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Abstract: With the rapid development of low-carbon high strength steel, higher requirements are put
forward for the matching welding consumables. The deposited metals with 0.62–2.32% Cu addition
was prepared by tungsten inert gas welding via metal cored wire. The effect of Cu element on
microstructure and mechanical properties of deposited metals were investigated. The multiphase
microstructure of deposited metals consists of bainite, martensite, residual austenite, and martensite-
austenite constituents. It is found that Cu decreases the start temperature of martensite (Ms) and
enlarges the temperature range of bainite from 372 K to 416 K, improving the formation of bainite.
With the increase of Cu content, the fraction of martensite decreases and the shape of M-A constituents
changes from strip into granular. There are BCC and FCC Cu precipitates in deposited metals. The
diameter of Cu precipitates is 14–28 nm, and the volume fraction of it increases with the increase
of Cu content. Meanwhile, the deposited metals with 1.79% Cu can achieve a 10% enhancement in
strength (yield strength, 873–961 MPa, ultimate tensile strength, 1173–1286 MPa) at little expense of
impact toughness (64.56–56.39 J at −20 ◦C). Cu precipitation can effectively improve the strength
of the deposited metals, but it degrades toughness because of lower crack initiation energy. The
deposited metal with 1.79% Cu addition shows an excellent strength-toughness balance.

Keywords: bainite; Cu precipitate; deposited metal; toughness; yield strength

1. Introduction

For the widely use of low-carbon high strength steels in engineering applications, the
matching welding consumables are critically needed. The novel welding consumables are
required with high strength, satisfactory toughness, good fabricability, and reduced the
carbon dioxide emission. Increasing the use of high strength steel by 35% could easily
reduce carbon emissions by at least 70% [1]. In recent years, the metal cored wire has
been paid more attention and rapid development, which have many advantages [2,3], such
as high welding efficiency and good weldability. Furtherly, the chemical composition of
wires can be easily adjusted on the basis of engineering requirements. Although carbon
is an economical and practical strengthener, the addition of much carbon will reduce the
weldability of metal cored wire [4]. Thus, the metal cored wire should contain low level
(<0.1 wt%) carbon [5–7]. Moreover, this metal cored wires are relatively cheaper than the
traditional solid wire. All these attractive properties allow the metal cored wire have broad
application prospects.

The mechanical properties of materials strongly depend on the microstructural fea-
tures. To acquire the deposited metals with good strength and satisfactory toughness, the
suitable microstructure is multiphase consisted of bainite, martensite and residual austenite
(RA) [8–11]. Among them, the bainite and RA was designed to improve the toughness,
and martensite was used to maintain high strength of deposited metals. Compared with

Metals 2022, 12, 1360. https://doi.org/10.3390/met12081360 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12081360
https://doi.org/10.3390/met12081360
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-5851-9679
https://doi.org/10.3390/met12081360
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12081360?type=check_update&version=2


Metals 2022, 12, 1360 2 of 17

martensite, bainite and RA are soft phase, which can coordinate stress during deforma-
tion and effectively improve toughness. The RA also can improve toughness of materials
through transformation-induced plasticity (TRIP) effect [12]. Martensite usually exists as
massive martensite and martensite-austenite(M-A) constituents due to incompletion of
bainite transformation, which is considered to be detrimental to toughness [13].

