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MICROSTRUCTURAL AND MECHANICAL CHARACTERIZATION OF ELECTRON BEAM WELDED JOINTS 
OF HIGH STRENGTH S960QL AND WELDOX 1300 STEEL GRADES

The paper shows the results of metallographic examination and mechanical properties of electron beam welded joints of 
quenched and tempered S960QL and Weldox 1300 steel grades. The aim of this study was to examine the feasibility of producing 
good quality electron beam welded joints without filler material.

Metallographic examination revealed that the concentrated electron beam significantly affects the changes of microstructure in 
the weld and the adjacent heat affected zone (HAZ) in both steel grades. The microstructure of the welded joints is not homogene-
ous. The four zones, depending on the distance from the weld face, can be distinguished. Basically, the microstructure of the weld 
consists of a mixture of martensite and bainite. However, the microstructure of HAZ depends on the distance from the fusion line. 
It is composed of martensite near the fusion line and a mixture of bainite and ferrite in the vicinity of the base material. 

Significant differences in mechanical properties of the welded joints were observed. For a butt welded joint of  the S960QL 
steel grade the strength is at the level of the strength of the base material (Rm = 1074 MPa). During the bending test the required angle 
of 180° was achieved. The impact strength at –40°C was 71,7 J/cm2. In the case of the Weldox 1300 steel grade butt welded joints 
exhibit high mechanical properties (Rm = 1470 MPa), however, the plastic properties are on the lower level than for the base material.
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1. Introduction

In recent years, numerous steel manufacturers have 
increased their interest in ultra-high strength quenched and 
tempered steels that simultaneously exhibit low brittle-to-
ductile transition temperature (BDTT). This is associated with 
the evolution of more complex steel structures that, in turn, 
enforces additional requirements on the steel properties. Since 
the dimensions of industrial structures continously increase, 
the designers of these structures as well as steel manufactur-
ers work on their weight and cost reduction. These apparently 
conflicting requirements can be met by the low alloyed steels 
with higher mechanical properties. The low BDTT is pro-
vided by toughened fine-grained steels. On the other hand, the 
high mechanical properties (yield strength up to 1300 MPa) 
can be achieved by selecting a suitable chemical composi-
tion as well as the appropriate conditions of rolling and heat 
treatment [1]. 

Nowadays, ultra-high strength low alloy steel is widely used 
in engineering constructions. The principal advantage of these 
steels is a good combination of strength and toughness, higher 
strength/weight ratio, formability and also good weldability. 
Therefore, the ultra-high strength steels are used primarily in 
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the construction of cranes, heavy duty trucks, mobile cranes and 
other highly loaded components [2]. They are also useful in the 
automotive industry [3-9].

These steels, as materials for constructions, are relatively 
new. A wider application of them would require changes in con-
struction design, development of new forming technologies and 
most importantly improvements in welding technology. That is 
why, the investigation of weldability is of primary importance. 
The weldability tests are the basis for the development of new 
welding technologies. Also, a deeper understanding of phenom-
ena occurring during welding that influence the microstructure, 
and thus mechanical properties of welded elements, becomes an 
important issue in the broader application of these steels [10].

The previous studies on welding of quenched and tempered 
steel were aimed at the determination of the mechanical proper-
ties and microstructure of welds produced by arc welding meth-
ods. It was found that the optimum cooling time t8/5 (the highest 
mechanical properties) during the MAG welding of the S960QL 
steel grade is between 6 and 10 s for the heat input of 500-700 
J/mm [11]. However, according to the authors best knowledge, 
traditional welding methods are not appriopriate for high and 
ultra- high strength steels. Some researchers investigated a la-
ser beam welded high strength steel [12]. A relation between 
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a chemical composition, weld microstructure and mechanical 
properties were thoroughly examined. These studies showed 
that plastic properties of the welded steel strongly depend on 
the carbon content, in particular, it was shown that the highest 
strength of the welded steel corresponded to a low carbon con-
tent and bainitic microstructure. The other promising welding 
technology that can be applied for high and ultra- high strength 
steels is the electron beam welding process [13]. 

