
Introduction

Workpieces manufactured with high-
carbon alloy steel, such as roller and die
components, are widely applied in indus-
trial production (Refs. 1–3). After being in
service for a period of time, the work-
pieces fail because of excessive wear (Refs.
4, 5). The shape and size of the failed
workpieces can be restored by means of
remanufacturing technologies, in which
hardface welding (hardfacing) is one of
the most effective methods (Refs. 6–9). 

Development of high-carbon alloy steel
is characterized by the increase of Cr con-
tent so as to improve the strength and
hardenability of the steel (Ref. 10). In re-

cent years, in order to improve its wear re-
sistance, alloy elements W and Mo were
added (Refs. 11–13).

However, related research indicated
that because of the high C content, cracks
usually initiate on the surface of the work-
pieces manufactured with the high-carbon
alloy steel after hardfacing, even if they
were preheated and reheated after hard-
facing (Ref. 8). So, the wide application of
hardfacing technology for restoring and
remanufacturing the high-carbon alloy
steel workpieces is restricted. Moreover,
the effects of alloy elements W and Mo
are seldom reported. 

Therefore, on the basis of research into
the microstructure of medium carbon steel
(Ref. 14), medium-high carbon steel

(Refs. 15, 16), and high-chromium cast
iron (Refs. 17, 18), a novel electrode was
developed, by which no cracking occurred
on the surface of the workpieces when
they were preheated and reheated after
hardfacing. Subsequently, the effect of W
additive on the microstructure and wear
resistance of the high-carbon steel hard-
facing surface layer was researched, and
the corresponding mechanism was ana-
lyzed, which can supply a theoretical foun-
dation for improving the wear resistance
of the hardfacing surface layer of high-
carbon steel. 

Experimental Procedure

Experimental Materials

An electrode for hardfacing high-car-
bon steel was manufactured. The core of
the electrode was made of H08A low-car-
bon steel, whose composition is listed in
Table 1. The outer coating was composed
of ferrosilicon, ferrochrome, ferroman-
ganese, and ferrotungsten (W additive). In
order to analyze the effect of W additive
on microstructure and property of the
hardfacing surface layer, the mass frac-
tions of the ferrotungsten added into  the
outer coating were 0, 2, 4, and 6 wt-%, 
respectively.

Experimental Methods

Base metals for the welding surface
were prepared from Q235 low-carbon
steel plates, and three layers were welded
onto each specimen. The process was
shielded metal arc welding (SMAW). A
schematic diagram of the welding pattern
and welding parameters used in this work
appear in Fig. 1 and Table 2, respectively.

In order to analyze the effect of the W
additive on the properties of the hardfac-
ing surface layer, its macrohardness was
measured using a HR-105A Rockwell
hardness tester with a load of 150 kg for
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ABSTRACT

Electrodes with different W additives for hardfacing the workpieces of high-carbon
alloy steel were developed. The microstructure was observed by optical microscopy and
field emission scanning electron microscope equipped with energy-dispersive X-ray spec-
trometry. The phase structure was determined by X-ray diffraction. The hardness and
wear resistance, respectively, of the hardfacing surface layer were measured. The rela-
tive curve between mass fraction of each phase and temperature was calculated by
Thermo-Calc. The results show that, the microstructure of the hardfacing surface layer
without W additive consists of α-Fe, γ-Fe, M7C3, and M23C6 carbides. However, MC
carbide initiates in the hardfacing surface layer and its amount increases with the in-
crease of W additive, while that of M7C3 decreases. With the increase of W additive, the
hardness and wear resistance of the hardfacing surface layer both increase, and they are
the largest when the W additive is 4 wt-%. The C content of the martensite matrix de-
creases gradually with the increase of W additive. Moreover, only elements C and W
exist in MC carbide. With the increase of W content in the hardfacing surface layer, the
starting precipitation temperature and the largest mass fraction of MC both increase.
However, those of M7C3 both decrease.
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10 s. Subsequently, a wear resistance test
was carried out on an abrasive belt-type
wear testing machine, in which SiC of 80
mesh was selected as the abrasive material
and the wear velocity of the abrasive belt
was 1.8 × 104 mm ⋅ min–1. The abrasive
belt wear testing machine and a schematic
diagram are shown in Fig. 2. An electronic
balance with an accuracy of 0.1 mg was
used to weigh the mass loss of the layer per
30 min. After the wear test, the worn sur-
face morphology was observed by scan-
ning electron microscope (SEM) of type
KYKY-2800.