In order to develop high strength welding consumables, researchers started to borrow
the idea from the nano-structured steels with nanoscale Cu precipitation [14–17]. The
precipitation of Cu-rich nanoscale precipitates is very attractive, which can obtain a greatly
high strengthening response via precipitating on nanoscale. For example, the high strength
low alloy (HSLA-100) steels can easily achieve the high yield strength (~700 MPa) [18].
Mattes et.al [19] reported that the yield strength of specimen increases by ~248 MPa with
increase of 1 wt% Cu via precipitation hardening. And the Cu-precipitates also can reduce
the mobility of dislocations [20]. The low-carbon nanostructured steel can successfully
gain 1460 MPa of the Cu and NiAl coprecipitation with approving ductility by Jiao [5].
There are some studies on Cu precipitation of welding metals. The Cu element could
reduce the start temperature of martensite (Ms), enlarging the transformation interval of
bainite. It was found the Cu precipitates can effectively improve strength without harm
to toughness [21]. Wang [22] showed that nanoscale Cu precipitates in reheated areas of
deposited metal, where the peak temperature is in 500–600 ◦C, satisfying the kinetics of Cu
precipitation. Furtherly, weldability is also important issue during practical engineering
application of welding consumables. The steel strengthened by Cu-rich precipitation have
been proved to be welded easily. Chen [6] found that the nanostructured steels with
the Cu/Mn additions show well weldability with good strength-ductility balance. The
toughness of deposited metals with Cu-added show interesting behaviors. Dislocation
would loop around the nondeformable precipitates, which is beneficial for toughness [23].
Wang [24] indicated that toughness of deposited metals degrades due to the transformation
of Cu precipitates from body centred cube (BCC) structure into face centred cube (FCC).
There are different points of effect of the Cu precipitates on the toughness of deposited
metal. Further, the studies are mainly on the weldability of steels with Cu addition through
thermal simulation experiment prepared by Gleeble instrument, but the actual welding
process is a complex process that involves the type of welding materials, multiple thermal
cycle and heat accumulation, these factors have significant effect on the form and quantity
of Cu precipitation. Thus, the deposited metals with Cu addition are necessary to study,
and the welding consumables with suitable Cu addition is an efficient solution for an
advanced strength-toughness balance.

In this paper, the microstructure-mechanical properties relationships of deposited
metals prepared by the metal cored wire via tungsten inert gas (TIG) welding are com-
prehensively studied. The influence of Cu addition on microstructure and mechanical
properties was comprehensively explained through thermodynamic calculations and pre-
cipitation characteristic. Furtherly, the effect of Cu addition on strength and toughness is
discussed, and the optimal amount of Cu addition will be determined to achieve strength-
toughness balance of deposited metal. This research provides necessary theoretical basis
for practical engineering application.

2. Materials and Methods
2.1. Materials

The metal-cored wire was designed by authors. The diameter of the wire is 1.2 mm
and filling rate is about 15%. They are not seamless wires. The dimension of the steel sheath
(99.6%) outside is 12 mm× 0.5 mm. The flux inside is metal particles. The formation process
of wires included four steps: U-groove pressing formation, flux filling, rolling sealing and
diameter reduction [25]. The multi-pass deposited metals were prepared by tungsten inert
gas (TIG) welding process with 100% Ar shielding gas. The welding current and welding
voltage were 190 A and 15–17 V, respectively. The travel speed kept in 280–300 mm/min.
The inter-pass temperature was ~150 ◦C. The width and height of welding bead are ~7 mm
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and 6.25 mm. The height of each layer of deposited metals is ~1.88 mm. The total height of
deposited metal is about 15 mm, ensuring that all samples are machined from deposited
metal. The length of deposited metals is 300 mm (Figure 1). The chemical compositions
of deposited metal measured by Optical Emission Spectrometer DF-100 are introduced in
Table 1. The deposited metals are named as Cu 0.62, Cu 1.38, Cu 1.79 and Cu 2.32.
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Table 1. Chemical composition of deposited metals (wt%).

Sample C Mn Si Cr + Mo + Ni Cu S P O/ppm

Cu 0.62 0.081 1.76 0.63 4.45 0.62 0.01 0.016 117
Cu 1.38 0.089 1.75 0.64 4.60 1.38 0.011 0.016 116
Cu 1.79 0.099 1.69 0.6 4.23 1.79 0.012 0.023 118
Cu 2.32 0.081 1.78 0.66 4.43 2.32 0.0098 0.015 120

2.2. Microstructure Observation

Scanning electron microscopy (SEM, JSM-7800F, JEOL, Shojima city, Tokyo, Japan),
transmission electron microscopy (TEM, JEM-2100, JEOL, Shojima city, Tokyo, Japa), elec-
tron back-scattered diffraction (EBSD, EDAX-TSL, JEOL, Shojima city, Tokyo, Japa) and
X-ray diffraction (XRD, D8 Advanced, Bruker, Bremen, Germany) were used to observe
the microstructure of deposited metal. The specimens were polished through the standard
mechanical grinding. Then chemical etching with 4 vol% nitric acid alcohol for 5 s was
used to reveal microstructure for SEM observation. For TEM observation, disc specimens
with ø3.0 mm were polished to 50 µm in thickness, then prepared by twinjet polishing
with 5 vol% perchloric acid alcohol solution. The high resolution transmission electron
microscopy (HRTEM) was used to examine crystal structure, morphology and diameter of
nanoscale precipitates. The specimens for EBSD were electropolished 20 s with voltage of
30 V in 5 vol% perchloric acid alcohol solution. The deposited metals were also conducted
by XRD with Cu-Kα (λ = 1.5406 A◦) at a scanning rate of 0.02◦/min. The volume fraction of
residual austenite (RA) was calculated by Rietveld refinement method, which is integrated
intensities of austenite peaks and ferrite peaks [26]. Then the fullwidth at half-maximum
values (FWHM) with a modified Williamson–Hall (MWH) method were used to calculate
the dislocation density of deposited metals [27].

