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Abstract

Grain boundary strengthening is a method of strengthening materials by changing their average crystalize
(grain) size, exhibiting the basic relationship between yield stress and the grain size of the materials. This
methodology is based on the observation of grain boundaries that are insurmountable borders for dislocations
and the number of dislocations located within a grain. Applying this methodology to the structural steel weld
zone, the mechanical properties of each microstructural phase can be evaluated through the values of grain
diameter. For structural steel weld zones, there are not many methods to directly determine the mechanical
properties of microstructural phases. Thus, in this study, a methodology was created to evaluate the values of
the yield stress of materials based on the grain boundary strengthening equation. This method was constructed
by observing the average grain size and determining the mechanical properties of three microstructural phases
in the weld zone (i.e. based metal, heat-affected zone, and weld metal). The results from this study provide an
easy way for engineers, architects, and scientists to evaluate the values of mechanical properties of based metal,
heat-affected zone, and weld metal in the SS400 structural steel weld zone.
Keywords: cyclic loading; dislocation cell; dislocation density; grain boundary strengthening; microstructure;
indentation.
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1. Introduction

Structural steel is applied in many different structural projects such as buildings, bridges, mines,
the auto industry, and so on, because of its favorable physical properties, for example, high durability,
toughness, and ductility [1–5]. The mechanical properties of structural steel are strongly dependent
on both service conditions and metallurgical factors, which include temperature, environmental con-
ditions, and especially the historical loading state [6, 7]. To connect the steel members, welding was
attributed to being an efficient method since it is fast and simple in the design. Pham et al. [8] pointed
out that the microstructure of the weld zone was complex and included three main microstructural
phases such as based metal (BM), Heat-affected zone (HAZ), and weld metal (WM). This can lead to
the microstructural inhomogeneous and variation of mechanical properties across the weld joint [3].
Furthermore, the weld joint was also considered to be the weakest link because of its microstructural
inhomogeneous and the appearance of local stress concentration in the weld zone, leading to crack
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propagation. As mentioned before, the weld zone is mainly composed of three main microstructural
phases, i.e., BM, HAZ, and WM. Among them, the microstructures formed in the WM and HAZ
regions play an important role in controlling material properties. These properties consist of elastic
modulus (E), yield strength (σy), strain hardening exponent (n), and indentation hardness (H). Due
to the differences in microstructures in the region of HAZ and WM, mechanical properties of these
regions are different when compared to the BM region in the weld zone. For the WM region, typical
microstructures mainly include grain boundary ferrite, Widmanstatten ferrite, acicular ferrite, and a
small amount of pearlite [9]. The HAZ contains Widmanstatten ferrite, large grains of ferrite, and
colonies of pearlite [10–13]. It can be seen that the grain size of HAZ is relatively greater than those
in the WM region, and the shape of the Ferrite grains is more uniform. Some researchers pointed out
that the mechanical properties of materials depended on both metallurgical factors and operation con-
ditions, including environment, load history, and temperature [6, 14]. During the service life, these
conditions can cause the degradation of not only the material properties but also the crack propagation
in the structural steel weld zone. Thus, there is a lot of attention on the studies on mechanical prop-
erties of microstructural phases as well as the influences of operating factors on the microstructural
change in the structural weld zone [5, 7, 15–18].

