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Microstructure, Toughness and Hardness of a Simulated 
HAZ in Steel S1100QL and of the HAZ of an Actual MAG-
Welded Joint Made Using a Metallic Flux-Cored Wire

Abstract: Simulation tests discussed in the article involved structural steel 
S1100QL having a yield point of more than 900 MPa.  The simulations included 
single (Tmax = 1250°C) and double welding thermal cycle (Tmax = 1250°C + 600°C, 
Tmax = 1250°C + 760°C and Tmax = 1250°C + 900°C) as well as cooling times t8/5 = 
3, 5 and 10 s. Specimens with the simulated heat affected zone (HAZ) were sub-
jected to impact strength tests performed at a temperature of -40°C and +20°C, 
Vickers hardness tests (HV10) and microscopic metallographic tests (involving 
light microscopy). Test results were presented in diagrams and photographs. 
Related comparisons included results of the structural, hardness and toughness 
tests of simulated HAZs with analogous results obtained during the actual repair 
welding of a MAG-welded joint made of steel S1100QL. The final part of the ar-
ticle contains discussion concerning the test results and the statement concern-
ing the obtainment of the significant conformity of the phase composition and 
the morphology of the microstructure as well as the average hardness values of 
the HAZ areas obtained in the simulations and those of the HAZ area obtained 
in the actual welded joint. In relation to all tested simulation variants, the im-
pact energy of the simulated HAZ area of steel S1100QL satisfied the minimum 
criterion of KV = 27 J both in relation to a test temperature of  -40°C and that of 
+20°C. The number of repeated (1 through 4) thermal cycles having preset pa-
rameters did not trigger explicitly noticeable changes in impact energy values 
as regards the simulated HAZ of steel S1100QL.

Keywords: steel S1100QL, heat affected zone (HAZ), simulation tests, metallo-
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Introduction
The continuous development of steel structures 
results in their ever growing complexity, dimen-
sions and performance requirements. At the 
same time, design engineers and manufacturers 

aim at the reduction of structure weight and 
fabrication costs. These contradictory require-
ments can only be satisfied by structural steels 
characterised by high and very high mechani-
cal properties [1–3]. As a result, designers and 
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design engineers continue to be interested in 
toughened steels characterised by high and very 
high strength and low nil ductility transition 
temperature.

Several producers, e.g. SSAB Oxelösund, 
Sweden, offer steel grades having a yield point 
of more than 900 MPa [4, 5]. High-strength 
martensitic steels are very attractive structural 
materials, yet welding such steels poses some 
problems. A heat input to the joint during the 
welding process is responsible for the local de-
terioration of mechanical properties in the heat 
affected zone (HAZ).  

The authors of publication [6] presented tests 
results concerning the effect of a heat input on 
the microstructure of single-run joints made 
of steel S1100QL. The above-named joints were 
made using the MAG method and a Union X 90 
filler metal wire (Thyssen) (enabling the obtain-
ment of weld deposit having a yield point of 900 
MPa). The authors of the aforesaid work stat-
ed that the key factor affecting the microstruc-
ture and properties of single-run joints made 

of steel S1100QL, i.e. a heat input, should be as 
low as possible. A higher heat input to the joint 
was responsible for the formation of the coarse-
grained structure in the HAZ and the reduc-
tion of martensite hardness, which, in turn, led 
to the deterioration of the mechanical proper-
ties of the joint in comparison with those char-
acteristic of the base material of steel S1100QL. 
Articles [7–9] discuss works concerning the de-
velopment of new filler metals characterised by 
very high strength. Presently, there is no infor-
mation concerning the multiple effect of weld-
ing thermal cycles on the microstructure and 
properties of welded joints made of steels hav-
ing a yield point of more than 900 MPa (as is 
the case with repair welding).

This article discusses results of tests concern-
ing the effect of multiple welding thermal cycles 
on the microstructure and mechanical proper-
ties of simulated HAZ areas in steel S1100QL 
and those of the actual joint made of the afore-
said steel, subjected to repeated repair.

