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A B S T R A C T

This paper presents an investigation into the mechanical properties of ultra-high strength steels (UHSSs) (with
nominal yield stress of 960 and 1100 MPa) after welding. Seven weld thermal cycles were simulated using a Glee-
ble 3800 thermal-mechanical machine. These cycles represented the temperature-time history of the joint at var-
ious distances from the weld fusion line (FL) in a typical gas metal arc welding (GMAW) process. The mechanical
properties such as Vickers surface hardness, uniaxial tensile behavior and Charpy impact toughness were exam-
ined. Microstructural evaluation using field emission scanning electron microscopy (FESEM) was also conducted.
According to the results, the S960 which was a direct-quenched type of steel, showed a considerable reduction
in its hardness and tensile strength up to 29 and 32%, respectively. On the other hand, the S1100 which was
manufactured via quenched and tempered process, showed only a minor degree of softening at far distances from
the weld FL (up to 4%) followed by 2% tensile strength reduction, and hardening close to the FL (up to 13%).
Microstructure analysis has been carried out to provide insight to the change of mechanical properties in UHSS
after welding.

1. Introduction

Ultra-high strength steel (UHSS) usually refers to steel with a nom-
inal yield stress greater than 690 MPa. Using UHSS in structural engi-
neering can lead to savings in engineering work, energy, labor and trans-
port costs since thinner steel sections will be used in construction. Ex-
tensive research has been reported in the literature on thin walled steel
structures with yield stress not greater than 690 MPa (e.g. Bjorhovde
2004, Zhao et al., 2014, Ban and Shi 2018, Li and Young 2018, Han
et al., 2018, Herion et al., 2019, Liu et al., 2018, Chiew et al., 2019)
[1–8]. The research on UHSS for structural engineering application has
attracted attention of many researchers (e.g. Javidan et al., Nassirnia et
al., Farahi et al.) [9–11].

However, there are three major factors limiting their applications
i.e. UHSSs are more prone to ductility and toughness problems [12],
stability issues due to the thin walled thicknesses [13], and the issues
related to weld heat affected zone (HAZ) [14]. Materials engineering
sector is contentiously developing UHSS with fine microstructure and

balanced mechanical properties [12,15,16]. The developments in fabri-
cating welded UHSS tube and beam helps to overcome stability issues
[17,18]. Structural engineers are also developing hybrid thin-walled
UHSS/mild or high strength steel tubular forms that has higher load
carrying capacity and ductility [19,20]. However, in most of the cases,
welding process is implemented to join components due to its ease, cost
effectiveness and integrity to the structure. Various welding methods
are executed to join UHSS plate and tubes i.e.: gas metal arc welding
(GMAW) [21,22], laser welding (LW) [23–25], laser gas-metal-arc hy-
brid welding [26], and tungsten inert gas welding [27]. The main issues
related to these weldments were cold cracking [28], reduction in the
joint's strength [29], ductility [24], and fracture toughness [30–32].

Since welding process exposes UHSS to high amount of concen-
trated heat input (HI) energy, it creates a series of steels at vicinity of
the joint [29]. These steels experience different peak temperature and
cooling rate based on their distance from the weld fusion line (FL),
which are considered as the key parameters affecting microstructure
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and mechanical properties of the joint [33]. The most critical region
is the weld HAZ which itself comprises four zones [34]: coarse grain
(CG), fine grain (FG), inter-critical (IC), and sub-critical (SC). According
to the literature, hardness profile of welded UHSS shows a softening at
the SCHAZ in the range of 6–60% [23,29,35]. Since the through-thick-
ness material properties at the welded region vary, the correlation be-
tween micro-hardness and the mechanical properties (i.e. yield and ul-
timate strength) is not valid [29]. Hence, the mechanical properties of
each zone are not fully understood, and the available knowledge is lim-
ited to the overall behavior of the joint.