In the late 1990s, Huang et al. [19] studied the inelastic properties of SS400 structural steel weld
joints under cyclic gradient stress. The authors used different strength ranges to simulate the case of a
sudden extreme earthquake and the results indicated that although weld connection doesn’t influence
the loading capacity and inelastic deformation capacity for the plain strength steels, weld connection
dramatically reduces the inelastic deformation capacity for high-strength steels. An experimental in-
vestigation was carried out to determine the important factors that cause cracking and breakage of
SS400 steel members under repeated and large deformation [20]. The experimental data showed that
the energy dissipation capacity depended on the entire history of loading, the failure mode, the slen-
derness ratio, and the width-to-thickness ratio. Pham et al. [17] used the depth-sensing instrumented
indentation experiment to estimate the microstructural composition of three microstructural phases
in the structural steel weld zone. This research indicated that there is no influence of the size, shape,
and grain orientation on the elastic modulus of both ferritic phases; however, these orientations have a
significant influence on the stiffness of the ferritic phases [17]. Pham and Kim [21] conducted a series
of experiments such as a room temperature low cyclic fatigue (LCF), indentation, tensile testing, opti-
cal microscopy examination, and finite element methodology (FEM) to investigate the microstructure
and mechanical properties in SS400 structural weld zone under low-cycle fatigue. The results from
Pham and Kim’s study showed that mechanical properties of the WM region were higher than those
in the BM region, while the other properties of HAZ decreased from the WM region to the BM re-
gion [21]. Recently, Nguyen et al. [5] employed the definition of strain rate sensitivity to investigate
the influences of loading rate on mechanical properties of BM, HAZ, and WM subjected to fatigue
conditions. Strain rate sensitivity is defined as the change in the mechanical properties to the change
of strain rate (ε̇I) at a given temperature and is described as m = dH/dε̇I . The experimental results
showed that when the strain amplitude increased from 0.4% to 1.0%, strain rate sensitivity tended
to decrease from 0.042 to 0.028, respectively. Moreover, the micromechanism was also proposed to
further explain the variation of mechanical properties under different fatigue conditions by showing

the relationship between the strain rate sensitivity and dislocation cell size (d′) as m =
3
√

3KbT
αµbcKV∗

d′,

where Kb and T are Boltzmann’s constant and the absolute temperature; V∗ is an activation volume;
c is Tabor’s factor; α, µ, b, and K are material constant.
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However, there are not many methodologies to determine directly the mechanical properties of
microstructural phases due to the small size of the structural steel weld zone. Furthermore, advanced
instrumented machines, such as depth sensing nanoindentation, are not available, leading to the diffi-
culty in the determination of mechanical properties of BM, HAZ, and WM regions. Since the limita-
tion of mechanical properties of the weld zone, the engineers, architects, and designers ignored these
properties of the weld zone in the hall structures. Therefore, it is necessary to have a comprehensive
study to propose a methodology that allows determining the mechanical properties of microstructural
phases based on the information of grain size and to characterize the variation of dislocation lines
subjected to the cyclic loading for three main microstructural components.

2. Methodology

Nanoindentation technology is recently used to determine the mechanical properties of the ma-
terials based on the indentation responses, i.e., apply load-penetration depth curves as seen in Fig.
1 [4, 22–26]. Generally, Kick’s law, P = Chk, is used to describe the loading part, while Pu =

B (h − hr)m is also employed to describe the unloading curve [22, 27–33], where C is the load curva-
ture; h is the penetration depth of the indentation; P is the applied load, and k is the exponential factor
ranging from 1.5 to 2; hr is the final depth; B and m are constant coefficients. Based on the indentation
responses, hardness and elastic modulus of the materials can be calculated using Eq. (1) and Eq. (2),
respectively. For plastic properties of materials, the inverse algorithm and dimensionless function can
be used to evaluate the values of yield stress σy, and strain hardening exponent n as illustrated in Eqs.
(3) and (4) [17, 34].

Figure 1. A typical load-displacement curve (P-h) of structural steel from nanoindentation experiment
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In Eqs. (1)–(4), hc is contact depth; Ac is contact area; Pm is maximum applied load; ϑ and ϑi are
Poisson’s ratio of the indented material and indenter; Ei is the elastic modulus of the indenter; Er is
reduced modulus; S is the initial unloading slope described as S = dPu/dh|hm ; β is a correction factor
for indenter shape; ai jk and bi jk are the coefficients; α is defined as the strain at the start of the stiff
strain εst divided by the initial yield strain εy [17].

In this study, a methodology is proposed to determine the values of material properties in the weld
zone based on the values of microstructural grain size d. Normally, the variation of microstructure can
be observed by using the optical microscope examination. Based on the micro images from optical
microscope examination, microstructural grain size of BM and HAZ can be determined using the
straight-line method [35]. Since WM includes polymorphic ferrite (α), Widmanstatten ferrite (αw),
and lenticular ferrite (αa) with different shapes and sizes [36], it is difficult to determine the grain
size in this region. Therefore, the straight-line method does not seem to be appropriate to determine
the grain size in the WM region. Fortunately, the appearance of the circle method [35] can overcome
this challenge. As a result, the circle method was used to determine the average grain size in the
WM region in this study. It should be noted that at least 3 circles can be used for each microimage
to estimate the average diameter of the grain. The formula of this circle method can be described as
d = (C × π)/(2× N ×M), where C is the diameter of the circle, N is the number of lines that intersect
the circle, M is the scale of the microstructure [35]. The dislocation density (ρ) and dislocation cell
size (d) can be calculated based on the micrographs and their sketches of the dislocation structure.
Nguyen et al. [5] point out that dislocation density can be calculated using the following equation

ρ =
NIntersection

A
(5)

where A and NIntersection are a checked area and the intersection number of the dislocation lines to
the surface plane, respectively. It should be noted that both values of NIntersection and A are directly
obtained from micro-images.