As a supplement for the experimental results, thermodynamic calculations on phase
transformation were performed with JMatPro software (7.0, Sente Software, Surrey, UK)
based on general steel data base.

2.3. Mechanical Properties Testing

The tensile specimens were processed longitudinally from deposited metals. Ten-
sile testing (thickness 3.0 mm × width 6.0 mm, gauge length of 25 mm) was tested on
the electronic material testing machine (MTS Exceed E45, MTS Systems Co., Ltd, Eden
Prairie, MN, USA). The deformation speed is about 0.5 mm/min. Three sets of samples
were tested at room temperature to ensure the results. The Charpy-V impact specimens
(10.0 mm × 10.0 mm × 55 mm) notched perpendicular to welding direction were tested by
the JB-300B impact tester (JB-300B, SANS, Shenzhen, China) with the velocity of 5.2 m/s,
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according to ASTM E23. The testing temperature is −20 ◦C. The oscilloscope recorded the
initiation energy, propagation energy and total absorbing energy of impact test. Before
testing, the specimens were soaked in a tank at −20 ◦C for 20 min to guarantee a uniform
temperature of the entire specimens. Anhydrous alcohol was used as the refrigerating
medium. The time from taking out the specimen from the tank to completion of test was
within 5 s.

3. Results
3.1. Microstructure Characterization

There is multiphase microstructure of deposited metals, consisting of bainite, marten-
site, martensite-austenite (M-A) constituents, and residual austenite (RA) (Figures 2 and 3).
The white lumps and granules dispersed in matrix are believed as massive martensite and
M-A constituents. The microstructure of Cu 0.62 are bainite and massive martensite (Fig-
ure 2a). The shape of martensite changes from massive to banded of Cu 1.38 and Cu 1.79.
The area fractions of martensite calculated via Image Pro software are reduced to 29.7% and
28.1%, which is about 32.2% of Cu 0.62. The martensite and M-A constituents are in shape of
short rod of Cu 2.32. The area fraction of martensite and M-A constituents is total 27.2%. The
volume fraction of residual austenite (RA) of deposited metals calculated by XRD are 4.01%
(Cu 0.62), 6.18% (Cu 1.38), 11.12% (Cu 1.79), and 6.45% (Cu 2.32), respectively (Figure 3).
The dislocation density of deposited metals is 2.18 × 1014 m−2 (Cu 0.62), 2.48 × 1014 m−2

(Cu 1.38), 2.24 × 1014 m−2 (Cu 1.79) and 5.10 × 1013 m−2 (Cu 2.32), respectively.
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From the crystallographic morphology observed by EBSD, the microstructure of
deposited metals is lath structure (Figure 4a–d). The characteristics of the laths is anisotropic.
The grain boundaries with 2–5◦, 5–15◦and 15–180◦ are represented as red, green and blue
lines, respectively (Figure 4e–h). The high angle grain boundaries (>15◦) are the boundaries
of laths, and the small angle grain boundaries are within laths. The area fractions of high
angle grain boundaries are 17.38% (Cu 0.62), 18.24% (Cu 1.38), 23.54% (Cu 1.79), and 19.60%
(Cu 2.32), respectively (Figure 4i).
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degree (i) of deposited metals. (a,e) Cu 0.62, (b,f) Cu 1.38, (c,g) Cu 1.79, (d,h) Cu 2.32.
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The microstructure of deposited metals is also observed by TEM (Figure 5). The lath
structure with the width >500 nm of Cu 0.62 is inhomogeneous. When Cu content increases,
the characteristics of lath become clear and the width decrease from 500 nm to ~170 nm. Cu
addition induces the formation of submicrometer-sized lath structure. The average width
of lath structure in Cu 1.79 is ~170 nm, which is the minimum (Figure 5c). The RA (~100 to
~200 nm) exists as film between laths (Figure 6). The orientation relationship between RA
and α-Fe matrix computed by selected area electron diffraction (SAED) is consistent with
the Kurdjumov-Sachs (K-S) orientation [28]: [110] γ//[100] α and (111) γ//(011) α. With
the increase of 0.62–1.79% Cu addition, the area fraction of RA increases and its distribution
becomes dense. As for Cu 2.32, the area fraction of RA decreases.