Table 1. Chemical composition of steel S1100QL
Chemical element content, % by weight

C Si Mn P S Cr Mo Ni Cu B
0.192 0.220 0.855 0.014 0.0034 0.606 0.636 1.858 0.012 0.0017

Chemical element content, % by weight – according to the producer [10]
C Si Mn P S Cr Mo Ni Cu B

max.
0.21

max.
0.50

max.
1.40

max.
0.020

max.
0.005

max.
0.80

max.
0.70

max.
3.00

max.
0.30

max.
0.005

Fig. 1. Gleeble 3500 simulator at Łukasiewicz – Instytut Spawalnictwa: a) main view and b) specimen fixed in the cur-
rent clamps of the simulator
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Test materials
The tests discussed in the article involved 18 mm 
thick plates made of high-strength toughened 
steel S1100QL. The analysis of the chemical 
composition of steel grade S1100QL was per-
formed using a Q4 TASMAN 170 spark emis-
sion spectrometer (Bruker; Germany). The 
analysis results are presented in Table 1.

Testing methodology

Simulation tests
The image of the simulated HAZ in the test steel 
was obtained using a Gleeble 3500 simulator 
of thermal and strain cycles (DSI; USA) (Fig. 
1). The simulation tests involved the use of im-
pact specimens having dimensions 10 mm × 10 
mm × 55 mm. 

The simulation required the identification 
of critical temperatures AC1 and AC3 in rela-
tion to steel S1100QL. The above-named tem-
peratures were determined using the following 
equations [11, 12]:

AC1 = 723 – 10.7xMn – 16.9xNi + 29.1xSi 
+16.9xCr + 290xAs + 6.38xW [1]

AC3 = 910 – 203xC1/2 – 15.2xNi + 44.7xSi 
+ 104xV + 31.5xMo + 13.1xW – (30xMn + 
11xCr + 20xCu – 700xP – 400xAl – 120xAs 
– 400xTi) [2]

The use of the chemical element contents 
(presented in Table 1) in equations [1] and [2] 
enabled the identification of critical tempera-
ture values in relation to steel S1100QL, i.e. AC1 
= 700°C and AC3 = 828°C.

The idea of the programme, presented in Ta-
ble 2, was to simulate thermal conditions dur-
ing the actual MAG welding of steel S1100QL 
involving the single and double effect of the 
welding thermal cycle.

Impact strength tests
After the simulation, 2 mm deep Charpy V type 
notches were made centrally in the HAZ. The 
impact tests were performed at a temperature 

Table 2. Simulation parameters

Single thermal cycle
Tmax, °C t8/5, s

1250
3
5

10

Double thermal cycle
Tmax1, °C Tmax2, °C t8/5, s

1250

600
(below temperature AC1)

5
10

760
(between AC1-AC3)

5
10

900
(above temperature AC3)

5
10

Where
a) Tmax – maximum temperature of the welding thermal cycle,
b) t8/5 – time of HAZ cooling between 800°C and 500°C,
c) AC1, AC3 – critical temperatures,
d) number of thermal cycle repetitions: 1, 2, 3 and 4 times (where 1 – simulation of production welding and 
2, 3 and 4 – simulations of the first, second and third repair welding respectively).
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of -40°C and +20°C (in accordance with the re-
quirements of standard PN-EN ISO 148-1 [13]) 
using an Amsler RPK 300 impact testing ma-
chine (Germany). 

Microscopic metallographic tests of 
simulated HAZ areas
Metallographic specimens (for microscopic 
tests) prepared on simulated HAZ areas were 
subjected to light microscopy-based tests (in 
accordance with the requirements of the PN-
EN ISO 17639 standard) [14]. The microstruc-
ture of the specimens was revealed through 
Nital-based chemical etching. The microscop-
ic tests were performed using a Nikon Eclipse 
MA 200 optical metallographic inverted mi-
croscope (Nikon; Japan) and NIS Elements-AR 
measurement software (Nikon).

