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A study was made to investigate the effect of tungsten (W) addition on the microstructure, tensile prop-
erties, Vickers hardness, and corrosion resistance of S355NL forging steel. Mechanical properties were
evaluated and considered in the context of the interlamellar spacing of pearlite. Microstructural analysis
revealed that the addition of W favors the formation of intragranular acicular ferrite and leads to a decrease
in the interlamellar spacing of pearlite. After W addition, the corrosion rust film was intact. The steel con-
taining W showed fewer microcracks distributed in the corroded surface compared with that without W. It
was concluded that the addition of W is beneficial for improvement of both the mechanical properties and
corrosion resistance of S355NL forging steel.
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1. INTRODUCTION

High-strength forging steels are typically manufactured by
quenching and tempering followed by hot forging. This
multi-stage process extends production time and leads to
higher production costs. Instead, microalloyed steels, which
achieve their strength during air cooling after forging, have
been developed to realize cost savings. The air-cooled micro-
structure of microalloyed forging steels is generally composed
of coarse ferrite and pearlite. Since the strength improvement
of the microalloyed ferritic-pearlitic steels mainly depends on
the increment of pearlite volume fraction, ferrite grain refine-
ment, solid solution, and precipitation strengthening, it is
limited to obtain a higher level of strength, leading to an
obstacle to the development of its potential uses. It therefore
becomes an important issue to increase the strength of fer-
ritic-pearlitic steels, and several attempts have been made to
achieve this goal through alloy modification [1-4].

Steels used for marine structures require not only excellent
strength to bear heavy loads, but also high performance in
corrosion resistance under the conditions of exposure to sun-
shine, rain, and sea water. As a base metal commonly used in
marine structures, S355NL steel, a high-strength low-alloy
(HSLA) steel consisting of ferrite and pearlite, has been

widely investigated to meet these requirements. Several stud-
ies based on existing S355NL steel have paid more attention
to abrasion resistance and fatigue behaviors [5-8]. However,
research on improving both the strength and corrosion resis-
tance of S355NL by alloying has rarely been conducted.
Since the use of S355NL-base steels is expected to increase,
especially in marine structures, it is important to develop
S355NL-base steels possessing higher strength and excellent
corrosion resistance. 

Because tungsten (W) can restrain pearlite and ferrite
transformations, W is widely used as a grain refiner and
solid solution reinforcement to improve the mechanical
properties of steels [9-12]. In addition, corrosion resistance
can be enhanced by alloying of W in steels [13-16]. How-
ever, systematic work concerning the effect of W on the
mechanical properties and corrosion resistance of S355NL
steel has not been reported so far. This study, therefore, focused
on the effect of W addition on the microstructure, mechani-
cal properties, and corrosion resistance of S355NL forging
steel with investigation of the influence mechanism of W on
microstructural evolution and mechanical properties.

2. EXPERIMENTAL PROCEDURE

The materials used in this study were three kinds of
S355NL steels with different contents of W. The chemical
compositions are shown in Table 1. Ingots of the three alloys
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were fabricated by vacuum induction melting and then hot
forged, followed by air cooling. Cylindrical forged ingots
with a diameter of 100 mm and a height of 600 mm were
obtained. Central parts near the axis of the forged ingots
were taken as the study object.

To evaluate the mechanical properties, tensile tests were
performed using standard specimens (Gauge length 25 mm,
gauge diameter 6 mm) on an Instron 8801 tensile testing
machine at room temperature with a strain rate of 5×10−3 s−1.
The yield strength (YS, 0.2 % proof stress), ultimate tensile
strength (UTS), and percentage of elongation were recorded
directly from the results displayed by computer on a monitor.
Hardness was measured with a Vickers hardness tester using
a 2 kg load and a 10 s dwelling time, and indentations were
made randomly on the specimen surfaces. 

To analyze the effect of W addition on the corrosion resis-
tance of the experimental steels, potentiostatic/galvanostatic
measurement was employed. To measure the corrosion poten-
tial of the steels, potentiodynamic anodic polarization tests
were conducted in 3.5 wt% NaCl solution at room tempera-
ture. To study the effect of the NaCl solution concentration
on corrosion resistance, a milder solution with 1 wt% NaCl
was also employed in the corrosion tests. One side of the
specimen was mechanically polished with 2400 grit SiC
sandpaper. The corrosion area of the specimen was defined

as 1 cm2. The tests were conducted at a potential range of
0 to +300 mVSCE and a scanning rate of 0.5 mV s−1.