3. Results and Discussion

3.1. Relationship between grain size and mechanical properties of the weld zone

Fig. 2 shows optical microscopy images of the microstructure of BM, containing ferrite grains
and small regions of pearlite (α-ferrite + Fe3C cement), in which a small amount of pearlite is located
at the grain boundary edges or the corners of the ferrite grain [36]. Based on the microimages in Fig.
2, the average grain diameter of the BM region was well calculated using the straight-line method
[35]. As a result, d = 12.83 µm ± 2.18 µm was reported for the BM region. Similarly, the HAZ region
composes of polygonal ferrite (PF) grains with different degrees of reflected color brightness as seen
in Fig. 3. It can be recognized that ferrite grains in the HAZ region are relatively smaller than those
observed in the BM region. Furthermore, there are two types of phase changes that occur in the HAZ
during the cooling process. The first one is the high-temperature conversion from δ − Fe to γ − Fe,
and the second phase is the conversion from γ−Fe to α−Fe [36]. The averaged grain size of the HAZ
region was determined from the microimages using the straight-line method to be 9.3 µm ± 1.5 µm.
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Figure 2. Optical microscopy images of
microstructures of BM

The microstructure of WM is completely dif-
ferent from other phases as observed in Fig. 4. It
can be seen that WM mainly contains ferrite grains
with different sizes and shapes and a certain small
amount of pearlites. These Ferrite grains were di-
vided into several types, for example, polymorphic
ferrite (α), Widmanstatten ferrite (αw), and lentic-
ular ferrite (αa) [36]. By using the circle method,
the mean grain size of the WM region was well
reported to be 2.99 µm ± 0.61 µm. It can be rec-
ognized from the variation of grain size crossing
the weld joint that the mean grain size tends to
decrease from the BM region to the WM region,
while the value of the HAZ region gradually de-
creases from the BM region to the WM region.
Another interesting feature of the microstructural evolution in the weld joint is that the variation of
grain size in the region from HAZ to WM seems to be greater than that in the region from BM to HAZ.

(a) Scale bar of 200 µm (b) Scale bar of 20 µm

Figure 3. Optical microscopy images of microstructures of HAZ

(a) Scale bar of 200 µm (b) Scale bar of 20 µm

Figure 4. Optical microscopy images of microstructures of WM
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Table 1. Average data mechanical properties in the weld zone

Mechanical Properties BM HAZ WM

E (GPa) 207.5 212.2 218.3
H (GPa) 2.0 2.2 2.7
σy (MPa) 302.6 331.2 403.4

n 0.191 0.196 0.204

To construct the grain boundary strengthening equation of the SS400 structural steel weld zone,
the information on grain size and mechanical properties of each microstructural phase is necessary
to build the relationship between the grain size and yield stress. For this purpose, depth-sensing in-
strumented experiments were conducted on three main regions in the weld zone, for example, BM,
HAZ, and WM. Based on the indentation response, the mechanical properties of these microstructural
phases were determined using Eqs. (1)–(4). As a result, the values of yield stress, hardness, elastic
modulus, and work hardening were obtained as listed in Table 1. It can be seen that both H and σy of

(a) Relationship between d and E (b) Relationship between d and H

(c) Relationship between d and σy (d) Relationship between d and n

Figure 5. Relationship between the grain diameter and the mechanical properties
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BM are the smallest, while the WM region has the highest values compared to other microstructural
phases in the weld joint. This trend is in good agreement with the results reported in the literature
[10, 37]. Combined with the variation of grain size in the weld zone, the relationship between me-
chanical properties and grain size was well constructed as shown in Fig. 5.