Hardness measurements of simulated 
HAZ areas 
The simulated HAZ areas were subjected to 
Vickers hardness tests performed using a KB-
50BVZ-FA automatic hardness tester (Prüftech-
nik GmbH; Germany) and a penetrator load of 
98.1 N (HV10) (in accordance with the require-
ments of the PN-EN ISO 6507-1 standard) [15]. 

Welded joint subjected to quadruple 
repair 
A test joint (400 mm × 150 mm × 18 mm) was 
made of steel S110QL using a STEIN-MEGA-
FIL 1100 M metallic flux-cored (process 138; EN 
ISO 18276-A classification - T 89 4 Mn2Ni1Cr-
Mo M M 1 H5). The filler metal wire diameter 
amounted to 1.2 mm. The shielding gas used in 

the process was ISO 14175 - M21 - ArC-18. The 
root layer was welded using a Lincoln Power 
WAVE 455 STT semiautomatic welding ma-
chine, whereas filling layers were made using a 
Multi Surfacer D2 mechanised welding station 
(Welding Alloys). The schematic diagram of the 
welded joint is presented in Figure 2.

The fabrication cycle used when making the 
test joint subjected to quadruple repair was the 
following: the making of a production joint, 
the performance of non-destructive tests, the 
removal of the weld using arc-air gouging + 
the performance of the 1-st repair, the perfor-
mance of non-destructive tests, the removal of 
the weld + the performance of the 2-nd repair, 
the performance of non-destructive tests, the 
removal of the weld + the performance of the 
3-rd repair, the performance of non-destructive 
tests, the removal of the weld and the making 
of another, i.e. 4-th repair weld.

Afterwards, the repair joint was subjected to 
destructive tests (impact strength test, hardness 
measurements and microscopic metallographic 
tests). The macrostructure of the repair welded 
joint as well as the microstructure of its indi-
vidual areas were identified using Nital-based 
chemical etching.

The impact strength tests of the welded joint 
involved impact specimens having dimensions 
of 10 mm × 10 mm × 55 mm. The tests were per-
formed at a temperature of -40°C, in accord-
ance with the requirements of the PN-EN ISO 
9016 standard [16]. In turn, impact strength 
tests were performed in accordance with the 
requirements of the PN-EN ISO 9015-1 stand-
ard [17], along three measurement lines located 

Fig. 2. Shape and dimensions of the weld grove a) and the welding sequence in the repaired joint b)
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near the weld face, at the half of the joint thick-
ness and near the weld root.

Test results

Microscopic metallographic tests of 
simulated HAZ areas 
The results of the microscopic metallographic 
tests of the base material of steel S1100QL are 
presented in Figure 3. In turn, results concern-
ing the simulated HAZ areas of steel S1100QL 
are presented in Figures 4–12.

Impact strength tests 
Impact energy test results concerning all sim-
ulation variants and numbers of welding ther-
mal cycles are presented in Figures 13–16.

Measurements of the hardness of 
simulated HAZ areas 
Hardness measurement results concerning all 
simulation variants and numbers of welding 
thermal cycles are presented in Figures 17 and 18.

Fig. 4. Microstructure of steel S1100QL after simulation involving one thermal cycle in relation to cooling time 
t8/5 = 3 s: a) heating 1x, martensite, hardness: 445 HV10av., mag. 500x, b) heating 2x, martensite, hardness 453 

HV10av., mag. 500x, c) heating 3x, martensite, hardness 383 HV10av., mag. 500x and d) heating 4x, martensite, hard-
ness 435 HV10av., mag. 500x

Fig. 3. Base material of steel S1100QL: martensite, hard-
ness: 430 HV10av., mag. 500x
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Fig. 5. Microstructure of steel S1100QL after simulation involving one thermal cycle in relation to cooling time t8/5 
= 5 s: a) heating 1x, martensite, hardness: 450 HV10av., mag. 500x, b) heating 2x, martensite, hardness: 454 HV10av., 
mag. 500x, c) heating 3x, martensite, hardness: 396 HV10av., mag. 500x and d) heating 4x, martensite, hardness: 434 