This paper is dedicated to the determination of mechanical proper-
ties and its correlation to the microstructure of the weld HAZ in UHSSs.
For this aim, the thermal cycles of a weld HAZ at various distances
from the FL were simulated using a Gleeble 3800 thermal-mechanical
simulator machine [36]. The associated thermal cycles represent a gas
metal arc welding (GMAW) process with nominal HI value of 0.70 kJ/
mm which is one of the commonly used methods to fabricate UHSSs
[24]. The replicated specimens were then evaluated by Vickers hardness
measurement, quasi-static tensile test and Charpy impact toughness. Mi-
crostructure of the specimens is also evaluated using optical microscopy.
Two steel grades were considered in this research, S960 and S1100, with
the former manufactured via direct quenching (DQ), and the latter via
quenching and tempering (Q&T) processes. Even though the two steels
are of different grades categorized based on their minimum guaranteed
0.2% proof stress by the manufacturer, they often show nearly similar
ultimate strength [29]. Hence, the comparison between the mechanical
properties of the weld HAZs in these two steel grades can be connected
to their manufacturing history.

The overall objective of this research is to understand the effects of
welding thermal cycles on the mechanical properties of the weld HAZ
in UHSS. This paper provides a valuable insight to the weld HAZ in
thin UHSS plates by correlating the Vickers hardness with 0.2% proof
stress, ultimate strength and impact toughness of these two steels. The
microstructure evaluation in this paper is elaborated to the knowledge
of structural engineering community.

2. Experimental procedures

First, the as-received 8 mm plates of S960 and S1100 steel grades
were cut and machined to 55 × 10 × 5 mm dimension. Second, ther-
mal cycles related to different locations in heat affected zone were sim-
ulated using Gleeble 3800 thermomechanical simulator machine. Third,
microhardness evaluation was conducted to make sure that the manu-
factured specimens represent properties of an actual joint at the HAZ of
the studied steels. Fourth, the specimens were machined to flat dog-bone
shape and tensile testing was performed. Fifth, Charpy impact toughness
at ambient temperature was carried out. Sixth, microstructure of the
specimens was evaluated using field emission scanning electron micro-
scope (FESEM) equipped with electron back-scatter diffraction (EBSD).

2.1. Materials

Table 1 shows the nominal chemical composition, and mechanical
properties of the as-received base materials (BM) according to the man

ufacturer certificates. The microstructure of the BM of both alloys are a
mixture of Bainite and Martensite [29].

2.2. Thermal cycle simulation using Gleeble 3800

In order to replicate each sub-zone of the HAZ in a GMAW process,
the thermal cycles at seven distances from the weld FL were determined
by HAZ-CYCLE module in SmartWeld program [37,38]. SmartWeld is
an open-source software developed by Sandia National Laboratories for
welding and HAZ modeling. The welding parameters in Amraei et al.
[29] were adopted in this study as shown in Table 2. The governed
thermal cycles are presented in Fig. 1.

Next, seven samples were cut off from S960 and S1100 plates along
to their rolling direction. Then, the samples were machined to match
the dimensional requirement of the fixtures mounted on the Gleeble
machine. The final dimension of the specimens was 55 × 10 × 5 mm.
Each specimen was then undergone the associated thermal cycle in Fig.
1.

After producing the simulated sub-zones, they were labelled accord-
ing to their steel substrate and their distance from the weld FL (1–7,
nearest to furthest, respectively). For example, S960-1 represents the
specimen made from S960 steel undergone the cycle No. 1 closest to the
FL. A description of each simulated sub-zone is presented in Table 3.

2.3. Microhardness evaluation

The cross-section of specimens was machined, grinded and polished
in five stages. First, the width of specimens was machined for 3 mm
in order to collect the hardness points close to the position in which
thermocouples were attached to the specimens. This helps to make sure
the measured mechanical properties (and later microstructural analy-
sis) correspond to the heating/cooling cycles as cooling rate might have
been different at the near surfaces. Second, grinding was performed for
4 min using abrasive particles with roughness of 120 μm. Third, another
4 min of grinding was conducted using diamond particles with rough-
ness of 9 μm. Fourth, polishing was performed for 6 min using particles
with roughness of 3 μm. Fifth, the specimen was etched using 5% Ni-
tal solution for 15 s. After, Vickers micro-indentation hardness was per-
formed on polished specimens using a 5 kgf and dwell period of 10 s.

The hardness points were collected along three horizontal lines at
the through-thickness of specimens with intervals of 0.5 mm. Two lines
were at 1 mm distance to each free surface (upper and lower), and one
line was located at the mid-section. For simplicity, they are named as
top, bottom and middle, respectively. The hardness profiles are com-
pared to that of a butt-welded GMAW manufactured using the same
steels and welding heat input value of 0.7 kJ/mm as shown in section 3.
The details of the welding process can be found at [29].

