat
treatment process for element partitioning further improve the
performances (Ref 2). These steels with high strength and high
toughness have been widely applied in the field of pipeline, ship
building, and various manufacturing industries. However, due to
the complexity of welding processes and limitations of thermal
process of welding, the toughness of the weld metal in low
temperature is much lower than that of the base metal. For X70,
X80 pipeline steel, the impact toughness of the matched weld

metal only reaches half or even lower by comparison with the
Charpy V toughness of base metal (Ref 2). Worse still, the
impact toughness of weld metal which were matched to E610E
steel only reached one-third of that of the base material (Ref 2).
There have been ongoing developments in high-strength steel
weld metals with the aim of increasing strength while maintain-
ing acceptable toughness since 1960s (Ref 3). The mechanical
properties of weld metals are strongly dependent on the
microstructure developed during solidification and cooling of
the weld pool, which is determined by the weld chemical
composition and cooling rate (Ref 4). The optimized microstruc-
ture of the weld metal for the X120 application consists of low-
carbon lath martensite and lath bainite and/or their derivatives.
Although too weak on its own, a minor presence of acicular
ferrite (AF) was planned to improve the toughness (Ref 5).

For investigating the factors affecting the microstructure, it
is of great significance to characterize the microstructures. In
general, the microstructure of the low-carbon-deposited weld
metal can consist of pro-eutectoid ferrite (PF), side-plated
ferrite (SPF), acicular ferrite (AF), granular bainite (GB), lath
bainite (LB), lath martensite (LM), and retained austenite (RA).
The first four types of the microstructure are easier to be
identified, and the RA was detected by TEM and quantified by
X-ray analyses. It is rather difficult to distinguish LB and LM
which were in several cases distinguished by using commercial
software; however, the results seem to be not accurate. The
characterization of lath bainite and lath martensite have been
done by conventional metallographic methods such as compo-
sitions comparison (Ref 6), different microstructural morphol-
ogy displayed by scanning electron microscope (SEM) (Ref 7)
and transmission electron microscope (TEM) (Ref 8), micro-
hardness (Ref 4), and electron back scattered diffraction
(EBSD) (Ref 9).
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In addition, in the microstructure of low-carbon high-
strength weld metal, a number of black facets appear between
the packets of lath bainite or lath martensite as shown by the
white arrows in Fig. 1. These black facets were claimed as
coalesced bainite (Ref 10) and tempered martensite (Ref 11).
Because these black facets occupy a large part of area, it is
necessary to identify their characters.

Among the alloying elements of low-carbon martensite/
bainite steels, an increase in Ni content was found to be the
effective way to improve both the strength and the fracture
toughness (Ref 12). Small columnar grains were associated
with a Nieq between 3.4 and 6.2% which would result in a
peritectic reaction when the weld melt solidified, while a Nieq
higher than 6.2% would generate very large columnar grains as
the liquid in the weld pool would directly solidify into austenite
and have a continuous growth afterward (Ref 13). In addition,
the existence of Ni can raise T0 (Ref 14), one temperature when
there exists identical carbon content for both ferrite and
austenite under the condition of quasi-equilibrium, which is
conducive to the formation of the sheet retained austenite and
carbonless lath bainite and reduction of large matensite–

austenite (M-A) blocks (Ref 15). In the multi-pass welded
joints, the main reason that makes weld toughness appear
volatility was attributed to the coarse columnar grains in the as-
deposited weld metal and to the coarse grains in the heat-
affected zone (HAZ) (Ref 16), while adding Ni can effectively
reduce this volatility. It has been widely recognized that Ni can
improve the toughness of the welded joint of high-strength
steel; however, its mechanism has not been studied clearly, and
especially the role that Ni playing on bainite formation needs
further study. Therefore, it will come to outstanding scientific
values and prospects to make sense how the different contents
of Ni in weld metal affect the microstructure and properties of
the weld. Some authors have reported an effect of the presence
of coarse grains on the ultimate tensile strength (UTS), but their
effect on the yield stress is reported to be more limited (Ref 14).