So far, the studies on electron beam welding on steel with 
a yield strength approaching 1300 MPa have not been carried out. 
However, electron beam welding was used to join 2N11K13H3M 
and N19M4T maraging steels [14] and 300M-type steel used in 
the aerospace industry [15]. The studies of 300M steel welded 
joints showed that the microstructure of the weld is composed 
of bainite, ferrite and primary austenite, whereas the heat af-
fected zone is composed of ferrite and cementite. The strength 
of welded joints after tempering was 1900 MPa [15]. In the case 
of the 2N11K13H3M and N19M4T steels it was found that after 
an additional heat treatment of welded joints the microstructure 
of weld was uniform. The strength of these welded joints ap-
proached 1400 MPa. 

A significant difference between the microstructure of the 
arc welded and electron beam welded joints was demonstrated 
in Ref. [16] where steel grades 20KhGSN2MFA and 20HGSN-
2MFA-VD (Rm = 1350 MPa, Re = 1200 MPa) were investigated. 
The studies revealed that the microstructure of the joint produced 
by electron beam consisted of smaller grains (120 μm), while the 
arc welded joints were characterized by an average grain size 
of 200 μm. The significant influence of the energy of electron 
beam on the microstructure, impact strength and the width of the 
weld face was demonstrated in Ref. [17]. The tests carried out 
on unalloyed steel shown indicated that a noticeable decrease in 
BDTT was induced by increasing of welding speed. The reason 
for such behaviour resulted from changes in the microstructure 

effect can be overcome by preheating elements to 200°C that 
significantly reduces the thermal gradient.

The present study addresses the effect of technological 
parameters of electron beam welding on microstructure and 
mechanical properties of two quenched and tempered grades of 
high strength low alloy steel welded joints (S960Q and Weldox 
1300). The main goal of the present investigation was to deter-
mine and compare microstructure and mechanical properties of 
electron beam welded joints of these steel grades. In particular, 
the microstructural investigation, microhardness measurements, 
tensile, impact toughness and bend tests were carried out to 
compare the joint performance of both steels.

2. Experimental procedure

Base metal 

The investigation was carried out on S960QL and Weldox 
1300 steel grades welded joints. The thickness of the welded 
plates was 11 and 6 mm for the S960QL and Weldox 1300 steels, 
respectively. The nominal mechanical properties and chemical 
composition of both steels are given in Tables 1 and 2.

TABLE 1

Mechanical properties of investigated steels

Re
MPa

Rm
MPa

A5
%

Impact energy3, J
0°C –20°C –40°C

S960QL1 Min 960 980-1150 Min 10 40 35 30
Weldox 
13002 Min 1300 1400-1700 Min 8 — — 27

1 The mechanical properties acc. to the PN-EN 10025-6 standard [21]
2 The mechanical properties declared by the manufacturer
3 Minimum values of impact energy for impact tests on V-notch test pieces

TABLE 2

Chemical composition of investigated steel

Steel grade
Chemical composition [%] wt.

C Si Mn B Nb Cr V Cu Ti Mo Ni N P S
S960QL1 0.22 0.86 1.80 0.006 0.07 1.60 0.14 0.55 0.07 0.74 2.10 0.016 0.025 0.012

Weldox 13002 0,21 0,21 0,85 0,001 0,015 0,47 — 0,02 0,003 0,39 1,26 — — —
1 The chemical composition acc. to the PN-EN 10025-6 standard [21], maximum values alloying elements
2 The chemical composition determined by spark emission spectrometer

that resulted from a different amount of heat introduced into the 
welded joint. The experiments on welding S960QL, S1100QL 
and S1300QL steel  using electron beam at atmospheric pressure 
showed that welding with a filler material allows for producing 
defect-free joints, however, during tensile testing the sample 
ruptured in the HAZ [18,19]. Despite this issue, the technological 
conditions were elaborated for welding S690QL and S960QL 
steel elements, intended for applications in wind towers, using 
an electron beam at atmospheric pressure [20]. It was described 
in this study that during the welding of elements with a thickness 
of 30 mm, a problem of hot cracking can appear. This adverse 