It can be observed that E decreases from 218.2 GPa to 207.2 GPa when the grain size increases
from 2.99 µm ± 0.61 µm to 12.83µm ± 2.18 µm. It means that E is inverse-proportional to the grain
size. Furthermore, the relationship between E and grain size seems to be nonlinear as seen in Fig. 5(a).
A similar observation for the relationship between σy, H, n, and grain size can be seen in Figs. 5(b),
5(c), and 5(d), respectively. When the grain size increases in the range of 2.99–12.83 µm, H decreases
from 2.7 GPa to 2 GPa, while σy decreases from 403.4 MPa to 302.6 MPa. Additionally, n tends to
increase from 0.191 to 0.204 with the decrease of grain size from 12.83 µm ± 2.18 µm to 2.99 µm
± 0.61 µm. It can be deduced that mechanical properties of microstructural phases tend to increase
when the grain size becomes smaller.

3.2. Grain boundary strengthening equation in the weld zone

Figure 6. Plot of 1/
√

d versus yield stress to
determine the Hall–Petch equation using

regression analysis

Grain boundary strengthening (or Hall–Petch
strengthening) is generally employed as a method-
ology to strengthen materials through a change in
their mean grain (crystallite) size, in which the
change of grain size can influence the number of
dislocations piled up at the grain boundary and
yield stress [38]. Thus, the yield stress-grain size
relationship can be mathematically described by
the Hall–Petch equation as follows [38, 39]:

σy = σ0 +
ky
√

d
(6)

In Eq. (6), σ0 is a material constant for the
starting stress for dislocation movement and ky is
the strengthening coefficient [38]. Since the main
purpose of this study is to find out the relationship between mechanical properties and grain size, the
regression analysis was employed to evaluate the parameters of Eq. (6), and the results were shown in
Fig. 6. It should be noted that the correlation between σy and 1/

√
d was employed to reduce the com-

plexity of the regression analysis. Thus, the linear relation of yield stress and 1/
√

d was employed
instead of the original relation of grain boundary strengthening relation. As seen, the relationship
between σy and 1/

√
d can be well described by using the following equation

y = 0.0031x − 0.6646 (7)

As a result, the strengthening equation for weld joint was logically described as

σy = 214.39 + 322.58/
√

d (8)

Eq. (8) describes well the experimental data in the weld zone with a standard deviation of 0.984.
Furthermore, the values of material constant σ0 and the strengthening coefficient ky were determined
via the regression analysis results as 214.39 and 322.58, respectively. Thus, Eq. (8) was recommended
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to describe the grain boundary strengthening relationships in the SS400 structural steel weld zone. It
can be observed from the variation of mean grain size (Figs. 2–5) and the variation of mechanical
properties in the weld zone that yield stress tended to increase from the BM (302.6 MPa) to the WM
(403.4 MPa), while means grain size showed a decrease from 12.83 µm ± 2.18 µm to 2.99 µm ±
0.61 µm, respectively. It means that the yield stress and mean grain size are inversely proportional to
each other.

To confirm the accuracy of the present study, the strengthening equation for SS400 structural steel
weld zone was compared to the results reported in the literature [36, 40]. The results indicated that
the strengthening equation described well the correlation between yield stress and grain size with
a maximum relative error of 3.82%. The maximum relative error being less than 5% ensures the
high accuracy of the grain boundary strengthening equation of the SS400 structural steel weld zone
in this study. Therefore, this equation can be used to predict the values of mechanical properties of
microstructural phases based on the values of grain size, which can be easily obtained from the micro
images of microstructure.

Table 2. Validation of present grain boundary strengthening equation

d (µm) σy (MPa) Prediction of present study (MPa) Relative error (%)

Pham et al. [36] 17.5 302.70 291.50 3.70
Nguyen et al. [40] 18 301.95 290.42 3.82

3.3. Variation of mechanical properties of SS400 structural steel weld zone under low-cycle fatigue

In this section, the variation of mechanical properties of SS400 structural steel weld zone was
investigated by performing the nanoindentation experiments on the fatigue specimens at the strain
amplitude of 0.4%, 0.6%, 0.8%, and 1.0%. It should be noted that all nanoindentation experiments
were performed at the same loading rate of 0.04/s and these tests must be conducted as soon as finish-
ing the polishing process to reduce the influence of oxidation. The results of indentation experiments
were presented in Fig. 7. As seen, when the strain amplitude increases from 0.4% to 1%, the larger
applied load and indentation depth can be observed. Indeed, at the strain amplitude of 0.4%, the max-
imum applied load can be observed to be 183.239 mN, and the maximum indentation depth can be
obtained to be 2057.55 nm. Furthermore, at the strain amplitude of 0.6%, the maximum applied load