In this paper, at first the phase components which could
appear in the low-carbon high-strength weld metal are charac-
terized by incorporating following methods: chemical compo-
sition analyses, comparison of microstructural morphology
displayed by SEM and TEM, micro-hardness tests and analyses
of the relief revealed by the laser scanning confocal microscope
(LSCM). By means of these ways, the macro- and microstruc-
ture of real weld metal deposited by metal powder-flux-cored
wires with various Ni contents ranged from 0 to 6% stepped by
2%, were characterized and quantified. Finally, the effects of Ni
on the microstructure and property of low-carbon bainite high-
strength weld metal are summarized.

2. Experimental Procedure

The base metal employed in this study was 28 mm thickness
Q345 high-strength low-alloy (HSLA) steel plate [0.2C, 1.6Mn,
0.55Si, 0.025S, 0.025P, 0.03Nb, 0.15 V and 0.1Ti (wt.%)] with
the dimensions of 450 mm9 250 mm9 28 mm, which was
obtained by electrical discharge cutting machine (EDCM)
process. The mechanical properties are represented in Table 1.

Black Facets

20μm

Fig. 1 Microstructure showing the lath martensite with black plane
facets between the packets by SEM

Table 1 Properties of Q345

rb/MPa ry/MPa Akv/J d/%

470–650 259–324 ‡ 34 ‡ 22

rb is the tensile strength, ry is the yield strength, Akv is the Charpy V toughness, d is the elongation

Table 2 Compositions of weld-deposited metal (wt.%)

Sample C Mn Si S P Cr Ni Mo V Cu

Ni0 0.045 1.62 0.3 0.007 0.01 0.69 0.01 0.87 0.0028 0.012
Ni2 0.063 1.5 0.26 0.0089 0.014 0.68 1.96 0.89 0.0038 0.016
Ni4 0.052 1.37 0.19 0.0095 0.013 0.61 3.65 0.92 0.004 0.017
Ni6 0.029 1.74 0.36 0.0063 0.0097 0.70 6.38 0.78 0.001 0.0031

Table 3 Parameters of welding

Shielded gas Heat input E, KJ mm21 Deposition rate v, kg h21 Interpass temperature T,�C

95%Ar + 5% CO2 2.0 22–68 100
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Before welding, base metal plates were cleaned using acetone
in order to remove any source of contaminations like rust, dust,
oil, etc.

Four metal power flux-cored wires with the diameter of
1.6 mm (Wire grade is CHT120CK4, and its type is GB/
T17493E83C-K4) with Ni contents ranged 0, 2, 4, and 6% were
employed as filler metals. Four weld metals with designed Ni
contents were produced, the chemical compositions of which
are shown in Table 2.

To avoid the dilution of the weld metal by the base metal,
buttering welding was performed in 20-mm deep V-groove in
the Q345 steel plate before the deposition of the first-pass weld
bead. The welding regime is listed in Table 3. The multi-pass
bead was deposited using a gas metal arc welding process with

Fig. 2 Dimensions of round tensile specimens I: final pass as-deposited weld II: reheated weld metal in HAZ

28mm thick
12mm root
60°included angle

I: final pass as-deposited weld II: reheated weld metal in HAZ

Fig. 3 Schematic of welding pass sequence
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Fig. 4 Morphologies of various microstructures obtained by SEM (a) PF, (b) SPF, (c) AF, (d) GB, (e) DUB, (f) LB, (g) LB, (h) LM and (i) LM
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a heat input of approximately 2.0 kJÆmm�1. The interpass
temperature of 100 �C and the shielded gas of 95%Ar +
5%CO2 were selected.

After welding, metallographic specimens were cut from the
weld joints using an electrical discharge cutting machine. Then,
the specimens were grinded, polished, then etched using a
solution of 3% nitric acid in ethanol for observation. The
columnar crystals and detailed microstructural observations
were carried out using OM (OLYMPUS BX51-P), SEM (FEI