2.4. Tensile testing

The specimens were machined using liquid coolant to dog-bone
shape as shown in Fig. 2(a). Since the material is not consistent at the

Table 1
The nominal chemical composition and mechanical properties of the BMs (wt. %).

Steel C Si Mn P S V Cu Cr Ni Mo CEV
S960 0.088 0.04 1.13 0.010 0.000 0.009 0.011 1.00 0.05 0.117 0.59
S1100 0.133 0.192 1.49 0.006 0.001 0.152 0.437 1.34 0.998 0.388 0.85

Hardness (Hv) f(0.2%) (min MPa) fu (MPa) A5 (min %)
S960 358 960 980–1250 7
S1100 385 1100 1130–1350 10
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Table 2
Welding parameters used in the GMAW.

Parameter
Welding
Potential (V)

Welding
current (A)

Welding speed
(mm/s)

HI (KJ/
mm)

Value 25 220 6.2 0.7

Fig. 1. The thermal cycles used in the Gleeble simulator, and the corresponding polished
specimens.

Table 3
The simulated heating cycles by Gleeble 3800.

Sub-zone
(specimen)

Distance from weld
FL (mm)

Approx. peak
temperature (°C)

Approx. Δt8/
5 (s)

1 0.0 1350 10.3
2 0.5 1154 10.4
3 1.0 1000 10.5
4 1.5 890 10.7
5 2.0 800 11.56
6 2.5 730 –
7 3.0 670 –

Fig. 2. Tensile testing the simulated specimens a) machined flat dog-bone shape with
gauge length of 3 mm, b) distribution of strains captured by the DIC system during tensile
testing. (Unit in mm, not to scale).

middle of specimen, the gauge length should be as narrow as possible to
keep the failure at the desired area. Otherwise, the failure would occur
at the softest region, and similar mechanical properties would govern for
all specimens. In order to overcome this challenge and find out where
the soft regions are located, the hardness profiles were closely analyzed.
It was observed that by keeping the gauge length at 3 mm, it is possible
to make sure that the mechanical properties are consistent at the neck
area, and specimens would fail from the desired region.

Quasi-static tensile tests were carried out in ambient temperature us-
ing a 150 kN Instron machine. The strain rate of the test was at kept
constant at 5 × 10−4 s−1. Strain measurement and its distribution on the
surface of specimens was carried out using a full field digital image cor-
relation (DIC) system. The angle between the two cameras of the DIC
system, their distance, and working distance from the specimen was set
at 25°, 142 mm and 410 mm, respectively.

2.5. Charpy impact toughness

Charpy (notch toughness) impact test was carried out on sub-size
specimens due to the limited thickness of the raw steel plates. The spec-
imens were prepared following the Annex A3 of the standard ASTM E23
[39]. First, the samples were processed by Gleeble 3800 to impose the
welding thermal cycle at the middle of their longitudinal section. Then,
a notch was introduced to each sample by mechanical machining. The
notch tip was positioned exactly on the simulated sub-zone (in the mid-
dle of the sample), as shown in Fig. 3. Finally, the prepared specimens
were tested at room temperature.

3. Mechanical properties

The hardness evaluation curves are presented in Fig. 4. As can be
seen, a reasonable agreement between the simulated specimens and ac-
tual weldments has been achieved. All the three measured points (at the
top, mid-section and bottom) showed that the through-thickness proper-
ties of the replicated HAZ specimens were homogeneous. Hence, it was
made sure that the mechanical properties (i.e. tensile and Charpy impact
toughness) represent the actual characteristics of each sub-zone.

The S960 revealed 29% reduction in the magnitude of its Vickers
hardness at the ICHAZ, while the maximum reduction for S1100 was
only 4%. Besides, the two steels showed different softening/harden-
ing behavior at their HAZs. Due to the softened HAZ, the S960 lost a
great portion of its surface hardness which agreed with previous reports
[14,24]. Yet, due to the low HI and rather high cooling rate of the
GMAW process implemented in this study, the hardness reduction was
kept below 30%. According to Jiao et al. (2015), reduction in the hard-
ness can reach as high as 60% [40].

On the other hand, the S1100 alloy showed a hardening behavior at
its HAZ which was reflected in specimens 1–4. The maximum measured

Fig. 3. Schematic of the Charpy impact specimen and the notch detail. (Unit in mm, not
to scale).