The specimens were metallographically polished and
etched with 2 % nital solution for microstructural observa-
tion by optical microscope (OM). Slightly overetched speci-
mens were examined under a scanning electron microscope
(SEM). The volume fractions of intragranular acicular ferrite
(IAF) and pearlite were measured on 10 randomly selected
fields at a magnification of ×100 in the OM. Fifty random
SEM images at magnifications from ×5000 to ×7000 with-
out bias were made to measure the interlamellar spacing of
pearlite. Transmission electron microscopy (TEM) was employed
to investigate the high-resolution structure. All the TEM
specimens were prepared by using a focused ion beam (FIB)
method. The fracture and corrosion surfaces of the tested
specimens were observed by SEM. 

3. RESULTS AND DISCUSSION

3.1. Microstructure
3.1.1. Effect of W on the microstructure

Figure 1 shows the typical microstructures of the C1,
CW1, and CW5 forging steels. As shown in Figs. 1(a) and
(d), C1 steel consists mainly of polygonal ferrite (PF) and
pearlite, besides a small quantity of IAF (the volume fraction

Table 1. Chemical compositions (wt%) of the steels investigated
Specimens C Mn Cr Ni Cu Si Al V Nb Ti P S N W

C1 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 −
CW1 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 0.1
CW5 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 0.5

Fig. 1. Microstructures of C1 (a,d), CW1 (b,e), and CW5 (c,f) steels. (a,b,c) OM structures; (d,e,f) SEM of pearlite.
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was measured to be 5 %). The addition of W leads to a change
in the microstructure (Figs. 1(b), (c), (e) and (f)). The vol-
ume fractions of IAF were measured to be 22 % and 51 % in
CW1 and CW5 steels, respectively. The amount of IAF
greatly increased after W addition, and the higher the content
of W that is added, the higher the amount of IAF that can be
obtained. 

To understand the formation of IAF in forging steel, the
nucleation mechanism of IAF was analyzed. It is widely
accepted that the nucleation of IAF takes place inside auste-
nite grains on nonmetallic inclusions [17-20]. Nonmetallic
inclusions can be oxides or other compounds, but the impor-
tant point is that they may stimulate acicular ferrite [21]. The
nucleation of a single plate on an inclusion can in turn stim-
ulate others to nucleate autocatalytically, so that a one-to-one
correspondence between the number of active inclusions and
the number of acicular ferrite plates is not expected [22].
Plates of IAF nucleate heterogeneously on small nonmetallic
inclusions and radiate in many different directions from these
point nucleation sites. IAF does not grow in sheaves because
their development is stifled by impingement between plates
nucleated independently at adjacent sites [23]. A schematic
diagram of IAF formation is shown in Fig. 2. 

Microalloyed forging steels are usually deformed at high
austenitizing temperatures, and after forging, many kinds of
nonmetallic particles (VN, VC, TiN, etc.) precipitate during
subsequent direct-cooling. These nonmetallic particles can
therefore be used to produce an IAF microstructure instead
of the more usual mixture of ferrite and pearlite after forging
[24]. Precipitation takes place preferentially in austenite or
ferrite grain boundaries, sub-boundaries, lattice defects such
as dislocations, or at the interphase boundaries during the
transformation. The particles precipitated inside austenite
provide direct sources for IAF formation. Precipitates may
deplete elements such as carbon, manganese, and silicon
from the austenite. This depletion leads to a local increase in
the driving force for the nucleation of ferrite from austenite
at the inclusion surface [25]. Also, thermal strains that occur
near the precipitate/austenite interface due to the difference
in the thermal expansion coefficients of austenite and precip-
itate may also reduce the activation energy for the formation
of a ferrite nucleus [26]. In addition, due to the high austen-

itizing temperature, coarse austenite grain structures are usu-
ally found in forging steels. When the austenite grain size is
large, the number density of inclusions becomes large rela-
tive to boundary nucleation sites, favoring the development
of IAF on these nonmetallic inclusions [21]. As a strong car-
bide forming element, W had been found to increase the
amount and improve the stability of precipitates in steels
[10-11]. As a result, the large amount of nonmetallic parti-
cles after W addition relative to that without W provide
abundant sites for IAF nucleation, and higher content of IAF
is therefore obtained (Figs. 1(b) and (c)). 

To study the effect of W on the formation of pearlite, the
volume fractions of pearlite in C1, CW1, and CW5 steels
were measured. After measurement, the mean values of the
volume fraction of pearlite were obtained to be 31 %, 28 %,
and 26 % in C1, CW1, and CW5 steels, respectively. This
indicates that the growth of pearlite in both CW1 and CW5
steels is retarded after W addition, and the higher the content
the W that is added, the more effectively pearlite growth is
retarded.