Metals 2022, 12, x FOR PEER REVIEW  6  of  17 
 

 

Figure 4. EBSD IPF maps (a–d), misorientation angle maps (e–h), and area fraction of misorientation 

degree (i) of deposited metals. (a,e) Cu 0.62, (b,f) Cu 1.38, (c,g) Cu 1.79, (d,h) Cu 2.32. 

The microstructure of deposited metals is also observed by TEM (Figure 5). The lath 

structure with  the width >500 nm of Cu 0.62  is  inhomogeneous. When Cu content  in‐

creases, the characteristics of lath become clear and the width decrease from 500 nm to 

~170 nm. Cu addition induces the formation of submicrometer‐sized lath structure. The 

average width of lath structure in Cu 1.79 is ~170 nm, which is the minimum (Figure 5c). 

The RA (~100 to ~200 nm) exists as film between laths (Figure 6). The orientation relation‐

ship between RA and α‐Fe matrix computed by selected area electron diffraction (SAED) 

is consistent with the Kurdjumov‐Sachs (K‐S) orientation [28]: [110] γ//[100] α and (1ത11) 
γ//(011) α. With the increase of 0.62–1.79% Cu addition, the area fraction of RA increases 

and its distribution becomes dense. As for Cu 2.32, the area fraction of RA decreases. 

 

Figure 5. TEM bright‐field of deposited metals. (a) Cu 0.62, (b) Cu 1.38, (c) Cu 1.79, (d) Cu 2.32. The 

α‐Fe of deposited metals is lath structure, the black film area is RA. 
Figure 5. TEM bright-field of deposited metals. (a) Cu 0.62, (b) Cu 1.38, (c) Cu 1.79, (d) Cu 2.32. The
α-Fe of deposited metals is lath structure, the black film area is RA.

There are also Cu precipitates of deposited metals (Figure 7). The energy disperse
spectroscopy (EDS) were performed on these ellipse precipitates and α-Fe marix. The
components of α-Fe marix are C, Cr, Mn, Fe, and Ni. There is no Cu element detected in the
matrix. According to chemical composition of deposited metals, the Cu precipitation will
occur. Due to the nanoscale size of black precipitates, the chemical composition of particles
will be deviated during EDS analysis. It can be seen from the results that the content of Cu
increases significantly near precipitates, which were 6.54 wt% (Cu 0.62), 3.54 wt% (Cu 1.38),
5.05 wt% (Cu 1.79) and 11.94 wt% (Cu 2.32), respectively. So, the ellipse precipitates were
identified as Cu precipitation. The volume fraction and diameter of Cu precipitates in
deposited metals are listed in Table 2. The diameter of Cu precipitates in Cu 0.62 is only
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14.21 nm. The diameter of Cu precipitates in Cu 1.38, Cu 1.79, and Cu 2.32 is ~28 nm,
which is twice as large as that in Cu 0.62. The volume fraction of Cu precipitates increases
obviously with increase of Cu addition.
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Figure 7. TEM morphologies and components by EDS of Cu precipitates. (a) Cu 0.62, (b) Cu 1.38,
(c) Cu 1.79, (d) Cu 2.32. The black ellipse precipitates are Cu precipitation.

Table 2. Diameter and volume fraction of Cu precipitates.

Sample Diameter (nm) Volume Fraction (%)

Cu 0.62 14.21 ± 0.21 0.048 ± 0.0082
Cu 1.38 28.00 ± 0.35 0.068 ± 0.011
Cu 1.79 28.88 ± 0.31 0.35 ± 0.051
Cu 2.32 28.44 ± 0.17 0.74 ± 0.12