Fig. 4. Hardness evaluation results at top, mid-section and bottom of through thickness,
labelled as 1, 2 and 3, respectively.
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hardness belonged to the weld thermal cycle No. 4 which was 13%
higher compared with the S1100 BM. Similar hardening behavior at the
HAZ of S1100 is reported by Amraei et al. [29], regardless of the weld
HI value.

Similarly, the softened HAZ can be distinguished from tensile test re-
sults of the S960 alloy as shown in Fig. 5(a) and (c)). All the simulated
S960 specimens showed reduction in both 0.2% proof stress and tensile
strength. However, those close to the FL (No. 1–3), in which they ex-
perienced the highest peak temperature under the weld thermal cycle,
achieved the highest strength compared to other regions. Specimens No.
5 and 6 had the lowest 0.2% proof stress and tensile strength, respec-
tively as shown in Table 4. It is notable that even though the replicated
specimens showed a considerable reduction in tensile strength of every
zone, the overall strength of the joint was higher. The reason for the
higher joint strength compared to the softened HAZ was the boundary
condition effect created by the surrounding BM [16].

On the other hand, the S1100 alloy showed much more stabil-
ity in its tensile properties at various locations from the weld FL as
shown in Fig. 5 and Table 5. The 0.2% proof stress in all simu-
lated sub-zones met the specifications of S1100 steel grade as minimum
1100 MPa was achieved. Moreover, the maximum reduction in the ten-
sile strength belonged to specimen No. 6 which was only 2% lower than
the BM. Nonetheless, specimens No. 1–5 had considerable higher ten-
sile strength compared with the BM. In an actual weldment, such as the
GMAW in this study, the high tensile strength at the vicinity of the soft-
ened HAZ creates a rigid boundary in which prevents the tensile stress

to accumulate in loading direction. Considering the low degree of soft-
ening such as in specimen No. 6 and the strong boundary condition sur-
rounding it, the joint strength at the HAZ rises above that of the BM
[29]. Hence, S1100 weldment failed from the BM far from the welded
joint. This result contradicts with the other available UHSS grades in
which failure occurs at the HAZ followed by considerable reduction in
strength and ductility [14,24]. The engineering stress-strain curves of
the softest and hardest sub-zones of each steel alloy, and their BM is pre-
sented in Fig. 5(c).

The ductility of specimens was evaluated using the strain at ultimate
stress divided by the strain at 0.2% proof stress (Ɛu/Ɛ(0.2%)) as presented
in Tables 4 and 5 In general, for the S960 steel alloy studied in this
paper, the ductility of all regions increased compared to the BM except
for specimen No. 1 which remained almost intact. The soft regions of
No. 5 and 6 showed the highest ductility. It is notable that the absolute
strain values measured in this paper may not represent the actual val-
ues. This is evident when the strain values are compared with a standard
test specimen such as BMSTD presented in Table 4. The reason was due
to the small gauge length and the formation of a notch like stress con-
centration.

For S1100 steel alloy, ductility of specimens No. 1, 2 and 5 was
lower than the BM. Specimen No. 4 which had the highest tensile
strength revealed the highest ductility. Yet, the absolute values were
much smaller than that of a S1100 BM specimen with standard spec-
imen size. According to Amraei et al. [29], the Ɛu/Ɛ(0.2%) of standard
tensile test specimens made of the same steel material was 6.14 which

Fig. 5. Engineering stress-strain curves of a) S960, b) S1100, and c) comparison between softened and hardened zones. (The curves in “a” and “b” are plotted up to the strain at ultimate
stress).
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Table 4
Mechanical properties of S960 specimens.