HV10av., mag. 500x

Fig. 6. Microstructure of steel S1100QL after simulation involving one thermal cycle in relation to cooling time t8/5 = 
10 s: a) heating 1x, martensite, hardness: 458 HV10av., mag. 500x, b) heating 2x, martensite, hardness: 406 HV10av., 
mag. 500x, c) heating 3x, martensite, hardness: 442 HV10av., mag. 500x and d) heating 4x, martensite, hardness: 442 

HV10av., mag. 500x
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Fig. 7. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 = 
600°C) in relation to cooling time t8/5 = 5 s: a) heating 1x, bainite and small amounts of ferrite, hardness: 330 HV10av., 

mag. 500x, b) heating 2x, bainite and ferrite, hardness: 358 HV10av., mag. 500x, c) heating 3x, bainite and small amounts 
of ferrite, hardness: 328 HV10av., mag. 500x and d) heating 4x, bainite and ferrite, hardness: 381 HV10av., mag. 500x

Fig. 8. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 = 
600°C) in relation to cooling time t8/5 = 10 s: a) heating 1x, bainite and traces of ferrite, hardness: 368 HV10av., mag. 

500x, b) heating 2x, bainite and small amounts of ferrite, hardness: 375 HV10av., mag. 500x, c) heating 3x, bainite, 
hardness: 360 HV10av., mag. 500x and d) heating 4x, bainite and ferrite, hardness: 377 HV10av., mag. 500x
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Fig. 9. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 = 
760°C) in relation to cooling time t8/5 = 5 s: a) heating 1x, mixture of bainite and ferrite, hardness: 348 HV10av., mag. 
500x, b) heating 2x, mixture of bainite and ferrite, hardness: 352 HV10av., mag. 500x, c) heating 3x, mixture of bainite, 
“fresh” martensite and ferrite, hardness: 343 HV10av., mag. 500x and d) heating 4x, mixture of bainite, “fresh” martens-

ite and ferrite, hardness: 355 HV10av., mag. 500x

Fig. 10. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 = 
760°C) in relation to cooling time t8/5 = 10 s: a) heating 1x, high-tempered martensite and “fresh” martensite, hard-

ness: 366 HV10av., mag. 500x, b) heating 2x, high-tempered martensite and “fresh” martensite, hardness: 325 HV10av., 
mag. 500x, c) heating 3x, mixture of bainite, martensite and a small amount of ferrite, hardness: 346 HV10av., mag. 

500x and d) heating 4x, mixture of bainite, martensite and ferrite, hardness: 383 HV10av., mag. 500x
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Fig. 11. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 
= 900°C) in relation to cooling time t8/5 = 5 s: a) heating 1x, mixture of bainite, martensite and ferrite, hardness: 355 
HV10av., mag. 500x, b) heating 2x, mixture of bainite, martensite and ferrite, hardness: 454 HV10av., mag. 500x, c) 

heating 3x, mixture of bainite, martensite and ferrite, hardness: 391 HV10av., mag. 500x and d) heating 4x, mixture of 
bainite, martensite and ferrite, hardness: 426 HV10av., mag. 500x

Fig. 12. Microstructure of steel S1100QL after simulation involving double thermal cycle (Tmax1 = 1250°C + Tmax2 
= 900°C) in relation to cooling time t8/5 = 10 s: a) heating 1x, mixture of bainite, martensite and ferrite, hardness: 449 

HV10av., mag. 500x, b) heating 2x, mixture of bainite, martensite and ferrite, hardness: 412 HV10av., mag. 500x, c) 
heating 3x, mixture of bainite, martensite and ferrite, hardness: 428 HV10av., mag. 500x and d) heating 4x, mixture of 

bainite, martensite and a small amount of ferrite, hardness: 453 HV10av., mag. 500x
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Fig. 13. Impact energy KV of the simulated HAZ areas of steel S1100QL in relation to the single thermal cycle in the 
function of the number of welding thermal cycles in relation to cooling time t8/5: a) 3 s, b) 5 s and c) 10 s 
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Fig. 14. Impact energy KV of the simulated HAZ areas of steel S1100QL in relation to the double thermal cycle (Tmax1 = 1250°C 
+ Tmax2 = 600°C) in the function of the number of welding thermal cycles in relation to cooling time t8/5: a) 5 s and b) 10 s 