Welding procedure

The welded joints, in a butt configuration, were produced 
at the Institute of Welding, Gliwice, Poland using an electron 
beam welding machine (Cambridge Vacuum Engineering Ltd, 
United Kingdom) with 150 kV accelerating voltage capacity. 
Several trial runs were carried out to find the welding parameters 
that produce a full penetration bead in a single pass. In order to 
avoid joint distortions during welding, the plates were rigidly 
clamped in a holder. Electron beam welding was conducted 
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at a constant welding speed of 800 mm/min. The accelerating 
valtage was set to 120 kV and a beam current in the range of 29 
to 33 mA. Five trial runs were carried out for the S960QL steel. 
For welding of the Weldox 1300 steel a beam current of 20 mA 
was selected.  The welding was performed without any filler 
material and without preheating. The detailed process parameters 
are collected in Table 3.

TABLE 3

EBW process parameters 

Parameter
S960QL Weldox 

1300
Number of sample

1 2 3 4 5 6
Accelerating voltage 
(kV) 120 120

Beam current (mA) 29,0 30,0 31,0 32,0 33,0 20

Beam Focus (mA) 700 (surface) 670 
(surface)

Working distance (mm) 304 mm 304 mm
Welding speed (mm/min) 800 800
Vacuum chamber (bar) 10–4 10–4

Testing 

Mechanical properties of welded joints (tensile strength TS) 
were determined at +20°C. The tests were performed using an 
Instron 4210 tensile test machine. The impact test were carried 
out at temperatures of 0, –20 and –40°C. The V notched Charpy-
type specimens were used, in accordance with the PN-EN ISO 
148-1:2010 [22] and PN-EN ISO 9016:2013-05 [23] stan-
dards.

The Vickers microhardness (HV 0.05) and Vickers hardness 
(HV10) measurements across the HAZ and base metal were 
carried out on the metallographic samples. The scheme of hard-
ness measurements is presented in Figure 1. All measurements 
were performed on an automatic KB50 FA (Prüftechnik GmgH) 
hardness tester in accordance with the PN–EN ISO 9015-1:2011 
[24] and PN–EN ISO 6507-1:2007 [25] standards. 

Fig. 1. Scheme of hardness measurements HV10

Microstructural examinations of steels and welded joints 
were carried out according to the PN–EN ISO 17639:2013-12E 
[26] standard on a light microscope Eclipse MA 200 (Nikon). 
In order to reveal microstructure the welded cross-sections were 
mechanically ground, polished and chemically etched with Nital 
regent (2% nitric acid).

Results and discussion 

The low magnification macrostructures of the electron beam 
welding (EBW) butt welded joints of the steel S960QL produced 
at different beam currents are shown in Figure 2. The near full 
penetration was achieved for the 33.0 mA beam current. It was, 
therefore, assumed that the full penetration would be obtained 
if the beam current was increased to 34 mA. In the as-received 
condition (after quenching and tempering) the microstructure of 
the S960QL steel was composed of tempered martensite.

I=29.0 mA I=30.0 mA 

I=31.0 mA I=32.0 mA 

I=33.0 mA 

Fig. 2. The macrostructure of  the butt welded joints of the S960QL 
steel grade for different beam currents

The macrostructure of the final weldment is shown in Fig-
ure 3. The microstructure of the weld and its vicinity (HAZ) is 
not uniform. It is mainly composed of bainite and martensite. 
Several microstructural zones, at different distances from the 
weld axis, can be distinguished. The microstructures of the 
particular weld zones at higher magnifications are presented 
in Table 4. The changes in microhardness across the particular 
zones are shown in Figure 4. Nearby the fusion line (short cool-
ing times t8/5) the hardness is reduced; for a greater distance from 
the fusion the hardness was higher. This effect occurs for a high 
heating rate.
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TABLE 4
The microstructures of the individual regions of the electron beam welded joint, S690QL steel