quanta 450), TEM (JEM-200CX), respectively. Tensile tests
were carried out by the tester SHIMADZUAG-10T at room
temperature (RT) �50, �80, �110, and �196 �C. Special
round specimens with a gage size of 8 mm in diameter and
50 mm in length, which just covered the size of weld metal, are
designed as shown in Fig. 2. Micro-hardness was measured by
micro-hardness tester (HVT-1000A) (0.05 kg). The relief
produced by laser confocal microscope was used to identify
the black plane appearing between lath packets.
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Fig. 5 Morphologies of various microstructures obtained by TEM—(a) AF and M-A, (b) M-A, (c) LB and RA, (d) LM and RA; The inclusion
in (a) provides a nucleation site for AF, and the surrounding ferrite grows as a snow shape indicated by yellow rectangle (Color figure online)
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Fig. 6 Indents of micro-hardness on various microstructures by SEM (a) GB, (b) DUB, (c) AF, (d) LB and (e) LM
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As the deposited weld metal specimens were obtained by
multi-pass welding, the microstructure in each pass differs
greatly. The latter passes reheated the former passes to some
extent, which made difference between the reheated and the as-
deposited weld (Ref 17). In this work the microstructure were
divided into two typical areas, i.e., the final pass as-deposited
weld (Zone I in Fig. 3) and reheated weld metal (Zone II in
Fig. 3) in HAZ in the multi-pass weld-deposited metal shown
in Fig. 3, respectively.

3. Results and Discussion

3.1 Classification Scheme Used to Identify Characteristics
of Microstructures in Multi-pass-Welded Metal

3.1.1 Microstructural Characterization by Morphol-
ogy. Microstructures were identified according to the classi-
fication scheme illustrated in Fig. 4 and 5, which were
developed from a review of SEM and TEM studies performed

on weld-deposited metal (Ref 18). In Fig. 4 and 5, represen-
tative micrographs illustrating the main features of the main
microstructural constituents found in low-carbon steel weld
metal are presented. As shown in Fig. 4 (a), PF precipitates in
the austenite boundary, along the direction of its stretching. In
contrast, as SPF nucleates in the austenite boundary, there
occurs internal growth of side plates shown in Fig. 4(b). In
Fig. 4(c), AF presents snowflake, and its nucleation site where
stands an inclusion always lies in the grain interior. Besides, its
snowflake-like ferrite plats radiating from an inclusion are
observed in TEM micrograph of Fig. 5(a). In Fig. 4(d), GB
consists of large quantities of M-A) constituents in the shape of
bulk and short strip scattering on the base of ferrite. Its TEM
micrograph can as well be seen in Fig. 5(b). The dark particles
of M-A with higher density are distinctly exhibited in
accordance with Li et al. (Ref 19). When M-A constituents
lying on the ferrite are distributed in parallel, they turn to
interval linearly arranged intermittent short strips as shown in
Fig. 4(e), it will be called DUB (degenerate upper bainite),
which is different from the traditional bainite. DUB reduces the

20μm
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Fig. 7 Surface topography produced by laser confocal experiment (LSCM)—white circles in (a), (c) and (d) illustrate bainite laths perpendicu-
lar to observation surface, white circle in (b) indicates broad surface of lath bainite parallel to observation surface, and white circle in (e) dis-
plays tent-shaped surface relieves
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existence of microcrack on condition that carbide has not
constantly precipitated along austenite grain boundaries or
between bainite laths, which makes its strength match tough-
ness best (Ref 20). As for LB shown in Fig. 4(f) and (g), it is
made up of lath bainite ferrite ranging side by side, and RA
distributing between the laths with the shape of thin slice,
which is very beneficial to improve the toughness of the
material. Meanwhile, Fig. 4(h) and (i) shows distinct mor-
phologies of LM. In addition, both LB and LM, whose TEM
micrographs are shown in Fig. 5(c) and (d), respectively. Both
LM and LB nucleate on the boundary of grain where they grow
toward in, besides, they also nucleate from the laths that have
already formed. By comparing Fig. 5(c) and (d), it is found that
the lath width of LM seems wider than that of LB and the
density of dislocation is higher. Besides the difference of lath

width between the LB and LM, the difference in SEM image
deems to be that the laths of martensite show continue straight
strips across the domain decorated by grain boundaries or the
boundaries defined by preceding LM as seen in Fig. 4(h) and
(i). The laths of LB show some intermittent sheaves, which are
not so straight as those of LM. And the growth of LB could be
stopped inside a grain. However, in general, the differences
between the lath morphologies between LB and LM are not so
distinct that to distinguish LB from LM definitely. The hardness
test is a strong tool to be a supplement.