Fig. 15. Impact energy KV of the simulated HAZ areas of steel S1100QL in relation to the double thermal cycle (Tmax1 = 1250°C 
+ Tmax2 = 760°C) in the function of the number of welding thermal cycles in relation to cooling time t8/5: a) 5 s and b) 10 s 
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Fig. 16. Impact energy KV of the simulated HAZ areas of steel S1100QL in relation to the double thermal cycle (Tmax1 = 1250°C 
+ Tmax2 = 900°C) in the function of the number of welding thermal cycles in relation to cooling time t8/5: a) 5 s and b) 10 s 

Fig. 17. Average values of hardness HV10 in relation to the simulated SWC areas of steel S1100QL in relation to the 
single thermal cycle Tmax = 1250°C in the function of the number of welding thermal cycles in relation to cooling time 

t8/5 = 3 s, 5 s and 10 s 
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Fig. 18. Average values of hardness HV10 in relation to the simulated SWC areas of steel S1100QL in relation to cooling 
time t8/5 = 5 s and 10 s in the function of the number of welding thermal cycles in relation to double thermal cycles: a) 

Tmax1 = 1250°C + Tmax2 = 600°C, b) Tmax1 = 1250°C + Tmax2 = 760°C and c) Tmax1 = 1250°C + Tmax2 = 900°C 
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Destructive test results concerning the 
welded joint subjected to quadruple 
repair
Impact energy test results as well as hardness 
measurement results concerning the repair 
welded joint are presented in Figures 19 and 20.

The macrostructure of the repair welded joint 
is presented in Figure 21. The results of the mi-
croscopic metallographic tests concerning the 
HAZ areas and the weld areas of the joint are 
presented in Figure 22.

Fig. 19. Impact energy test results in relation to the repair joint 

Fig. 20. Hardness measurement results related to the repair welded joint 

Fig. 21. Macrostructure of the welded joint after four 
repairs 
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Joint area HAZ Weld

At the weld 
face height

Martensite; hardness: 387 HV10av.;
mag. 500x

Mixture of bainite, small amounts of mar-
tensite and small amounts of ferrite; hard-

ness: 311 HV10av.;
mag. 500x

At the half 
of the joint 
thickness

Mixture of high-tempered martensite and 
“fresh” martensite along grain boundaries; 

hardness:
357 HV10av.; ,mag. 500x

Mixture of bainite and small amounts of 
ferrite; hardness:

314 HV10av.; mag. 500x

Near the 
weld root

Mixture of bainite, martensite and small 
amounts of ferrite; hardness: 359 HV10av. ; 

mag. 500x

Mixture of bainite and ferrite; hardness: 274 
HV10av.; mag. 500x

Fig. 22. Microstructure of the HAZ areas and weld areas in the repair welded joint made of steel S1100QL, subjected to 
quadruple repair 
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Discussion
The microstructure of the base material of steel 
S1100QL contained martensite having an aver-
age hardness of 430 HV10av. (Fig. 3). In terms 
of all of the variants related to the single ther-
mal cycle, the microstructure of the simulated 
HAZ areas of steel S1100QL contained mar-
tensite having characterised by average hard-
ness restricted within the range of 383 HV10av. 
to 458 HV10av. (Fig. 4–6).

In terms of all of the variants related to the 
double thermal cycle (Tmax1 = 1250°C + Tmax2 
= 600°C), the microstructure of the simulated 
HAZ areas of steel S1100QL contained the mix-
ture of bainite and ferrite characterised by aver-
age hardness restricted within the range of 328 
HV10av. to 381 HV10av. (Fig.  7–8).