The microstructure of the hardfacing
surface layer, which was etched with 4%
nitric acid alcohol after being metallo-
graphically polished, was characterized by
an Axiovert 200 MAT optical microscope
(OM) and a Hitachi S4800 field emission
scanning electron microscope (FESEM)
equipped with energy-dispersive X-ray
spectrometry (EDS). The phase structure
was determined by X-ray diffraction
(XRD) of type D/max-2500/PC. The rela-
tive curve between mass fraction of each
phase and temperature was calculated by
thermodynamics software Thermo-Calc.

Experimental Results

Influence of W Additive on the Phase-
Structure of the Hardfacing Surface Layer

Figure 3 illustrates XRD analysis re-
sults of the hardfacing surface layers with
different W additives. As shown, without
the W additive, the phase microstructure
consists of α-Fe, γ-Fe, M23C6, and M7C3
carbides. When the W additive is 2 wt-%,
besides α-Fe, γ-Fe, M23C6, and M7C3 car-
bides, MC carbide initiates in the hardfac-
ing surface layer. By quantitative analysis,
the content of retained austenite de-
creases from 15.8 to 6.4%. When the W
additive is 4 wt-%, the γ-Fe disappears ab-
solutely. Meanwhile, the amount of M7C3
decreases and that of MC increases. With

6 wt-% W additive, the amount of M7C3
decreases and that of MC increases con-
tinually in the hardfacing surface layer. 

Influence of W Additive on the 
Microstructure of the Hardfacing 
Surface Layer

The microstructures of the hardfacing
surface layers with different W additives
are shown in Fig. 4. Without W additive,
the microstructure consists of black nee-
dle martensite (normal martensite) and
white reticular martensite (high-C alloy
martensite), in which the latter with high-
carbon content and alloy elements precip-
itate on the crystal boundary. When the W
additive is 2 wt-%, the high-carbon alloy
martensite becomes intermittent. With 
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Table 1 — Chemical Composition of H08A (wt-%)

Element C Mn Si Cr Ni S P

Content ≤0.10 0.30–0.50 ≤0.03 ≤0.2 ≤0.03 ≤0.03 ≤0.03

Fig. 1 — Welding technology schematic diagram.

Fig. 2 — The abrasive belt-type wear testing ma-
chine. A — Photograph; B — schematic.

Fig. 3 — XRD patterns of the hard-
facing surface layers with different W 
additives.
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4 wt-% W additive, the high-C alloy
martensite refines obviously. When the W
additive is 6 wt-%, the high-C alloy
martensite further refines and dissolves in
the matrix.

Figure 5 indicates the vertical mor-
phologies of the hardfacing surface layers
with different W additives. From it, be-
cause of the favorable welding process,
binding modes between the matrix metal
and the hardfacing metal with different W
additives are all the typical metallurgical
ones. The effect of W additives on the
weldability is inconspicuous.

Influence of W Additive on the Hardness
of the Hardfacing Surface Layer

The hardness of the hardfacing surface
layers with different W additives are
shown in Fig. 6. The hardness without W
additive is 61.5 HRC. With the increase of
W additive, the hardness increases gradu-
ally. When the W additive is 4 wt-%, the
hardness is the largest at  66.0 HRC. With
further increase of W, the hardness de-
creases instead, and it is 64.9 HRC with 6
wt-% W additive. 