3.1.2 Identifying the Microstructure by Hardness. Be-
cause some microstructures are similar in the view of
morphologies, especially the lath bainite and lath martensite,
some cases DUB as well, the change interval of micro-hardness
value related with microstructure can be used as a strong tool to
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Fig. 8 Features of macroweld metal obtained by OM (a) Ni0, (b) Ni2, (c) Ni4 and (d) Ni6 (b) I: final pass as-deposited weld II: reheated weld
metal in HAZ
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Fig. 9 Morphology of columnar grains in the weld metal samples by OM of (a) Ni0, (b) Ni2, (c) Ni4, (d) Ni6 and (e) average width of columnar grain
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identify the microstructural character. As shown in Fig. 6(a),
(b), (c), (d) and (e), the phases of GB, DUB, AF, LB, and LM
show various hardness values HV of 295 (standard deviation:
10), 320(12), 335(9), 345(11), and 376 (11), respectively, the
data of which were calculated with 45 indents per phase-field.
These hardness values are very useful to distinguish the LB
from the LM even though the data are not very accurate.

3.1.3 Relief Produced by Laser Confocal Microscope is
Used as a Supplemental Tool. The black plane appearing
between lath bainite and lath martensite, as shown in Fig. 1 and
4(f), (g), (h) and (i), has been referred as coalesced bainite,
evolved by the coalescence of finer bainite platelets, each of

which is separately nucleated but in the same crystallographic
orientation during prolonged growth (Ref 21). This could
therefore be regarded as lower bainite (Ref 10). In (Ref 11),
these black facets were claimed as tempered martensite. By
using the laser confocal microscope, the specimens that was
polished without etching were heated to peak temperature of
1350 �C and then cooled at a cooling rate of 8 �C/s, and the
relieves were produced and exhibited in Fig. 7. In Fig. 7(a) a
relief produced by a lath martensite packet is noted by a white
circle. It is revealed that the martensite laths growing perpen-
dicularly or declining with a large angle with the polished
surface show a bundle of parallel white strips, while the side

(a)

50μm

(b)

50μm

(c)

20μm

(d)

50μm

Fig. 11 Prior austenite grains in the specimens with Ni mass fraction of (a) 0%, (b) 2%, (c) 4%, and (d) 6% depicted by picric acid etch-
ing—white lines represent prior austenite grain boundary; macroaxis and brachyaxis arrows are drawn for calculating average grain size
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Fig. 10 Morphology of columnar structure obtained by SEM
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face of the martensite lath exhibits a black plate. Figure 7(b)
and (c) displays two relieves of martensite packets (noted by
white circles). It is apparent that the sheaves (laths) in the
packets grow in the direction parallel or declined with a small
angle with the polished surface. The observed black plates are
the side surface of one sheaf (lath). In Fig. 7(d), a lot of relieves
display the martensite packets growing in parallel directions
(noted by a white circle). From these observations, it is
convinced that if the polished surfaces were etched, the side
surfaces of the laths of martensite shown in Fig. 7(a), (b), (c)
and (d) should appear as black plane facets. That is, the black

facets observed in Fig. 1 and 4(f), (g), (h) and (i) are the side
surfaces of sheaves (laths) which grows parallel or with a small
angle inclined with the specimen�s surface. When the marten-
site laths grow perpendicular or with a large angle inclined to
the specimen�s surface, after etching they will present as the
feature of lath packet, while when the martensite laths grow
parallel or with a small angle inclined, they will present as
black plane facets after etching. Then in conclusion the black
plane facets appearing between martensite lath packets are the
side surfaces of the martensite lath. In addition the values of
micro-hardness higher than HV360 further prove that the black
plane facets shown in Fig. 6(e) should be martensite. Moreover,
tent-shaped surface relieves of lath martensite shown in
Fig. 7(e) by a white circle, the mechanism of martensite phase
transformation can be explained as the transition of lattice
reorganization due to a collaborative, directional, and orderly
displacement of the whole atoms� group (Ref 22).