S960 BM 1 2 3 4 5 6 7 BMSTD* GMAW [29]

f(0.2%) (MPa) 1064 856 851 877 774 667 761 817 989 922
fu (MPa) 1176 967 989 993 900 827 804 854 1152 1008
Ɛ(0.2%) (%) 0.72 0.62 0.63 0.69 0.62 0.59 0.51 0.51 0.62 0.61
Ɛu (%) 2.35 1.98 2.37 2.61 2.71 4.14 2.80 2.18 2.65 1.12
fu/f(0.2%) 1.11 1.13 1.16 1.13 1.16 1.24 1.06 1.04 1.16 1.09
Ɛu/Ɛ(0.2%) 3.26 3.18 3.78 3.79 4.38 6.98 5.46 4.28 4.27 1.84
Hardness (Hv) 358 296 303 316 326 254 264 262 358 221
fy P&V (MPa) 939 761 781 818 847 640 669 663 939 545
afy (MPa) 1007 857 874 905 930 754 779 774 1007 674
fu P&V (MPa) 1237 1005 1032 1080 1117 849 886 879 1237 725
fu M (MPa) 1146 947 970 1011 1043 813 845 838 1146 707
afu (MPa) 1143 949 971 1012 1043 818 849 843 714
Charpy (J) - 178 190 216 220 166 194 194 – –

*Refers to a standard size tensile test specimen.
a According to the current paper (Eqs. (4) & 5).

Table 5
Mechanical properties of S1100 specimens.

S1100 BM 1 2 3 4 5 6 7 BMSTD* GMAW [29]

f(0.2%) (MPa) 1165 1104 1119 1122 1141 1133 1145 1152 1174 1127
fu (MPa) 1210 1350 1359 1365 1373 1330 1185 1195 1235 1187
Ɛ(0.2%) (%) 0.72 0.81 0.81 0.81 0.82 0.81 0.70 0.70 0.72 0.71
Ɛu (%) 2.83 2.79 2.72 3.62 4.35 2.88 3.03 2.96 6.63 4.36
fu/f(0.2%) 1.04 1.22 1.21 1.22 1.20 1.17 1.03 1.04 1.05 1.05
Ɛu/Ɛ(0.2%) 3.94 3.47 3.36 4.50 5.32 3.57 4.35 4.25 9.20 6.14
Hardness (Hv) 385 424 409 422 434 430 370 387 385 362
fy P&V (MPa) 1017 1129 1086 1123 1157 1146 973 1022 1017 950
afy (MPa) 1073 1168 1131 1163 1192 1182 1037 1078 1073 1017
fu P&V (MPa) 1338 1483 1427 1476 1521 1506 1282 1345 1338 1252
fu M (MPa) 1232 1357 1309 1350 1389 1376 1184 1238 1232 1158
afu (MPa) 1228 1350 1303 1344 1381 1369 1181 1234 1228 1156
Charpy (J) - 112 128 128 128 125 96 96 – –

*Refers to a standard size tensile test specimen.
a According to the current paper (Eqs. (4) & 5).

was considerably higher than that of measured in this paper. The frac-
tured tensile test specimens are presented in Fig. 6.

4. Trends and relationships

The correlation between surface hardness and strength of each
sub-zone was examined using available formulae proposed by Pavlina &
Van Tyne [41], and Murakami [42] as presented in equations (1)–(3).
For the sake of abbreviation, the former and latter were labelled with
“P&V” and “M”, respectively as shown in Tables 4 and 5 According
to Pavlina & Van Tyne [41], the relationships between Vickers surface
hardness (Hv) and yield (fy)/ultimate strength (fu) for the steels with
yield strength between 300 and 1700 MPa as such:

(1)

and,
(2)

According to Murakami [42],
(3)

in which it didn't provided a correlation between yield strength and
surface hardness. Since the studied steel alloys didn't have a specific

Fig. 6. Tensile test specimens after fracture (fracture location is visible from the painted
area).
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yield stress, the 0.2% proof stress was considered as equivalent yield
stress in the proposed formulae.

Eq. (1) conservatively predicted the yield stress of S960 for all the
simulated sub-zones, excluding specimen No. 4. It is notable that since
this specimen failed from the softened zone outside the gauge area, the
governed mechanical properties were not the actual values. For S1100
steel alloy, the prediction by Eq. (1) was matching well with sub-zones
1–5. However, for soft zones 6 and 7, it predicts 15% and 11% lower
values, respectively.

Eq. (2) overestimated the fu of both steel alloys. Yet, the prediction
for S960 was reasonably acceptable as the deviation was less than 5% in
all sub-zones. However, the prediction of fu based on Eq. (2) for S1100
steel alloy was as high as 13% such as sub-zone 5.