Influence of W Additive on the Wear 
Resistance of the Hardfacing Surface
Layer

The wear loss curves of the hardfacing
surface layers with different W additives
are shown in Fig. 7. As shown, the weight
loss of the hardfacing surface layer with-
out W additive is the largest. With 2 wt-%
W additive, the wear resistance improves
significantly and there is an obvious re-
duction in wear weight loss. When the W
additive reaches 4 wt-%, wear resistance
of the hardfacing surface layer is the high-
est. However, with further increase of W,
the wear weight loss increases sharply. 

Figure 8 illustrates the wear morpholo-
gies of the hardfacing surface layers with
different W additives. As seen in Fig. 8A,
without W additive, surface scratches are
both wide and deep. With the increase of
W, surface scratches are shallow and nar-
row. When the W is 4 wt-%, the scratches
are the shallowest, as shown in Fig. 8C.
With further increase of W, surface
scratches are deep and broad, as shown in
Fig. 8D.

Wear Resistance-Enhanced
Mechanism of the Hardfacing
Layer with W Additive

Characteristics on MC Carbide in the 
Hardfacing Surface Layer

From the above results, with the in-
crease of W, the wear resistance of the
hardfacing surface layer increases. Mean-
while, the amount of MC carbide increases
while that of high-carbon alloy martensite
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Table 2 — Welding Parameters

Welding Current Welding Voltage Welding Speed Overlap of Welding Tracks

140–150 A 24–26 V 1.1–1.7 mm/s 50%

Fig. 4 — Microstructures of the hardfacing surface layers with different W additives. A —  0 wt-%; 
B — 2 wt-%; C — 4 wt-%; D — 6 wt-%.

Fig. 5 — Vertical morphologies of the hardfacing surface layers with different W additives. A — 0  wt%;
B — 2 wt-%; C — 4 wt-%; D — 6 wt-%.
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decreases. So the wear resistance is related
closely with MC carbide and high-carbon
alloy martensite. Therefore, the MC car-
bide and high-carbon alloy martensite with
different W additives were investigated in
this work.

Figure 9 illustrates FESEM of the
hardfacing surface layers with different W
additives. With the increase of W, the strip
high-carbon alloy martensite, which dis-
tributes on the crystal boundary, refines
gradually, and nearly disappears com-
pletely when the W additive is 6 wt-%.
Meanwhile, with the increase of W, a few
small granular particles appear in the
hardfacing surface layer.

Figure 10 is the line energy spectrum of
the granular particle in the hardfacing sur-
face layer with the 2 wt-% W. Combined
with Fig. 3, it can be inferred that the gran-
ular particle is MC carbide.

Influence of W additive on the Carbides
of the Hardfacing Surface Layer

In order to analyze the influence of W
additive on the carbides of the hardfacing
surface layers during welding solidification
process, the hardfacing surface layers with
four W additives were taken and their
chemical compositions are listed in Table 3. 

The relation curves between mole frac-
tions of alloy elements and temperature in
MC, M7C3, and M23C6 carbides, which
were calculated by Thermo-Calc software,
and are shown in Fig. 11. From Fig. 11A, it
can be seen that only C and W exist in the
MC carbide. While in the M7C3 and
M23C6 carbides, there is mainly Fe and Cr,
which are shown in Fig.11B and C. It il-
lustrates that the W content mainly affects
the MC carbide instead of M7C3 and
M23C6 carbides.

The curves between mass fraction of
each phase and temperature in the hard-
facing surface layers with different W con-
tents are shown in Fig. 12. Without W

content, no MC carbide precipitates from
the hardfacing surface layer. With the in-
crease of W content, MC carbide initiates
gradually, and the beginning precipitation
temperature of MC carbide change is not
obvious. However, the maximum amount

of MC carbide clearly increases 4.2% when
the W content is 1.74 wt-%. Meanwhile, the
beginning precipitation temperature of
M7C3 decreases from 778° to 695°C and the
maximum amount decreases from 9.4 to 6.3
wt-%. 
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Fig. 6 — Hardness of surface layer with different W additives. Fig. 7 — Wear loss of the hardfacing surface layer with different W additives.