(a) Series #1 (b) Series #2

Figure 7. Indentation curves of microstructural phases in SS400 structural steel weld zone
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is 186.133 mN, while the largest penetration depth can be obtained being 2054.65 nm. When the strain
amplitude increase to 0.8%, the maximum applied load can maximum displacement can be recorded
as 191.701 mN and 2047.36 nm, respectively. At the highest strain amplitude, the maximum applied
load reaches 195.527 mN, corresponding to the maximum indentation depth of 2056.28 nm. From the
experimental data, it can be inferred that the applied load and indentation depth both tend to increase
with the increase of strain amplitude. The same behavior can be observed for series #2 of indentation
curves presented in Fig. 7(b). Based on these indentation responses, mechanical properties of material
can be determined using Eqs. (1)–(4), resulting in the relationship between mechanical properties and
fatigue condition was well constructed in Figs. 8 and 9.

(a) Variation of yield strength (b) Variation of hardness

Figure 8. The influences of cyclic loading on mechanical properties for series #1

It can be observed from Fig. 8(a) that σy tends to increase from 318.30 MPa to 336.15 MPa when
the strain amplitude gradually increases from 0.4% to 1.0%. The variation of yield stress seems to be
linear as illustrated in Fig. 8(a) and described in Eq. (10). Similarly, the same behavior of hardness can
be observed in Fig. 8(b). Indeed, when the strain amplitude increases from 0.4% to 1.0%, H increases
from 1909.80 MPa to 2016.91 MPa, respectively. The linear increase of hardness with the increase of
strain amplitude can be described using the linear equation, Eq. (10), and the equation parameters can
be obtained using the regression analysis. In Eqs. (9) and (10), εa is the strain amplitude of the low-
cycle fatigue testing. It can be seen that Eq. (9) describes well the experimental data of yield stress of
three main microstructural phases in the SS400 structural steel weld zone. Similarly, the observation
for hardness can be found in Fig. 8(b).

σy = 5.559εa + 313.68 (9)

H = 33.354εa + 1882.1 (10)

From the data obtained in Fig. 7(b), Eqs. (1)–6 calculate the mechanical properties of the material
under cyclic loading, and the results were shown in Fig. 9. It can be observed that the yield strength
σy value also tends to increase from 342.37 MPa to 362.40 MPa when the strain amplitude gradually
increases from 0.4% to 1.0%. This growth trend can also be seen in Fig. 9(b), indeed when the
strain amplitude increases gradually from 0.4% to 1.0%, the trend of hardness H increases from
2054.20 MPa to 2174.42 MPa. The variation of yield stress and hardness under strain amplitude can
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be described using the equations as follows

σy = 6.3645εa + 336 (11)

H = 38.187εa + 2016 (12)

Eqs. (11) and (12) describe well the experimental data in the weld zone with a standard deviation
of 0.9742.

(a) Variation of yield strengt (b) Variation of hardness

Figure 9. Influences of cyclic loading on mechanical properties for series #2

3.4. Microstructure evolution of SS400 weld zone under cyclic loading

The basic correlation between the damaged microstructure and the degradation of mechanical
properties of the SS400 structural steel weld zone strongly depends on the strain amplitude of cyclic
loading. Therefore, the dislocation structure of the damaged samples at different strain amplitude
levels was observed and investigated by using optical microscopy examination. The results of optical
microscope examination were illustrated as seen in Fig. 10.