Eq. (3) successfully predicted the fu for all sub-zones of the two steel
alloys as shown in Tables 4 and 5, and Fig. 7. Hence, it is recom-
mended to use this equation for the calculation of tensile strength in
welded UHSS sub-zones. Even though this equation predicted the tensile
properties of each sub-zone well, it can't be used for the calculation of
the welded joint's strength such as the GMAW in this study. Due to the
metallurgical constraint at the surrounding of the softened HAZ, higher
strength was achieved in the welded joint.

It is notable that the data presented in Refs. [41,42] belonged to va-
riety of steel alloys with different microstructure and chemical compo-
sition. The calculation errors assigned to equations (1)–(3) were due to
the complexity of the microstructure of steels studied in this paper. Even
though Pavlina & Van Tyne [41] tried to categorize the steels based
on their microstructure, yet their proposal was generating inaccuracy
which was due to the lack of enough data points (only 7 steels with
complex microstructure were included). Since more data points were in-
cluded in the current paper, it was tried to propose new formulae to cor-
relate surface hardness and tensile strength in UHSSs with complex mi-
crostructure. Based on the available data, a least-squares linear regres-
sion analysis was performed, and the following equations were driven:

Fig. 7. Correlation between surface hardness and tensile strength, a) S960 and b) S1100.

(4)

(5)
The validity range of the proposed equations was between 254 and

434 Hv. The coefficient of determination, R2, of the above equations
were, 0.8762 and 0.9815, respectively. It is notable that since sub-zone
No. 4 of S960 failed from the softened region outside the gauge area,
the data for this point was excluded in the regression analysis. The cal-
culated 0.2% proof stress, and tensile strength of each replicated steel
were presented in Tables 4 and 5 As can be seen from those tables,
the 0.2% proof stress calculated according to Eq. (4) provided a better
estimation compared to Eq. (1) specially for S960, as shown in Fig. 7.
Hence, it is proposed to use this equation when dealing with steels with
complex microstructure. The calculation of the fu based on Eq. (5) gen-
erated similar tensile strength compared Eq. (3) as can be seen in Fig.
7.

The Charpy impact toughness results are also presented in Tables 4
and 5 Since the specimens were sub-sized due to the thickness limita-
tion of the BMs, a facture of two was multiplied to the original values
as proposed by Afkhami et al. [17]. Fig. 8 shows the trend in Charpy
impact toughness was like that of the hardness evaluation curve for both
steel alloys. It was found that the softened HAZs in both steel alloys had
also a lower impact toughness compared to the hardened specimens. The
reason was behind the microstructure of the replicated HAZ specimens,
phase fraction and grain size of each zone which is going to be explained
in section 5.

5. Microstructural evaluation

The microstructure of S960 BM as presented in Fig. 9 was generally
consisted of fine bainitic morphology as matrix which was placed within
the elongated prior austenite grain. In addition, islands of marten-
site/austenite (M/A), partially/fully auto tempered martensite, and re-
tained austenite were scattered throughout the bainitic matrix [29].
The whole microstructural constituents were also elongated in

Fig. 8. The Mechanical properties specimens, a) S960 and b) S1100.
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Fig. 9. The microstructure of S960 as the base metal [29].

the rolling direction due to the repetitive rolling-tempering treatment
from the steel manufacturing process. As thoroughly discussed in Ref.
[29], welding heat input has a significant impact on the microstructure
of S960 and, consequently, its mechanical properties.

The microstructural features of the simulated sub-HAZs in S960 are
presented in Fig. 10. Due to the welding HI, the elongated texture of
the BM is eliminated in all the sub-zones and clear equiaxed grains are
observed in Fig. 5(a-d). Moreover, a wide range of different phases with
various distributions, sizes, and ratios is observed, depending on the dis-
tance from the weld FL. The difference is due to the unique thermal cy-
cle that each region experienced during the welding (simulated) proce-
dure, as shown in Fig. 1.

Depending on the distance from the FL, each sub-zone experienced
a different peak temperature as shown in Table 3. By using Andrews’
equation (Eq. (6)) [43], the austenitization finish temperature (Ac3)
of S960 is estimated at 855.4 °C. Hence, only specimens 1 to 4 expe-
rienced full austenitization during their heating and transformed back
into a mixture of bainite and martensite while they were cooling down.
As grain growth is a temperature-time dependent phenomenon, (prior)
austenite grain size decreased gradually from 1 to 4 (specimen 1 had the
highest peak temperature and the longest austenitization time, and vice
versa). As an example, the boundaries of a single prior austenite grain
are marked on Fig. 10(a). The gradual decrease in prior austenite grain
size has resulted in a progressive increase in both 0.2% proof stress and
tensile strength from the sub-zones 1 to 4. Even though the increase in
the strength is not apparent in the sub-zone 4 (as the specimen failed
from the softer region outside the gauge area), the strengthening effect
can be observed in the ascending trend of the hardness values as shown
in Fig. 4 (section 3).