Table 3 — Chemical Compositions of the Hardfacing Surface Layers (wt-%)

C Cr W Si Mn Fe

0.67 2.05 0 0.614 0.565 Bal
0.67 2.05 0.58 0.614 0.565 Bal
0.67 2.05 1.46 0.614 0.565 Bal
0.67 2.05 1.74 0.614 0.565 Bal

Fig. 8 — Wear morphologies of the hardfacing surface layer with different W additives. A — 0 wt-%;
B — 2 wt-%; C — 4 wt-%; D — 6 wt-%.
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Influence of W Additive on the Martensite
of the Hardfacing Surface Layer

Energy-dispersive spectroscopy (EDS)
results of the martensite in the hardfacing
surface layers with different W additives
are listed in Table 4. With the increase of
W additive, the C content in the marten-
site of the hardfacing surface layer de-
creases gradually, from 3.76 to 2.73  wt-%.
The reason is that, with the W increases,
the amount of MC carbide increases, so
the C content in the martensite is reduced.

As previously mentioned, with the in-
crease of W, the amount of MC carbide
clearly increases while the content of C in
the martensite decreases gradually. There-
fore, the wear resistance change tendency
of the hardfacing surface layer with differ-
ent W additives can be explained as 
follows:

The amount of MC carbide, which can
be the wear-resisting phase (Refs. 19, 20)
of the hardfacing surface layer, increases
with the increase of W. Without W, the mi-
crostructure is mainly martensite without
MC carbide, so the weight loss of the hard-
facing surface layer is largest during the
wear process. With the increase of W, MC
carbide initiates in the hardfacing surface
layer and hard wear-resistant phase in-
creases, so its weight loss decreases. When
the W additive is 4%, MC carbide exists
largely in the hardfacing surface layer, and
its wear resistance is the greatest. With a
further increase of W to 6 wt-%, although
the amount of MC carbide increases con-
tinually, the C content in martensite ma-
trix decreases, which cannot support the
wear-resisting phase of MC carbide favor-
ably, so the wear resistance of the hard-
facing surface layer decreases again.

Conclusions

1) The microstructure of the hardfac-
ing surface layer without W additive con-
sists of α-Fe, γ-Fe, M7C3, and M23C6
carbides. With the increase of W additive,
MC carbide initiates gradually, and the
amount of MC increases while that of
M7C3 and γ-Fe decreases.

2) Hardness and wear resistance of the
hardfacing surface layers both increase
with the increase of W additive, which are
greatest   when W additive is 4 wt-%.

3) Only the elements C and W exist in
MC carbide. With the increase of W con-
tent in the hardfacing surface layer, the
starting precipitation temperature and the
mass fraction maximum of MC both in-
crease. However, those of M7C3 both 
decrease.

4) With the increase of W additive, the
C content in the martensite of the hard-
facing surface layer decreases gradually,
from 3.76 to 2.73 wt-%.
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Fig. 10 — Line energy spectrum of the granular particle in the hardfacing surface layer. 

Table 4 — EDS of the Martensite in the Hardfacing Surface Layers with Different W Addi-
tives (wt-%)

W Additive C Si Cr Mn Fe W

0 wt-% 3.76 0.89 2.30 0.69 92.36 —
2 wt-% 3.57 0.89 2.03 0.71 91.84 0.96
4 wt-% 3.04 1.01 2.49 0.76 91.40 1.29
6 wt-% 2.73 0.72 2.15 0.57 91.13 2.79
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Fig. 11 — Relation curves between mole fractions of alloy elements and temperature. A — MC; 
B — M7C3; C — M23C6 carbides.

Fig. 12 — Curves between mass fraction of each phase and temperature in the hardfacing surface layers
with different W contents.  A — 0 wt-%; B — 2 wt-%; C — 4 wt-%; D — 6 wt-%.

Change of Address?
Moving?

Make sure delivery of your
Welding Journal is not inter-
rupted. Contact Maria Tru-
jillo in the Membership 
Department with your new
address information — (800)
443-9353, ext. 204; mtru-
jillo@aws.org. 

A

C D

B

Yang 8-13_Layout 1  7/12/13  9:55 AM  Page 230