3.2. Mechanical Properties

The engineering stress-strain curves of deposited metals are presented in Figure 8a.
The average ultimate tensile strengths (UTS) of deposited metals are 1172 ± 12 MPa
(Cu 0.62), 1199 ± 27 MPa (Cu 1.38), 1286 ± 24 MPa (Cu 1.79), and 1241 ± 3 MPa (Cu 2.32),
respectively. And the average yield strengths (YS) are 873± 21 MPa (Cu 0.62), 899 ± 12 MPa
(Cu 1.38), 961 ± 24 MPa (Cu 1.79), and 871 ± 15 MPa (Cu 2.32), respectively. The elonga-
tion of deposited metals decreases significantly from 15% to 9% with increase of Cu content.
The tensile reduction area can reach over 40% of Cu 0.62, Cu 1.38 and Cu 1.79, indicating an
excellent ductility. While the tensile reduction area decreased sharply to 14.1% of Cu 2.32.
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The Charpy V-Notch impact load curves and impact energy curves of deposited metals
showed that the total impact energy (Et) was 64.56 ± 3.11 J, 52.56 ± 2.08 J, 56.39 ± 1.75 J,
42.66 ± 1.48 J, respectively (Figure 8b). The crack initiation energy (Ei) was obtained
by integrating the force-displacement curves between the displacement range from 0 to
maximum force value, the remaining area is the crack propagation energy (Ep), as shown
in Table 3. The crack initiation energy of deposited metals declines from 25.84 J (Cu 0.62) to
12.15 J (Cu 2.32). The Cu addition affects the crack initiation energy, and it have almost no
effect on the crack propagation energy. The toughness of deposited metals with 0.62–1.79%
Cu slightly decreases, and that of Cu 2.32 is the lowest.

Table 3. Crack initiation energy (Ei) and crack propagation energy (Ep) of deposited metals.

Sample Cu 0.62 Cu 1.38 Cu 1.79 Cu 2.32

Ei (J) 25.84 22.23 24.57 12.15
Ep (J) 38.72 30.03 31.82 30.51
Et (J) 64.56 52.56 56.39 42.66

The feature of impact fracture is mainly dimple, indicating ductile fracture of Cu
0.62, Cu 1.38, and Cu 1.79 (Figure 9a–c). The fracture characteristics of Cu 2.32 shows in
quasi-cleavage fracture, exhibiting fine dimples together with cleavage (Figure 9d). The
fracture feature of deposited metals is closely related to the amount, size and species of Cu
precipitates, because precipitates act as nucleating site of crack during fracture.
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4. Discussion
4.1. Effects of Cu on Microstructure and Precipitates Characterization

The effect of Cu element on the phase transformation temperature of deposited metal
was simulated by JMatPro software (Figure 10). The start temperature of bainite (Bs) of
deposited metals are 424 ◦C (Cu 0.62), 432 ◦C (Cu 1.38), 433 ◦C (Cu 1.79), and 446 ◦C (Cu
2.32) at a cooling rate of 25 ◦C/s. The difference values (∆) of Bs and Ms point increases from
372 K to 416 K with increase of Cu addition. This indicates that Cu addition encourages
the transformation amount of bainite during welding. Due to quick cooling rate in the
welding process, bainite transformation is not complete. The subsequent cooling below
Ms point will stimulate the formation of RA, martensite, and M-A constituents. Thus,
the microstructure of deposited metal is modified from bainite and massive martensite to
bainite and M-A constituent as the addition of Cu increase from 0.62% to 2.32%.

Metals 2022, 12, x FOR PEER REVIEW  10  of  17 
 

 

4. Discussion 

4.1. Effects of Cu on Microstructure and Precipitates Characterization 

The effect of Cu element on the phase transformation temperature of deposited metal 

was simulated by JMatPro software (Figure 10). The start temperature of bainite (Bs) of 

deposited metals are 424 °C (Cu 0.62), 432 °C (Cu 1.38), 433 °C (Cu 1.79), and 446 °C (Cu 

2.32) at a cooling rate of 25 °C/s. The difference values (Δ) of Bs and Ms point increases 

from 372 K to 416 K with increase of Cu addition. This indicates that Cu addition encour‐

ages the transformation amount of bainite during welding. Due to quick cooling rate in 

the welding process, bainite transformation is not complete. The subsequent cooling be‐

low Ms point will stimulate the formation of RA, martensite, and M‐A constituents. Thus, 

the microstructure of deposited metal is modified from bainite and massive martensite to 

bainite and M‐A constituent as the addition of Cu increase from 0.62% to 2.32%. 

 

 

Figure 10. Continuous cooling transformation curves of deposited metals. The difference values (Δ) 

of Bs and Ms point increases with increase of Cu addition. 

Due  to  the effect of Cu on phase  transformation, we  counted  the area  fraction of 

equivalent diameter of martensite and M‐A constituents in deposited metals (Figure 11). 