(Eq.
6)

The sub-zone 5 were heated up to a two-phase region of as
its peak temperature did not reach Ac3, but exceeded the range of par-
tial austenitization i.e. the peak temperature was between austenite start
temperature (Ac1) and Ac3. As discussed in Ref. [29], the cooling rate
in this region was not high enough to transform the partially austen-
itized microstructure to bainite or martensite. Therefore, it eventually
transformed mainly into granular bainite (or polygonal ferrite) during
the slow cooling time. Thus, the final microstructure (Fig. 10(e)) was
a combination of granular bainite and tempered martensite, which re-
sulted in decreasing 0.2% proof stress, tensile strength and hardness val-
ues. The lowest measured hardness in specimen 5 compared to other

zones was expected to result in the highest notch (Charpy) fracture
toughness. This is due to the inverse relationship between hardness and
toughness. However, this sub-zone showed the lowest notch toughness
among all S960 specimens. The controversy can be attributed to the for-
mation of tempered martensite and ferrite which are usually associated
with the formation of carbides.

In sub-zones 6 and 7, even though the peak temperature barely
reached the austenitization start limit (Ac1), they experienced tempera-
ture ranges high enough for tempering. Thus, through the heating stage,
a portion of their primary microstructure transformed into tempered
martensite and ferrite. Therefore, in comparison to the BM, 0.2% proof
stress and tensile strength, as well as hardness values were decreased.

The microstructure of S1100 BM was also comprised a mixture of
rough bainite accompanied by areas of M/A and small islands of re-
tained austenite scattered around the mixture, as shown in Fig. 11
[17,29]. By using Eq. (6), Ac3 of the BM is estimated at 857.4 °C, which
is close to that of S960. However, in comparison to S960, S1100 has a
significantly higher hardenability (CEV = 0.85% for S1100, in compar-
ison to 0.59% for S960). Besides, S1100 is expected to have a lower and
significantly smaller martensite start (Ms) and bainite start (Bs) tempera-
tures, respectively. Calculated by Equations (7) and (8) [44], Ms and Bs
temperatures for S1100 are estimated at 408.4 °C and 510.9 °C, respec-
tively, which are lower than the equivalent values for S960 (468.5 °C
and 633.7 °C, respectively).

(Eq.
7)

(Eq.
8)

Same as S960, the sub-zones of S1100 also revealed no elongated
microstructure for the sub-zones crossed the austenitization limit, as
shown in Fig. 12. For the sake of brevity, sub-zones with similar mi-
crostructural and mechanical features are presented as one image and
only sub-zones 1, 3, 5, and 7 are shown. The sub-zones 1 to 4 were fully
austenitized as the peak temperature during the heat up phase passing
Ac3. The fully austenitized microstructure was then transformed back
into the mixture of bainite and martensite during the cooling phase.
Microalloying elements seemingly prohibited the austenite from exten-
sive grain growth (by comparing Figs 11(a) and 12(a). Besides, the
high hardenability of the material resulted in transforming majority of
the austenite into martensite and bainite. These simultaneous effects in-
creased the tensile strength in zones 1–4 compared to the BM.

The sub-zone 5 experienced partial austenitization, same as S960-5.
However, due to the high hardenability of S1100 and its low Ms and
Bs temperatures, the austenite transformed back into a mixture of bai-
nite and martensite. Hence, it prohibited this area from becoming a soft
zone.

Regarding specimens 6 and 7 (Fig. 12(d)), since the peak tempera-
ture during the thermal cycle was below Ac1, only tempering occurred.
Consequently, a portion of the metastable martensite transformed into
tempered martensite. Thus, the strength and hardness were deteriorated
in these specimens compared to other zones. The tempered martensite
also resulted in decreasing the notch fracture toughness of these two
specimens.