Axis of the weld, 500 HV0.05 (area a) Melted zone area, 480 HV0.05 (area b)

The area of the HAZ coarse structure (Tmax ≥ 1150°C), 
550 HV0.05 (area c)

Fine-grained area, heated to a temperature above Ac3 
(900 ≤ Tmax < 1150°C), area partially tempered, 370 HV0.05 

(right side), 550 HV0.05 (left side) (area d)

The area HAZ heated to a temperature between Ac1 and Ac3 
(700 ≤Tmax < 900°C), 350 HV0.05 (area e)

The parent material

Fig. 3. Macrostructure of electron beam welded 
joints produced in one run at 34.0 mA Fig. 4. The hardness distribution in the electron beam welded joint of steel S960QL
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When applying a concentrated electron beam the heating 
rate is about 6000 K/s, and the cooling rate of HAZ is less than 
2 s (time t8/5). For comparison, the heating rate for arc welding 
processes is much lower about 200 K/s, and the cooling time of 
t8/5 amount of dozen or so seconds [28]. The different thermal 
conditions that occur during the process of electron beam weld-
ing cause that the hardness of the HAZ is less near the weld line 
(short cooling time t8/5) the hardness is reduced to a value of 
370HV from 485HV for S960 steel. Such a phenomenon is not 
observed in the arc welded joints where the heating rate is much 
lower. Therefore, it is believed that at very rapid thermal cycles 
the level of austenite homogenization is small and the growth 
of austenite grains is suppressed. Unfortunately, there is no pos-
sibility of practical verification of this assessment for the EBW 
conditions. There is lack of methods of physical simulation of the 
EB proces. However, it is apparent that these fast thermal cycles 
have a significant impact on the microstructure and properties 

of the welded joint. Thus, the temperature ranges presented in 
Fig. 4 have only information function.

The results of mechanical properties of the EBW joint of the 
steel S960QL grade are collected in Table 5. The tensile strength 
is at the level of the strength of the base material, TS = 1074 MPa.  
The required bending angle of 180° was achieved. The impact 
strength at –40°C was 71,7 J/cm2. 

The results of supplemental hardness measurements (HV10) 
performed in places marked in Fig. 1 are presented in Table 6. 
The hardness values were lower than 450 HV10 – the tolerable 
hardness level for qualifying welding technology according to 
the ISO 15614-11 specifications [27].

The microstructure of the Weldox 1300 steel was composed 
of tempered martensite (Fig. 5). The macrostructure of the EBW 
joint of 6 mm in thickness is shown in Figure 6. The results of 
hardness measurements are shown in Figure 7.

TABLE 5
The mechanical properties of the EBW joint, S960QL steel

No. Sample designation
Strength properties Bend angle

Remarks
Fm, [kN] Rm, [MPa] [°]

1 R1 284,1 1078 — rupture out of weld
2 R2 280,3 1074 — rupture out of weld
3 R3 286,1 1070 — rupture out of weld
4 FBB1 — — 1801 without cracks
5 FBB2 — — 1801 without cracks
6 RBB1 — — 1801 without cracks
7 RBB2 — — 1801 without cracks

Impact energy [J]/ toughness [J/cm2]
Temperature

0°C –20°C –40°C
8 KV/VW 94/117,5 40/50,0 40/50,0
9 KV/VW 162/202,5 170/212,5 58/72,5
10 KV/VW — 52/65,0 74/92,5

Note: 1 90 mm diameter of bending mandrel

TABLE 6
Results of hardness tests for electron beam welded joints, HV10, S960QL steel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Line A 346 345 344 434 441 447 440 426 434 436 438 445 344 343 343
Line B 343 340 344 432 455 466 434 429 436 465 452 470 342 342 342