3.2 Characterization of Weld Metal

Macroscopic weld metal features are shown in Fig. 8. In
Fig. 8, as mentioned above, the weld metal was composed of
two parts, one is as-deposited weld metal (top-pass weld metal)
which was directly solidified from liquid metal and had not
been heat-affected by other passes. The other is multi-pass weld
metal which had been heat-affected by the next pass welding
processes. As-deposited weld metal has significant effect on the
mechanical properties of the welded joint, especially, coarse
columnar grains in the as-deposited weld metal will reduce
strength and toughness obviously (Ref 23). As seen in Fig. 8,
there are a few differences of macrostructures of the multi-pass
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Fig. 12 Distributions of prior austenite grains in the specimens with
Ni mass fraction of (a) 0%, (b) 2%, (c) 4%, and (d) 6%, respectively
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Fig. 13 Microstructure of as-deposited weld metal in the final pass of weld by SEM (a) Ni0, (b) Ni2, (c) Ni4 and (d) Ni6
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weld metals with four different contents of Ni, for instance, the
distinctly various weld passes and layers.

3.2.1 Columnar Grains of Weld Metal. In order to
reveal the effects of Ni content on the morphology of columnar
grains, the morphology of columnar grains in the weld metal
with different Ni contents and their average width are observed
and presented in Fig. 9. In addition, with the software Image-
Pro Plus used, the data were acquired by counting the average
width of five optical microscope (OM) pictures in the last weld
of various Ni content specimens. Because the growth direction
of columnar grain keeps identical with that of maximum
temperature gradient in the solidification, the columnar grains
exhibit a curved pattern following the change of the temper-
ature gradient. In Fig. 9(e), the average width of columnar
grains reaches more than 200 lm in Ni0 specimen, yet it shows
a decreasing trend with the increase in Ni content.

When the weight content of Ni increases to 6%, its
macrostructures show a columnar structure, as shown in
Fig. 10(a), a great number of martensite packets with acicular
ferrite strips distribute inside of the column grain (Fig. 10b).
The interfaces of strips and martensite packets are not straight
lines but curves in different diameters, and there exist wide
mutual variations between thickness and length of each strip,
which can be seen in Fig. 10(b). On the boundaries of columns
(pointed by dashed lines in Fig. 10a), dense parallel martensite
laths are observed (pointed by white arrows in Fig. 10b).Within
the micrographs the weld metal dendrites that formed during
weld metal solidification are clearly seen.

3.2.2 Prior Grains of Weld Metal. Li et al. (Ref 24)
indicated that prior austenite grain size had important effects on
final microstructure and properties. For depicting the prior
austenite grains, the specimens were etched by 3% nital. The

specific prior austenite grains marked by white lines in
specimens with Ni fraction of 0, 2, 4, and 6% (wt.) are shown
in Fig. 11. The sizes of the prior austenite grains are measured
as the average value of the two lengths measured by the two
arrows perpendicular to each other in Fig. 11. Nearly 40
micrographs with 400 grains were chosen to measure the prior
austenite grain size of each specimen, and Fig. 12 represents
the corresponding proportion distributions of prior austenite
grain sizes in weld metal, and the coarsest austenite grain sizes
in specimens with Ni fraction of 0, 2, 4, and 6% (wt.) are 186,
170, 72, and 136 lm, respectively.

3.2.3 Microstructural Characterization of Weld Metal.
In this section on the base of section 3.1, detailed microstruc-
tural analyses are carried out on the cross sections of
metallographic specimens.
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Fig. 14 Microstructure of internal HAZ in the weld-deposited metal by SEM (a) Ni0, (b) Ni2, (c) Ni4 and (d) Ni6
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With the cooling process, solid phase transformation
proceeds. Figure 13 displays the microstructures of the as-
deposited weld metal with various Ni contents. The microstruc-
tures of the heat-affected zone reheated by next passes are
shown in Fig. 14.

From Fig. 13 and 14, the following results are summarized:
In the sample of Ni0, the microstructures of weld metals in both
as-deposited and reheated zones consists of majority of GB,

where numerous M-A particles distributed on the base of
ferrite. Certain PF exists. When the content of Ni increases to
2%, GB is still dominant, some DUB and LB generates in the
reheated zone of inner weld. And due to the low carbon
content, the carbide precipitation is restrained during bainite
transformation. In consequence, a typical ULCB with the
retained austenite slices (instead of the carbide) distributed
between bainite laths generates in Fig. 5(c). The microstructure
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taken from (d), (g) microstructure of flaw area and (h) EDS results taken from (g), respectively
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of sample Ni4 after continuous cooling transformation consists
of dense LB and LM with minor AF shown in Fig. 13(c) and
14(c), and considerable tiny inclusions are distributed in the
deposited weld metal, some of which exist in inner laths and
others can be found inter laths. AF extends to grow from this
kind of inclusions.