As for Cu 0.62, martensite is mainly distributed in slat and block with large size. The di‐

ameter of martensite decreases obviously and becomes elongated of Cu 1.38. And massive 

martensite still exists. Martensite is further refined and smaller granular M‐A constituents 

appear of Cu 1.79. The martensite mainly exists as M‐A constituents with effective diam‐

eter less than 1.5μm of Cu 2.32. Moreover, the area fraction of martensite and M‐A con‐

stituents of deposited metals decreases with increase of Cu addition (Figure 2). The M‐A 

constituents in bainite mainly exists as strip and granular [29]. During the welding cooling 

process, the amount of bainite transformation increases with increase of Cu content. The 

percentage of untransformed austenite decreases, and it is segmented by formed bainite. 

Therefore, the area fraction of martensite and M‐A constituents decreased. Thus, the M‐A 

constituents changes  from strip  into granular.  In a word,  the Cu addition of deposited 

metals inhibits the formation of martensite during welding. 

Figure 10. Continuous cooling transformation curves of deposited metals. The difference values (∆)
of Bs and Ms point increases with increase of Cu addition.

Due to the effect of Cu on phase transformation, we counted the area fraction of
equivalent diameter of martensite and M-A constituents in deposited metals (Figure 11).
As for Cu 0.62, martensite is mainly distributed in slat and block with large size. The
diameter of martensite decreases obviously and becomes elongated of Cu 1.38. And
massive martensite still exists. Martensite is further refined and smaller granular M-A
constituents appear of Cu 1.79. The martensite mainly exists as M-A constituents with
effective diameter less than 1.5 µm of Cu 2.32. Moreover, the area fraction of martensite and
M-A constituents of deposited metals decreases with increase of Cu addition (Figure 2). The
M-A constituents in bainite mainly exists as strip and granular [29]. During the welding
cooling process, the amount of bainite transformation increases with increase of Cu content.
The percentage of untransformed austenite decreases, and it is segmented by formed
bainite. Therefore, the area fraction of martensite and M-A constituents decreased. Thus,
the M-A constituents changes from strip into granular. In a word, the Cu addition of
deposited metals inhibits the formation of martensite during welding.

The HRTEM results show that Cu precipitates in deposited metals exist as BCC and
FCC structure. With increase of Cu content, the fraction and diameter of Cu precipitates
increases significantly (Figure 12). The Cu precipitates do not precipitate from the austenite,
because Cu has a high solubility in austenite [30,31]. As the deposited metal transforms
from austenite into α-Fe, the solubility of Cu decreases dramatically. Then, the Cu particles
precipitates. The crystal structure of Cu precipitates in Cu 0.62 is BCC (Figure 12a). The
spacing between every three atomic layers is 0.60 nm. The mismatch degree between BCC
Cu precipitates and α-Fe matrix is 1.22%, confirming the coherent relationship. The crystal
structures of Cu precipitates in Cu 1.38, Cu 1.79, and Cu 2.32 are both FCC with distance
between every atomic layer of 0.39 nm, 0.48 nm, and 0.39 nm, respectively (Figure 12b–d).
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The FCC Cu precipitates lose their coherency with α-Fe matrix and grow longitudinally,
revealing a shape of ellipsoid. The aspect ratio (length/width) of Cu precipitates are 1.63
(Cu 1.38), 1.83 (Cu 1.79) and 1.87 (Cu 2.32), increasing with increase of Cu addition.
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Figure 11. High-magnification SEM morphologies with schematic diagram (a–d) and equivalent
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(d) Cu 2.32. The area fraction and size of martensite and M-A constituents of deposited metals
decreases with increase of Cu addition.
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Figure 12. HRTEM images of deposited metals. (a) Cu 0.62, (b) Cu 1.38, (c) Cu 1.79, (d) Cu 2.32.
The Cu precipitates is BCC structure in Cu 0.62, and it is FCC structure in Cu 1.38, Cu 1.79, and Cu
2.32. The aspect ratio (length/width) of Cu precipitates are increases with increase of Cu addition
(1.38–2.32%).