As regards the double thermal cycle (Tmax1 
= 1250°C + Tmax2 = 760°C), cooling time t8/5 
= 5 s as well as the single and double heating, 
the microstructure of the simulated HAZ are-
as contained the mixture of bainite and ferrite 
characterised by an average hardness of 348 
HV10av. and 352 HV10av. respectively (Fig. 9). 
After the third and the fourth repetition of the 
welding thermal cycle, in addition to bainite 
and ferrite, the microstructure (along grain 
boundaries) contained the so-called “fresh” 
martensite. The “fresh” martensite was formed 
from austenite (precipitated along grain bound-
aries) as a result of the exceeding temperature 
AC1 during the second thermal cycle. In rela-
tion to steel S1100QL, the value of temperature 
AC1 amounted to 700°C. The average hardness 
value related to the third and fourth heating 
amounted to 343 HV10av. and 355 HV10av. re-
spectively (Fig. 9).

As regards the double thermal cycle (Tmax1 
= 1250°C + Tmax2 = 760°C), cooling time t8/5 = 
10 s as well as the single and double heating, the 
microstructure of the simulated HAZ areas con-
tained the mixture of high-tempered martensite 
and “fresh” martensite along grain boundaries 
characterised by an average hardness of 366 
HV10av. and 325 HV10av. respectively (Fig. 

10). After the triple and quadruple repetition 
of heating, the microstructure of the HAZ area 
contained the mixture of bainite, martensite 
and ferrite. The average hardness values were 
346 HV10av. and 383 HV10av. respectively (Fig. 
10).

As regards to all the repetitions of heating in 
relation to the double thermal cycle (Tmax1 = 
1250°C + Tmax2 = 900°C), the microstructure 
of the simulated HAZ areas contained the mix-
ture of martensite, bainite and small amounts 
of ferrite (Fig. 11 and 12). In relation to cool-
ing time t8/5 = 5 s, the average hardness values 
were restricted within the range of 355 HV10av. 
to 454 HV10av. (Fig. 11). In turn, in relation to 
cooling time t8/5 = 10 s, the average hardness 
values were restricted within the range of 412 
HV10av. to 453 HV10av. (Fig. 12). 

The test results regarding the average impact 
energy values concerning the simulated HAZ 
areas of steel S1100QL (presented in Figures 13–
16) revealed that all of the simulation variants, 
(related a testing temperature of -40°C and that 
of +20°C) satisfied the required criterion of 27 J.

The test results regarding the average im-
pact energy values concerning the simulated 
HAZ areas of steel S1100QL in relation to the 
single thermal cycle (Tmax = 1250°C; Fig. 17) 
revealed that the lowest hardness value of 383 
HV10av. was obtained in relation to triple heat-
ing and cooling time t8/5 = 3 s. In turn, the 
highest hardness value of 458 HV10av. was ob-
tained in relation to single heating and cooling 
time t8/5 = 10 s.

As regards the double thermal cycle (Tmax1 
= 1250°C + Tmax2 = 600°C), the lowest hard-
ness value of 328 HV10av. was obtained in re-
lation to triple heating and cooling time t8/5 = 
5 s. In turn, the highest hardness value of 381 
HV10av. was obtained in relation to quadruple 
heating and cooling time t8/5 = 15 s (Fig. 18a).

As regards the double thermal cycle (Tmax1 
= 1250°C + Tmax2 = 760°C) the lowest hard-
ness value of 325 HV10av. was obtained in rela-
tion to double heating and cooling time t8/5 = 
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10 s. In turn, the highest hardness value of 383 
HV10av. was obtained in relation to quadruple 
heating and cooling time t8/5 = 10 s (Fig. 18b).

As regards the double thermal cycle (Tmax1 
= 1250°C + Tmax2 = 900°C) the lowest hard-
ness value of 355 HV10av. was obtained in re-
lation to single heating and cooling time t8/5 = 
5 s. In turn, the highest hardness value of 454 
HV10av. was obtained in relation to quadruple 
heating and cooling time t8/5 = 5 s (Fig. 18c). 