3.1.2. Effect of W on the interlamellar spacing of pearlite
Since the interlamellar spacing of pearlite in ferritic-pearl-

itic steels is closely related to mechanical properties such as
tensile strength and hardness [27-28], it is necessary to
accurately measure the interlamellar spacing of pearlite.
However, measurement is often complicated by the spacing
variations within a given pearlite colony, those between dif-
ferent colonies, and those produced by the metallographic
sectioning plane with respect to the orientation of the lamel-
lae. Thus, the ability and the method used to measure the
interlamellar spacing are vital in any attempt to correlate the
spacing with the mechanical properties of ferritic-pearlitic
steels. Fortunately, several efforts to measure interlamellar
spacing have been made by many researchers [29-37]. Among
these methods, that recommended by Underwood [32],
which is used in the present work, is the simplest and most
universal one to determine the mean true spacing by measur-
ing the mean direct spacing. A schematic illustration of the
measurement of interlamellar spacing of pearlite is shown in
Fig. 3. 

For a single pearlite colony, the mean direct spacing  is
expressed as

, (1)

where nc is the number of cementite lamellae intercepted
by the circle diameter dc. In Fig. 3, nc = 10. The mean true
spacing  is given by

. (2)

The measurement results of interlamellar spacing of pearl-
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Fig. 2. Schematic diagram of IAF formation.
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ite of C1, CW1, and CW5 steels are listed in Table 2. It is
evident that the addition of W resulted in a significant
decrease of interlamellar spacing of pearlite.

3.2. Mechanical properties
3.2.1. Tensile properties and hardness

The typical tensile curves of C1, CW1, and CW5 steels are

shown in Fig. 4. The engineering stress-strain curves without
apparent yield points can be simply divided into three stages,
namely, elastic deformation, plastic deformation, and frac-
ture. The tensile properties along with the hardness values of
C1, CW1, and CW5 steels are presented in Table 3. The
addition of W increased tensile strength and hardness, but it
decreased elongation.

Figure 5 shows the tensile fracture morphologies of C1,
CW1, and CW5 steels. All the fracture morphologies exhibit
ductile characteristics with lots of dimples in the surfaces.
However, the size and distribution of dimples changed after
W addition. Smaller and more uniformly distributed dimples
are observed in CW1 and CW5 steels compared with that in
C1 steel.

3.2.2. Effect of W on mechanical properties
The strength of pearlite has been reported to follow a Hall-

Petch type relationship with respect to the interlamellar spac-
ing [27,28]. Several researchers have reported that the
strength of ferritic-pearlitic steels is governed by pearlite,
and the mechanical properties, including yield strength, ulti-
mate tensile strength, elongation, and hardness, are consid-
ered to be greatly influenced by the interlamellar spacing of
pearlite [36-38].

During the process of pearlite deformation, the ferrite in
the pearlite is also deformed because ferrite is softer than
cementite. Plastic deformation is always associated with the
free movement of dislocations. During the plastic deforma-
tion process, large numbers of dislocations are generated in
ferrite, especially in the plastically deformed zones. These
dislocations interact with each other, restricting their own
free movement. When the interlamellar spacing of pearlite is
small, the movement of dislocations is more difficult in fer-
rite, which results in large numbers of dislocations existing
in the matrix (Fig. 6), thus increasing the strength and hard-
ness. This, in turn, causes a decrease of elongation. There-
fore, the decrease of interlamellar spacing of pearlite after W
addition is the direct cause of increased tensile strength and
hardness.

As to the causes of increased strength after W addition,
two others causes are considered. One is the solid solution
strengthening induced by W addition, the other is the hard-
ening induced by the fine precipitates in CW1 and CW5
steels. Abe et al. [39] has reported that W addition retards
microstructural evolution at high temperature and improves
the stability of precipitates in steel. The work of Park et al.
[11] has shown that the addition of W in steels plays an

Fig. 3. Schematic illustration of the measurement of interlamellar
spacing of pearlite.

Table 2. Interlamellar spacing of pearlite of C1, CW1, and CW5 steels
Specimens Sd (nm) St (nm)

C1 238 187
CW1 215 169
CW5 201 158

Fig. 4. Typical tensile curves of C1, CW1 and CW5 steels.