4.2. Strengthening of Cu Precipitates and Dislocation Density

It can be seen from the engineering stress-strain curves (Figure 8a) that Cu addition
(0.62–1.79%) can significantly improve the yield strength and ultimate tensile strength
of deposited metals, while the yield strength of Cu 2.32 decreased obviously. Bainite
and martensite both exist in lath structure (Figure 5). The lower the C content is, the
similar properties of martensite and bainite are. The difference between bainite and
martensite is the lower transformation temperature of martensite, resulting the higher
dislocation density due to more defects and high carbon content. The BCC and FCC
Cu precipitation can obviously improve the strength of deposited metal. According to
discussion above, the effect of Cu addition on the yield strength of deposited metals is
mainly in two consequences: precipitation strengthening and dislocation strengthening.

The dislocation density of deposited metals calculated by MWH method is 2.18× 1014 m−2

(Cu 0.62), 2.48 × 1014 m−2 (Cu 1.38), 2.24 × 1014 m−2 (Cu 1.79), 5.1 × 1013 m−2 (Cu 2.32)
(Figure 3). The dislocation strengthening (σdis) can be computed by the Taylor formula [32]
as below:

σdis = αMGb
√

ρ (1)

where α is the Taylor constant, α = 0.4; M is the average Taylor factor, M = 2.77 [33]; G is the
shear modulus, G = 80 GPa [34].
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The precipitation strengthening of materials is the relationship between the precipitates
and dislocations via two approaches, cutting over model and bypass model [35–37]. In
this experiment, Cu precipitates with diameter of 14–28 nm is BCC and FCC structure, The
diameter of Cu precipitates is larger than critical size (5.6 nm) [38]. So, it is reasonable
for the dislocations loop around the nano-Cu precipitates by the Orowan mechanism [39].
In this point, the lattice resistance of dislocation motion (P-N force, τp) can be calculated
as follows [40]:

τp =
Gb

2πK
∗ f

1
2(

0.854− 1.2 f
1
2

)
d

ln
(

1.2d
2b

)
(2)

where d is diameter of Cu precipitates; K is constant, K = 1; f is the volume fraction of Cu
precipitates. According to Formula (2), the P-N forces generated by the interaction of Cu
precipitates are 26.4 MPa (Cu 0.62), 33.3 MPa (Cu 1.38), 85.5 MPa (Cu 1.79), 140.6 MPa (Cu
2.32), respectively. For α-Fe, the Schmid phase factor M is close to 2. The lattice resistance
of dislocation slip in crystal structure can be transformed from shear stress to normal stress,
and the formula is as follows:

σper = Mτp (3)

where σper is the theoretical strengthening value of Cu precipitates, which are 53 MPa
(Cu 0.62), 67 MPa (Cu 1.38), 171 MPa (Cu 1.79), 281 MPa (Cu 2.32).

The contributions of two kinds strengthening mechanisms to yield strength of de-
posited metals are shown in Figure 13. The Cu precipitates can effectively improve the
yield strength of deposited metals, and the maximum values of precipitation strengthening
can reach 281 MPa. Because the dispersion of Cu precipitates in deposited metals can serve
as effective barriers for dislocation movement. At the same time, the effect of dislocation
density enhancement of Cu 0.62, Cu 1.38, and Cu 1.79 is similar, but the dislocation density
of Cu 2.32 reduce obviously, leading to dislocation strengthening value decreases by half.
The Cu 1.79 obtains the best yield strength. Because the dislocation density of it remains at
a high level, and Cu precipitation provides 171 MPa strengthening.
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4.3. Toughening Mechanism of Deposited Metals

The addition of Cu element mainly reduces the initiation energy, but has little effect
on the propagation energy (Table 3). The crack initiation energy of Cu 2.32 decreases by
half compared with that of Cu 0.62. The impact toughness reduced with increase of Cu
addition, which can be explained from matrix microstructure and Cu precipitation.