Fig. 6. Macrostructure of the Weldox 1300 steel EBW joint 
Fig. 5. The microstructure of Weldox 1300 steel in the as-received 
condition, 513 HV10
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TABLE 7

The microstructures of the individual regions of the electron beam welded joint, Weldox 1300 steel

Axis of the weld, 516 HV0.05 Melted zone area, 453 HV0.05

The area of the HAZ coarse structure (Tmax  ≥ 1150°C), 
400 HV0.05

Fine-grained area, heated to a temperature above Ac3 
(900 ≤ Tmax < 1150°C), area partially tempered, 354 HV0.05

The area HAZ heated to a temperature between Ac1 and Ac3 (700 ≤Tmax < 900°C), 277 HV0.05

Fig. 7. The hardness profile in the EBW joint of steel Weldox 1300
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As in the case of S960QL steel joints, the microstructure 
of the weld Weldox 1300 is not uniform and consists of several 
zones. The heat affected zone is also not uniform. The results 
of detail metallography examination of welded joint are given 
in Table 7. 

The mechanical properties of the Weldox 1300 steel joint 
are presented in Table 8. The welded joint is characterized by 
high mechanical properties (TS = 1470 MPa), however, the 
plastic properties are not satisfactory. Though the value of 

impact strength was 45 J/cm2 (according to manufacturer min 
33.7  J/cm2) the required bending angle of 180° was not achieved. 
The hardness profile across the EBW joint for the Weldox 1300 
steel is shown in Fig. 7. As in the S960QL grade, close to the 
fusion line (short cooling times t8/5) the hardness is reduced. 
Table 9 shows the results of HV10 hardness measurements 
performed in places depicted in Fig. 1. The hardness decrease 
up to 172 HV from 322 HV near the fusion line. 

TABLE 8
The mechanical properties of  the EBW joint of steel Weldox 1300

No. Sample designation
Strength properties Bend angle

Remarks
Fm, [kN] Rm, [MPa] [°]

1 R1 244,7 1461 — rupture in HAZ
2 R2 246,1 1469 — rupture in HAZ
3 R3 248,1 1481 — rupture in HAZ
4 FBB1 — — 451 crack  in HAZ
5 FBB2 — — 451 crack  in HAZ
6 RBB1 — — 201 crack  in HAZ
7 RBB2 — — 201 crack  in HAZ

Impact strength [J]/ toughness [J/cm2]
Temperature

0°C –20°C –40°C
8 KV/VW 38/95,0 20/50,0 18/45,0
9 KV/VW 30/75,0 24/60,0 20/50,5
10 KV/VW — 24/60,0 16/40,5

Note: 1 80 mm diameter of bending mandrel

TABLE 9
The HV10 hardness values for the Weldox 1300 steel EBW joint

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Linia A 512 512 510 332 336 331 466 468 477 333 336 339 515 518 511
Linia B 512 521 521 343 343 327 478 491 485 345 345 341 518 516 517

Conclusions

Based on the metallographic examination and mechanical 
tests of the electron beam welded joints of steel S960QL and 
Weldox 1300 the following conclusions can be formulated:
1. Welding of high strength quenched and tempered steels is 

possible using an high energy electron beam.
2. The fundamental differences in the microstructure between 

both steels were not observed. The microstructure of the 
weld area as well as the HAZ was not uniform. Several 
zones could be distinguished that differ in terms of mor-
phology and the level of hardness.

3. The microstructure of the HAZ depends on the distance 
from the fusion line and consists of martensite near the 
fusion line and bainite in the vicinity of the base material.

4. Significant differences in mechanical properties of welded 
joints for both steel grades were found. 

5. In the case of welding S960QL satisfactory mechanical 
properties were achieved. Though a high strength was 

achieved in the joint of the Weldox 1300 steel, the required 
bending angle (180°) was not achieved.
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