The Ni6 specimen mainly contains LM with some LB and
minority of AF. Two kinds of morphologies of LM can be
observed: One appears as a morphology of black plane facets
(pointed by the white arrow in Fig. 13d and Fig. 14d). As
analyzed in section 3.1 and in Tan and Ma (Ref 25), the black
plane (facets) appears once the polished surface is parallel or
declined with a small angle with the side surface of the
martensite lath. The other morphology appearing in Fig. 14(d)
appears in parallel interval white laths when the polished area
of specimen becomes nearly perpendicular to the martensite
laths. When the habit plane is vertical with the polished facet,
monochrome bundles of lath martensite microstructure appear
with the same color, which are mainly caused by three aspects:
(i) the basically same atoms distribution on both sides of twins
surface, and (ii) the identical amount and width of the cross-
sectional interface of lath grains causing the similar degree of
corrosion in each block side (Ref 26).

Based on the microstructural characterization, the fractions
of different microstructures phases in the weld metal with
different content of Ni in the wire were measured by means of
the software Image-Pro Plus, and more specifically, five SEM
pictures of each content of Ni were chosen to count via
quantitative metallography, as shown in Fig. 15, which showed
that GB content decreases, LM content increases with the
increasing of the Ni content.

3.3 Tensile Property Analysis

Figure 16 plots the variation of the yield strength (YS),
UTS, and reduction of fracture area against the temperature for
weld metal specimens. Each data was obtained according to
three samples. For instance, as the Ni content was 4%, when it
came to �196 �C, there were three identical specimens used for
that experiment. From Fig. 16(a) and (b), the yield strength and
UTS decrease with the decreasing Ni mass fraction and the
increasing test temperature. It is notably interesting to find that
variation curve of Ni6 sample disappeared in Fig. 16(a).
Combined Fig. 17(d) with Fig. 18(d), (e) and (f), the flaw area
presenting ‘‘scrape style’’ on the fracture surface was analyzed
by EDS, the result of which revealed alloy elements (i.e., Ni,
Mn, and Cr et al.) segregation occurred there. Meanwhile,
microstructure characteristic of flaw area depicts the weld metal
dendrites boundary (Fig. 18g) where identical elements segre-
gation phenomenon also emerged (Fig. 18h), and the men-
tioned results keep in accordance with what Fig. 10 depicts.
From another perspective, brittle fracture took place and the
strength could not reach yield limit due to the existence of flaw
in Ni6 specimen. The lath-like or plate-like acicular ferrite
grains can divide large austenite grain into smaller separate
regions (Ref 27). The bainite transformed at lower temperatures
is thus confined in the smaller regions, resulting in the
formation of fine-grained mixed microstructures (Ref 28).
The mean and standard deviation equivalent diameters of grains
in Ni4 specimen were smaller than those in any other specimen
(Fig. 11), which means that the grain in Ni4 specimen was
smallest. Fine-grain strengthening can be calculated under
empirical equation (Ref 29), which is given by,
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r ¼ k � d�1=2
g ðEq 1Þ

where r is the strength improved by grain refinement, dg is
the effective diameter of grain, and k is parameter [usually
seen as 17.4 N mm�3/2 in high-strength low-alloy steels (Ref
30)]. The difference of strength by grain refinement among

four specimens is in agreement with the result of measured
strength shown in Fig. 16(a) and (b). The reduction of frac-
ture region increases with the decreasing Ni content and the
increasing test temperature in Fig. 16(c).