The 0.62–2.32% Cu addition can encourage the formation of bainite and inhibits
formation of martensite. And Cu elements are austenite stabilizers [14]. The volume
fraction of RA increases with the increase of 0.62–1.79% Cu content, which can enhance
the toughness by TRIP effect. As for Cu 2.32, the area fraction of RA decreases. Because
the Cu element forms many precipitates, which weakened the stabilizing effect of residual
austenite. The M-A constituent is a brittle phase, which is detrimental to toughness. The
martensite and M-A constituents refines with increase of Cu addition, and the granular
M-A constituents are formed in Cu 1.79 and Cu 2.32, the impact toughness could be
improved. Thus, the microstructure of deposited metals with Cu addition should be good
for toughness. However, there are BCC and FCC Cu precipitates of deposited metals
(Figure 7). The equivalent diameter of Cu precipitates is 14–28 nm, and the precipitation of
Cu belongs to dispersion precipitation without segregation near grain boundary. It has been
proved that BCC Cu precipitation are harmless to the toughness of deposited metals [21].
Thus, the Cu 0.62 has the best impact toughness (64.56 J). With 1.38–2.32% Cu content, the
structure of Cu precipitates changes from BCC to FCC, and diameter increases significantly
(Figure 12). Results show that Cu precipitation greatly degrading the crack initiation energy
of Cu 1.38, Cu 1.79, and Cu 2.32, because the FCC Cu precipitates has incoherent structure
with the matrix. The large size of FCC Cu precipitates is another reason of the easy crack
nucleation. Because precipitates with large diameter often facilitate the stress concentration
and nucleation of cracks [41,42]. Thus, the FCC Cu-rich precipitation leads to a reduced
impact toughness of deposited metals. Compared with the microstructure, Cu precipitates
plays a more important role on toughness.

It is noteworthy that the toughness of Cu 1.79 is superior to that of Cu 1.38 and Cu 2.32,
although the Cu precipitates are both FCC structures. The area fractions of martensite and
M-A constituents of Cu 1.79 are 28.1% (Figure 2), which is lower than Cu 1.38. And the
volume fraction of RA is higher than that of Cu 1.38 and Cu 2.32 (Figure 3), which can
effectively improve toughness through TRIP effect. Meanwhile, the width of lath structure
of Cu 1.79 is ~170 nm (Figure 5), and the area fractions of high angle grain boundaries
is 23.54% (Figure 4). During the deformation process, the fine lath structure and high
angle grain boundaries can reduce the crack nucleation location and improve the crack
propagation path, thus toughness is improved. When Cu content reaches 2.32%, the high
volume fraction of FCC Cu precipitation (Table 2) significantly degrades the crack initiation
energy, resulting in a sharp decline of impact toughness.

The previous studies usually used post-weld heat treatment for materials with Cu
addition to obtain the nano-size of Cu precipitation [21]. In this experimental, the TIG
welding was used and the height of each layer is controlled below 1.88 mm. Because the
latter layer would have a gravimetry effect on the former layer, promoting Cu precipitation.
So, Cu precipitation can be observed in the condition of welding. Research shown that the
strengthening value of copper-bearing weld metal can reach 166 MPa [22]. The results of
this paper show that the precipitation strengthening of Cu can reach 281 MPa. However,
the impact toughness of deposited metal is not well due to large size of Cu precipitation.
The new welding material is mainly considered to match 1000 MPa grade high strength low
alloy steel. The impact properties of deposited metal can be further improved by strictly
controlling the welding conditions, and the structure and performance of welding joints
prepared by this new welding wire will be studied later.

5. Conclusions

The multiphase microstructure of deposited metals with 0.62–2.32% Cu addition can
bring an enhanced strength-toughness balance. This metal cored wire possesses a well
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weldability and is suited for applications of high strength steels. Based on the research
of microstructure and mechanical properties of high strength deposited metals with Cu
addition obtained by metal cored wire, the following conclusions are drawn.

The multiphase microstructure of deposited metals consists of bainite, martensite,
residual austenite, and M-A constituents. With increase of Cu addition (0.61–2.32%), the
fraction of martensite and M-A constituents decreases from 32.2% into 27.2%. As well
as the shapes of them refines from strip to granular. The BCC and FCC Cu precipitates
are observed in deposited metals. With increase of Cu content, the volume fraction
of Cu precipitates increased significantly, and the size of them increase from 14 nm to
28 nm.The yield strength and ultimate tensile strength of deposited metals are greatly
improved with the increase of Cu addition, which can reach the maximum value 961
MPa and 1286 MPa of Cu 1.79. As for Cu 1.79, the dislocation density maintains at
high level, and the precipitation strengthening reaches 171 MPa. The deposited metals
achieve high strength with Cu addition at the expense of impact toughness. The impact
values of deposited metal at −20 ◦C are 64.56 J (Cu 0.62), 52.56 J (Cu 1.38), 56.39 J
(Cu 1.79), and 42.66 J (Cu 2.32), respectively. The FCC Cu precipitates are responsible
for the reduced toughness of deposited metal with 1.38–2.32% Cu. The Cu precipitation
reduces the crack initiation energy of deposited metals, which has little effect on the
propagation energy. The deposited metal with 1.79% Cu addition shows an excellent
strength-ductility balance.
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