(a) Microstructure of BM region at a strain
amplitude of 0.4%

(b) Microstructure of BM region at a strain
amplitude of 1%
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(c) Microstructure of HAZ region at a strain
amplitude of 0.4%

(d) Microstructure of HAZ region at a strain
amplitude of 1%

(e) Microstructure of WM region at a strain
amplitude of 0.4%

(f) Microstructure of the WM region at a strain
amplitude of 1%

Figure 10. Dislocation structure of microstructural phases under cyclic loading

At a strain amplitude of 0.4%, as mentioned before, the grain size of the BM region is larger
and the grain size of the WM region is smaller, while the grain size of the HAZ region gradually
decreases from the BM region to the WM region. The dislocation density gradually increases from
BM to WM as observed in Figs. 10(a), 10(c), and 10(e), respectively. The dislocation lines were
developed with a random arrangement. Dislocation lines were detected in the sub-grains resulting in
the formation of smaller grain size structures as demonstrated in Figs. 10(a), 10(c), and 10(e). When
the strain amplitude increased from 0.4% to 1%, the dislocation structures of BM, HAZ, and WM
regions were fully developed as seen in Figs. 10(b), 10(d), and 10(f). It can be seen that the density
of dislocation lines at 1% strain amplitude was higher than those at a lower strain amplitude level
(0.4%). Furthermore, the sub-grain size was also observed to decrease. It means that the density of
dislocation tends to increase as illustrated in Figs. 10(b), 10(d), and 10(f).

Indeed, the dislocation density of the damaged samples was calculated at different strain ampli-
tudes levels, as shown in Fig. 11. It should be noted that the circle method was used to determine
the dislocation density of the samples, and further details of this method can be found elsewhere
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[35, 41]. The value of dislocation density was obtained from nine different locations with the same
diameter. Consequently, the mean values of dislocation density in BM, HAZ, and WM regions at dif-
ferent strain amplitudes (0.4%–1%) were calculated based on these values of the circle method. The
analysis results indicated that the mean dislocation density at 0.4% strain amplitude of BM is 37.331
± 1.397 lines/µm2. Similarly, the mean dislocation density at 1% strain amplitude of BM is 48.981±
1.226 lines/µm2. It can be deduced that the dislocation density tended to increase when the strain
amplitude increased in the range of 0.4%–1%. The experimental results confirmed the observation of
dislocation structure in Fig. 10.

(a) Dislocation density of BM from
0.4% and 1.0%

(b) Dislocation density of HAZ from
0.4% and 1.0%

(c) Dislocation density of WM from
0.4% and 1.0%

Figure 11. Influences of fatigue conditions on dislocation density of BM, HAZ, and WM

Similarly, the microstructure of the HAZ region is at a strain amplitude of 0.4%, and the mean dis-
location density of this region is 50.93 ± 1.602 lines/µm2. When the microstructure of the HAZ region
is at a strain amplitude 0.4%, the mean dislocation density of this region is 57.166 ± 2.046 lines/µm2.
The microstructure of the WM region at a strain amplitude of 0.4% , the mean dislocation density of
this region is 66.131 ± 2.034 lines/µm2. The microstructure of the WM region at a strain amplitude of
1%, the mean dislocation density of the region is 66.26 ± 2.244 lines/µm2. At the same strain ampli-
tude of 0.4%, the mean dislocation density of WM is larger than those in the BM region as observed
in Fig. 12(b). Similarly, the mean dislocation density increases from the BM region to the WM region
at the same strain applitude of 1% as seen in Fig. 12(a).

(a) Variation of dislocation density at εa = 1% (b) Variation of dislocation density at εa = 0.4%

Figure 12. Dislocation density change of microstructural phases at the same fatigue condition

The relationship between yield stress and dislocation density has been presented through the for-
mula of strain gradient plastic [42]. The formula is built on the dislocation-based Taylor’s flow stress
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[43], as follows:
σ = αµb

√
ρS S D + ρGND (13)

where α is a constant usually assumed to be 0.5 [44]; µ is the shear modulus; b is the magnitude
of the Burgers vector; ρS S D is density Statistically Stored Deviation; ρGND is density Geometrically
Necessary Displacement. In a crystal unit, the GND density is directly related to the plastic strain
gradient [45–47]. It can be seen that the yield stress is proportional to the summation of dislocation
density since αµb is positive for a given material. Indeed, when the strain amplitude increases from
0.4% to 1.0%, the mechanical properties of fatigue specimens increase [48], while the dislocation
density tends to increase from 37.331 ± 1.397 lines/µm2 to 48.981± 1.226 lines/µm2. It means that
the mechanical properties strengthen with the further increase of fatigue condition and yield stress and
dislocation density are proportional to each other. This argument confirms the relationship between
yield stress and dislocation density as described in Eq. (13).