Four representative fracture surface morphologies of various
specimens at different test temperatures are shown in Fig. 17.
Region A, B, and C were respectively defined as fiber region,
extension region, and shear lip, while Fig. 17(d) depicts real
flaw region in Ni6 specimen. Therefore, it is unnecessary to
study the tensile property of Ni6 specimen by means of three
regions mentioned above. Magnification of three regions is
shown in Fig. 18(a), (b) and (c), respectively. The fracture
mode of fiber region and shear lip is ductile rupture with dimple
pattern for all specimens at any test temperature. The width and
depth of the dimples seem to decrease in shear lip compared
with that of fiber region; however, no significant variation can
be distinguished. Extension region shows obvious radiation
(shear) pattern, a typical shear ridge and a signal of shear
tearing with low energy (Ref 31). As shown in Fig. 19(a) and
(c), Squares of fiber region and shear lip increase, respectively,
with the increasing Ni content and test temperature, which
extends constriction time. Meanwhile, the reduction of fracture
area was enlarged except Ni6 specimen (corresponding value
lower than any other specimen) in Fig. 16(c). On the contrary,
the square of extension region decreases (Fig. 19c), especially
extension region even disappeared at RT (20 �C).
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3.4 Micro-hardness Analysis

Further identification of microstructure in multipass weld
metal was also carried out by micro-hardness tests. To make
sense of the relationship between micro-hardness and
microstructure, the hardness tests have been made on the
metallographic section surface of nearly 1824 points for each
specimen on which 0.49 kN was loaded lasting for 15 s. On
each surface, 32 lines with 57 points separated at the distance of
0.5 mm for each line were set. Finally, four cloud images
indicating the distribution of micro-hardness are made for each
specimen as shown in Fig. 20.

As can be clearly observed in Fig. 20, the micro-hardness
presents the trend of being enlarged with the increasing content
of Ni ranged from 0 to 6% by a step of 2%. Besides, average
hardness values of the upper weld in the Fig. 20 indicate that
the hardness of upper weld is higher than that of the lower
weld.

The most important is that by comparison with Fig. 20 and
the hardness values revealed in Fig. 6, the microstructures
evolved in specimens are further identified: such as AF plus GB
in Ni0, GB plus LB in Ni2, LB plus minor LM in Ni4, and
major LM in Ni6.

As shown in Fig. 21, the average micro-hardness value
reaches HV247.7 when there is bare content of Ni, whose
microstructure consists of GB plus PF and AF. As the fraction
of Ni increases to 2%, it adds up by HV46.4 for the formation
of small amount of DUB and limited LB. Further still, it will
arrive at the value of HV (0.05 kg) 339.2 with the amount of
4% Ni as a result of majority of LB transferred from DUB and
generation of LM. With the microstructure transformed with
large amount of LM, the hardness finally increases to
HV362.5.

All the mentioned results verify the reasonability of Fig. 15
which is estimated from the phase measurements. Inversely, it
is possible by incorporating the hardness values measured in
Fig. 6 to estimate the distribution of the microstructure from the
measured hardness cloud images.

4. Summary

After detailed observations and identifications of various
microstructural phases produced in multi-pass weld metal with
increasing the content of Ni by metal powder-flux-cored wire,
the following results are summarized:

1. Microstructural phases have been characterized. LB is
distinguished from LM by following items: chemical
composition estimation, morphology difference observed
by SEM and morphology difference observed by TEM,
especially by different values of hardness measured by
micro-hardness tests. The black plates (facets) appearing
between LM (LB) packets are identified as the side faces
of LM (LB) laths by LSCM and hardness value of above
HV360. The black plates appear when martensite laths
grow parallel or declined with a small angle with the pol-
ished surface. When the LM laths grow perpendicularly
or with a large angle with the polished surface the mor-
phology of typical bundle lath packet will be presented.

2. YS and UTS decrease while the reduction of fracture
area increases with the decreasing Ni mass fraction.

Abnormal conclusions drawn in Ni6 specimen can be
attributed to elements segregation caused by weld de-
fect. The effects of increasing the Ni content up to 6%
are revealed as: a trend of reduction of average width
of columnar grains; prior austenite grain size decreasing
while increasing with higher Ni content above 4%;
microstructure evolution from GB plus PF and AF to
GB plus DUB to LB then LM; microstructural morphol-
ogy change from granular to lath mode; transformation
mechanism changes from element diffusion control to
mass-directional displacement control; increase of hard-
ness.
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