6. Conclusions

The effects of weld thermal cycles on the mechanical properties and
microstructure of the weld HAZ in two UHSS grades (i.e. S960 and
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Fig. 10. The microstructural features of the sub-zones in S960 HAZ. (a) to (g) represent sub-zones 1–7 (closest to further from the FL), respectively. The left hand-side figures (a–g) are
EBSD image quality (IQ) and right hand-side figures (a’-g’) are EBSD inverse pole figures (IPF).

Fig. 11. The microstructure of S1100 BM [29].

S1100) was examined. For this aim, sub-sized specimens were simulated
using a Gleeble 3800 thermal-mechanical simulator machine. The ther-
mal cycles were representing the actual cycles of a GMAW with nom-
inal HI value of 0.7 kJ/mm. Variety of characterization methods such
as microhardness measurements, uniaxial tensile testing, Charpy impact
toughness and microstructural analysis were implemented. According to
the results, following conclusion were drawn:

• The surface hardness profiles of the sub-zones showed that the two
steel alloys had different behavior under the weld thermal cycles.
While the S960 suffered from severe softening at the ICHAZ with 29%
hardness reduction, the maximum surface hardness reduction of the
studied S1100 was only 4%. Also, a considerable hardening was ob-
served at close distances to the FL in S1100 increasing the surface
hardness up to 13%.

• The 0.2% proof stress and tensile strength of the studied HAZs fol-
lowed the similar behavior as the surface hardness profiles. While the
S960 lost 32% of its tensile strength at the sub-zone No. 5, the S1100
showed only 2% strength reduction at the sub-zone No. 6, followed by
13% increase at the sub-zone No. 4.

• Under the weld thermal cycles studied in this paper, both of the steel
alloys showed an increase in their ductility (Ɛu/Ɛ(0.2%)) at the soft-
ened/hardened regions.

• Even though the two steel alloys show existence of a soft region in
which tensile strength reduced, the overall strength of the joint was
higher. Due to the metallurgical constraint at the HAZ caused by the
surrounding material, higher tensile strength was achieved. Accordin-
gly, while fu of S960 at sub-zone No. 5 showed 32% reduction, the
welded joint's strength was 13% lower than the BM. Since the soft-
ened HAZ of S1100 had only 2% lower strength, with the presence of
the boundary condition, strength of the joint raised above the BM and
that the failure occurred at a far distance from the welded region.

• The applicability of available formula to correlate surface hardness
of each sub-zone with fy/fu proposed by Pavlina & Van Tyne [41],
and Murakami [42] was examined. While Murakami's equation fairly
predicted the fu of each sub-zone, using Pavlina & Van Tyne’ equa-
tion to calculate strength of softened zones was inaccurate which was

due to the microstructural complexity of the studied steels in this pa-
per.

• An equation was proposed to correlate the Vickers surface hardness of
steels with complex microstructure to f(0.2%) and fu such that: f(0.2%)
= (2.432Hv) + 136.7, and fu = (3.132Hv) + 22.

• The BM of S960 had a fine bainitic microstructure accompanied with
islands of M/A, tempered martensite, and retained austenite scattered
around the bainitic matrix. During the welding procedure, the peak
temperature was not high enough to fully austenitize the sub-zone
No. 5. The partially austenitized material was not cooled down fast
enough to transform into martensite and bainite. Thus, the final mi-
crostructure of this region included a considerable amount of tem-
pered martensite which deteriorated the mechanical properties of this
sub-zone (which is consequently recognized as softened HAZ).

• The microstructure of S1100 BM consisted of a mixture of rough bai-
nite, M/A, and islands of retained austenite. Due to the higher hard-
enability of S1100, tempered martensite did not form in its partially
austenitized sub-zone. However, tempering occurred in the sub-zones
further from the fusion line (sub-zones 6 and 7) and resulted in the
formation of tempered martensite. Therefore, the mechanical proper-
ties were relatively deteriorated in these sub-zones.

Further study is planned to elaborate the advanced microstructure
characterization, including the fracture surfaces of tensile and impact
samples.
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Fig. 12. The microstructural features of the sub-zones in S1100 HAZ. (a) to (d) represent sub-zones 1, 3, 5, and 7 (closest to further from the FL), respectively. The left hand-side figures
(a–d) are EBSD image quality (IQ) and right hand-side figures (a’-d’) are EBSD inverse pole figures (IPF).
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