4. Conclusions

This study provides a simple methodology to estimate the mechanical properties of microstruc-
tural phases by constructing the relationship between the yield stress and grain size (strengthen-
ing equation). The strengthening equation for SS400 structural steel weld zone was proposed as
σy = 214.39 + 322.58/

√
d. This simple methodology was validated by comparing the yield stress

values of SS400 weld zones in the literature. The variation of mechanical properties of SS400 struc-
tural steel with the fatigue condition was investigated and discussed. The strain amplitude influences
not only the shape but also the magnitude of the loading/unloading curves. When the strain am-
plitude increased from 0.4% to 1.0%, loading curvature, yield stress, and hardness showed a linear
increase while the dislocation density tends to increase from 37.331 ± 1.397 lines/µm2 to 48.981±
1.226 lines/µm2.

Acknowledgments

This research has been done under the research project QG.22.25 “Experimental study on the
dynamic behavior of microstructural phases in the weld zone under low-cycle fatigue using nanoin-
dentation technology” of Vietnam Nation University, Hanoi.

References

[1] Pham, T.-H., Kim, S.-E. (2015). Nanoindentation for investigation of microstructural compositions in
SM490 steel weld zone. Journal of Constructional Steel Research, 110:40–47.

[2] Luecke, W. E., McColskey, J. D., McCowan, C. N., Banovic, S. W., Fields, R. J., Foecke, T., Siewert,
T. A., Gayle, F. W. (2005). Mechanical properties of structural steel. Technical report.

[3] Pham, T.-H., Kim, S.-E. (2015). Determination of mechanical properties in SM490 steel weld zone using
nanoindentation and FE analysis. Journal of Constructional Steel Research, 114:314–324.

[4] Nguyen, N.-V., Pham, T.-H. (2020). Experimental study on dynamic nanoindentation on structural weld
zone. IOP Conference Series: Materials Science and Engineering, 869(3):032027.

[5] Nguyen, N.-V., Pham, T.-H., Kim, S.-E. (2019). Strain rate sensitivity behavior of a structural steel during
low-cycle fatigue investigated using indentation. Materials Science and Engineering: A, 744:490–499.

[6] Soboyejo, W. (2002). Mechanical Properties of Engineered Materials. CRC Press.

38

https://doi.org/10.1016/j.jcsr.2015.02.020
https://doi.org/10.1016/j.jcsr.2015.02.020
https://doi.org/10.6028/nist.ncstar.1-3d
https://doi.org/10.1016/j.jcsr.2015.08.014
https://doi.org/10.1016/j.jcsr.2015.08.014
https://doi.org/10.1088/1757-899x/869/3/032027
https://doi.org/10.1088/1757-899x/869/3/032027
https://doi.org/10.1016/j.msea.2018.12.025
https://doi.org/10.1016/j.msea.2018.12.025
https://doi.org/10.1201/9780203910399


Vinh, N. N., Quan, D. H. / Journal of Science and Technology in Civil Engineering

[7] Ye, D., Xu, Y., Xiao, L., Cha, H. (2010). Effects of low-cycle fatigue on static mechanical properties,
microstructures and fracture behavior of 304 stainless steel. Materials Science and Engineering: A, 527
(16-17):4092–4102.

[8] Pham, T.-H., Kim, S.-E. (2017). Characteristics of microstructural phases relevant to the mechanical
properties in structural steel weld zone studied by using indentation. Construction and Building Materials,
155:176–186.

[9] Nguyen, N.-V., Pham, T.-H., Kim, S.-E. (2019). Microstructure and strain rate sensitivity behavior of
SM490 structural steel weld zone investigated using indentation. Construction and Building Materials,
206:410–418.

[10] Easterling, K. (1992). Introduction to the physical metallurgy of welding. Second edition, Butterworth-
Heinemann.

[11] Díaz, M., Madariaga, I., Rodriguez-Ibabe, J. M., Gutierrez, I. (1998). Improvement of mechanical prop-
erties in structural steels by development of acicular ferrite microstructures. Journal of Constructional
Steel Research, 46(1-3):413–414.

[12] Lee, C.-H., Shin, H.-S., Park, K.-T. (2012). Evaluation of high strength TMCP steel weld for use in cold
regions. Journal of Constructional Steel Research, 74:134–139.
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