The tests concerning the steel with the sim-
ulated HAZ revealed specific trends as regards 
changes in the microstructure of the steel and 
its mechanical properties (hardness and tough-
ness). It is expected that steels such as S1100QL 
should be characterised by high strength, high 

yield point (in particular) as well as favoura-
ble toughness at lower temperature. The ap-
propriate combination of high toughness and 
high hardness of the simulated HAZ of steel 
S1100QL was obtained using the single thermal 
cycle in relation maximum temperature Tmax 
= 1250°C, all cooling times, i.e. t8/5 = 3 s, 5 s 
and 10 s and all repetitions of the heating pro-
cess as well as the double thermal cycle Tmax1 
= 1250°C + Tmax2 = 900°C in relation to both 
cooling times, i.e. t8/5 = 5 s and 10 s and the 
number of the repetitions of the heating pro-
cess restricted within the range of 1 to 4.

The comparison of the microscopic metallo-
graphic test results of the simulated HAZ areas 
with those in the actual welded joint revealed 

Fig. 24. HAZ area at the half of the joint thickness; mixture of high-tempered martensite, “fresh” martensite along grain 
boundaries and small amounts of ferrite: a) area after the simulated cycle Tmax = 1250 + 760°C, t8/5 = 10 s, hardness: 

366 HV10av. and b) repair welded joint; hardness: 357 HV10av.; etchant: Nital, mag. 500x

Fig. 23. HAZ area at the weld face height; martensite: a) area after the simulated cycle Tmax = 1250°C, t8/5 = 3 s, hard-
ness: 383 HV10av. and b) repair welded joint; hardness: 387 HV10av.; etchant: Nital, mag. 500x
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the significance similarity both in terms of the 
microstructure morphology and hardness val-
ues (see Figures 23–25).

Conclusions
The above-presented tests and their results 
justified the formulation of the following 
conclusions:
1. Depending on the thermal cycle variants, 

the microstructure of the simulated HAZ 
area of steel underwent changes of its com-
position ranging from martensite in rela-
tion to the single thermal cycle, through 
the mixture of bainite and martensite in re-
lation to the double cycle Tmax1 = 1250°C 
+ Tmax2 = 600°C as well as the mixture of 
high-tempered martensite and “fresh” mar-
tensite along grain boundaries in relation to 
the double cycle Tmax1 = 1250°C + Tmax2 = 
760°C to the mixture of martensite, bainite 
and small amounts of ferrite in relation to 
the double cycle Tmax1 = 1250°C + Tmax2 
= 900°C.

2. The microscopic observations demonstrat-
ed high similarity between the phase com-
position, microstructural morphology and 
average hardness values as regards the sim-
ulated HAZ areas and the HAZ of the repair 
welded joint.

3. In terms of all the simulation variants, the 
impact energy of the simulated HAZ area of 
steel satisfied the minimum criterion KV = 
27 J and was restricted within the range of 34 
J to 154 J in relation to a testing temperature 
of -40°C and within the range of 83 J to 174 J 
in relation to a testing temperature of +20°C.

4. In terms of steel S1100QL, the number of 
the repetitions of the thermal cycle of preset 
parameters (between single and quadruple 
heating) did not trigger any clearly notice-
able tendency as regards changes in the im-
pact every values related to the simulated 
HAZ areas.

5. The recommended thermal cycle enabling 
the obtainment of the appropriate combi-
nation of the high toughness and high hard-
ness of the simulated HAZ areas of steel 
S1100QL (being similar to the hardness of 
the base material of the steel) was the sin-
gle thermal cycle of the maximum tempera-
ture Tmax = 1250°C in relation to all cooling 
times, i.e. t8/5 = 3 s, 5 s and 10 s and all and 
all repetitions of the heating process as well 
as the double thermal cycle Tmax1 = 1250°C 
+ Tmax2 = 900°C in relation to both cooling 
times, i.e. t8/5 = 5 s and 10 s and the number 
of the repetitions of the heating process re-
stricted within the range of 1 to 4.

Fig. 25. HAZ area near the weld root; mixture of bainite, martensite and small amounts of ferrite: a) area after the simu-
lated cycle Tmax = 1250 + 760°C, t8/5 = 5 s, hardness: 348 HV10av. and b) repair welded joints, hardness: 359 HV10av.; 

etchant: Nital, mag. 500x
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