Table 3. Tensile properties and hardness of C1, CW1, and CW5 steels
Specimens YS (MPa) UTS (MPa) Elongation (%) Hardness (HV)

C1 363 593 29 185
CW1 374 624 26 217
CW5 383 645 23 223
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important role in retarding the growth of precipitates, and
then fine precipitates can be obtained. With refinement of
various precipitates, the barriers to dislocation motion increase
with increasing interphase boundary. The increase of strength
and hardness is caused, at least partly, by the refinement of
precipitates after W addition in CW1 and CW5 steels. 

Moreover, the formation of IAF, as reported by many
researchers [40-42], also causes strength and hardness to
increase to a certain extent.

3.3. Corrosion resistance
Figure 7 plots the potential against current density for the

polarization of C1, CW1, and CW5 steels in both 1 % and

3.5 % NaCl solution. No passivation region appears in the
curves, and the curve shape of C1 is similar to that of CW1
and CW5. However, the addition of W acts to render the
potential and current density more positive and negative than
that of C1, respectively. The corrosion resistance is enhanced

Fig. 5. Tensile fracture morphologies of (a) C1, (b) CW1, and (c) CW5 steels.

Fig. 6. TEM micrographs showing large numbers of dislocations exist
in CW1 relative to C1. (a) C1; (b) CW1.

Fig. 7. Polarization curves of C1, CW1 and CW5 steels in (a) 1 % and (b) 3.5 % NaCl solutions.

Fig. 8. Comparison of the polarization curves of C1 steel in NaCl
solutions with different concentrations.
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after W addition. Figure 8 shows the comparison of the
polarization curves of C1 steel in NaCl solutions with vari-
ous concentrations. It indicates that the change of concentra-
tion of NaCl has no obvious effect on polarization behavior;
only the current density increases, and the corrosion poten-
tial moves negatively with increased concentration of NaCl.
To evaluate the corrosion resistance comprehensively, another
analysis of corrosion surfaces was carried out. 

Figure 9 shows SEM micrographs of the corroded surfaces
of C1, CW1, and CW5 steels in 3.5% NaCl solution. As
shown in Figs. 9(a) and (b), CW1 steel shows a greater area
of corrosion rust film than C1 steel. With further increase of
the W content from 0.1% to 0.5%, almost the whole cor-
roded surface is covered by a corrosion rust film, as shown
in Fig. 9(c). Figure 10 shows typical SEM micrographs of
the corrosion rust films. Large numbers of microcracks are
distributed in the corrosion rust layers in C1 steel as seen in
Fig. 10(a). However, a remarkable decrease in the quantity
of microcracks is observed after W addition as shown in
Figs. 10(b) and (c). The morphology of corrosion rust film
reflects the corrosion resistance of steel. Generally, an intact
corrosion rust film which contains few micocracks corre-
sponds to high corrosion resistance of steel.

The beneficial effect of W addition on the corrosion resis-
tance of steels has been reported by many researchers [14,
43-46]. It has been suggested that the enhancement of corro-
sion resistance is directly connected with the formation of a
protective film. An earlier work about stainless steel showed

that alloyed W is present in the passive layer under the 6+

oxidation state [43]. The mechanism was the direct interac-
tion of W with H2O to form insoluble WO3 in the passive
film, followed by the interaction of WO3 with other oxides to
form a complex oxide film. For low-alloy steel, W addition
has also been found to be effective to retard corrosion due to
the formation of a protective film [45]. In brief, W promotes
the formation of a protective film on the surface of steel,
which is considered to be the direct cause of enhanced corro-
sion resistance after W addition.

4. CONCLUSIONS

In the present investigation, the effect of W addition on
the microstructure, tensile properties, Vickers hardness,
and corrosion resistance of S355NL forging steel was
studied. The major conclusions derived from this work
are the following.

(1) The addition of W favors the formation of IAF in
microalloyed forging steel. W has a significant effect on the
decreased interlamellar spacing of pearlite.

(2) W plays a role in increasing the tensile strength and
hardness of S355NL forging steel. The decreased interlamel-
lar spacing of pearlite is considered to be the direct cause of
the enhanced tensile strength and hardness. 

(3) After W addition, the corrosion rust film is intact.
There are far fewer microcracks in the corrosion rust films of
the specimens with W than there are in that without W. In

Fig. 9. SEM micrographs of the corroded surfaces in 3.5 % NaCl solution. (a) C1, (b) CW1, and (c) CW5.

Fig. 10. SEM micrographs showing corrosion cracks in the corroded surfaces in 3.5 % NaCl solution: (a) C1, (b) CW1, and (c) CW5.
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conclusion, W alloying has been found to be beneficial to the
enhancement of corrosion resistance. 
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