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Abstract: This study builds upon a previously developed method for calculating optimal preheating temperatures in steel
welding, which was initially based on hardness testing and graphical analysis of cooling times to prevent cold cracking. In
this follow-up, the methodology is expanded by incorporating critical cooling times derived solely from instrumented Charpy
impact tests, providing additional insights into material toughness and crack resistance. Using these values, preheating tem-
peratures were calculated for various S960MC and S1100MC through a simplified Python program that accounts for critical
cooling time and test plate dimensions. The calculated preheating temperatures were then applied in Tekken tests to evaluate
their impact on weld quality and resistance to cracking. Results showed a strong correlation between the calculated preheating
temperatures and improved crack resistance, validating both the accuracy and practical applicability of the refined approach.
This integrated method significantly enhances weld quality and structural integrity, underscoring its value for high-strength
steel welding applications.

Absztrakt: Ez a tanulmdny egy kordbban kidolgozott mddszerre épiil, amely az optimdlis el6melegitési homérsékletek meg-
hatdrozdsdt szolgdlja acélok hegesztése sordn, eredetileg keménységvizsgdlatra és hiilési id6 grafikus elemzésére alapozva, a
hidegrepedés elkeriilése érdekében fejlesztették ki. Ebben a cikkben a médszertant tovdbbfejlesztették, miiszerezett iitdvizs-
gdlatokbol szdrmazo kritikus hiilési idé értékek beépitésével, amelyek tovdbbi betekintést nyujtanak az acél szivéssdgdiba és
repedésdllésdgdba. Ezen értékek alapjdn S960MC és S1100MC anyagmindségek esetében meghatdroztam az elémelegitési hé-
mérsékleteket egy egyszeriisitett Python program segitségével, amely figyelembe veszi a kritikus hiilési idot és a vizsgdlati le-
mezek méreteit. A szdmitott eldmelegitési hémérsékleteket ezt kovetden Tekken vizsgdlatnak vetettem ald annak értékelésére,
hogy miként befolydsoljdk a hegesztés mindségét és a repedésdllosdgot. Az eredmények erds korreldcidt mutattak a szdmitott
elémelegitési hémérsékletek és a fokozott repedésdllosdg kozitt, igazolva ezzel a tovdbbfejlesztett megkizelités pontossdgdt
és gyakorlati alkalmazhatésdgdt. Ez az integrdlt mdédszer jelentdsen javitja a hegesztés mindségét és a szerkezeti integritdst,
kiemelve annak fontossdgdt a nagyszildrdsdgu acélokndl.
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1. Introduction

Cold cracking, also known as hydrog-
en-induced cracking, is a critical defect
in steel welding, typically occurring
at temperatures below 200 °C. Often
called "delayed cracking" due to the
incubation period required for crack
formation, cold cracking results from
the simultaneous presence of diffusib-
le hydrogen in the weld metal, a micro-
structure susceptible to cracking, and
residual stresses. This phenomenon
is most prevalent in the heat-affected
zone (HAZ) of high-strength steels,
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where the risk is heightened due to the
material's structural sensitivity and
mechanical properties under thermal
stress [1]. Historically, various factors,
including weld metal strength, hydrog-
en content, microstructure, restraint,
and cooling rate, have been identified
as influential in cold cracking forma-
tion, with preheating recognized as
the most effective method to mitiga-
te it. By slowing the cooling rate and
reducing hardness within the HAZ,
preheating can significantly lower the
likelihood of cold cracking [2].

T 35

Correctly determining the prehea-
ting temperature is critical in achie-
ving effective crack prevention, as
insufficient preheating can leave the
weld susceptible to cracking. This stu-
dy expands on prior work that intro-
duced a Python-based program for
calculating optimal preheating tem-
peratures. The program takes into
account steel composition (notably
carbon and manganese content), ma-
terial thickness, and welding speed,
employing predefined coefficients
to calculate the required preheating
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temperature. Previous research app-
lied a simplified approach using gra-
phical representations based on hard-
ness testing, derived from Gleeble
3500 simulations that modeled the
thermal behavior of thermo-mecha-
nically treated steels [3]. These simu-
lations evaluated cooling times rang-
ing from 5 to 20 seconds between 800
°C and 500 °C in high-strength steels
such as S355MC, S500MC, S700MC,
S960MC, and S1100MC [4].

Building on these findings, this
follow-up study applies calculated
preheating temperatures to Tekken
tests on S960MC and S1100MC
high-strength steels to assess weld
quality and susceptibility to cold
cracking. In line with previous
results indicating that preheating is
not essential for lower-strength ste-
els such as S355MC, S500MC, and
S700MC, the focus here remains on
higher-strength grades [5]. Additio-
nally, instrumented Charpy impact
tests were performed to evaluate ma-
terial toughness, providing further
insights into the relationship betwe-
en hardness values, cooling times,
and preheating temperatures. This
expanded approach demonstrates
the effectiveness of targeted prehe-
ating in improving weld quality and
crack resistance for high-strength
steels, reinforcing its practical appli-
cability in welding applications [6,7].

2. Experimental materials and
equipment

2.1. Material properties

The tests are including physical
simulation with the Gleeble (3500,

Figure 1. Charpy impact tester
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Table 1. Chemical composition of S960M steel, wt%
C Si Mn P Cr Ni Mo v Ti Cu Al Nb B
016 [ 020 | 1.22 | 0.011 | 020 [ 0.05 [ 0.605 | 0.037 | 0.002 | 0.01 | 0.055 [ 0.015 | 0.001
Table 2. Chemical composition of S1100M steel, wt%
C Si Mn 4 Cr Ni Mo v Ti Cu Al Nb B
013 | 032 | 1.62 |0.009 [ 063 [ 032 | 0.62 | 0.066 | 0.011 | 0.047 | 0.035 | 0.037 | 0.0014
Table 3. Thickness and mechanical properties of the examined steels
Material Thickness R R A KV -40 °C
grade [mm] MPa] [MPa] %] Ul
S960M 10 1027 1058 15 87
S1100M 15 1193 1221 11.6 88

3800), hardness test, instrumented
Charpy impact test and Tekken on
two materials with different grades
S960MC, S1100MC. Table 1 shows
the chemical compositions of the
S960MC and Table 2 shows the
chemical compositions of SI100MC,
while Table 3 shows the mechanical
compositions of the two materials.

2.2, Instrumented Charpy im-
pact test

The instrumented Charpy impact
test was conducted at -40 °C accor-
ding to the standard EN ISO 14556
[8] using Charpy cool equipment
to simulate the extreme conditions
that contribute to cold cracking in
high-strength steels. S960 MC and

S1100 MC steel samples were tes-
ted, with 20 specimens for each
material. The samples were divi-
ded into four groups of five samp-
les, each group corresponding to a
different cooling time (5 s, 10 s, 15
s, and 20 s), applied using the Gle-
eble 3800 simulator. This test aimed
to evaluate the toughness of the
materials under controlled cooling
conditions and examine how diffe-
rent cooling times influence the re-
sistance to cracking at low tempera-
tures (see Figure 1 and 2). Table (4)
shows the average measured impact
energy results where five specimens
were examined for each cooling
time, and Table 5 and 6. show the
crack propagation.

Figure 2. Specimens after the instrumented Charpy impact tests
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Table 4. CVN results
Material grade CUN[J] CUN[J] CUN[J] CUN[J]
t,, =58 t,, =10s t,,=15s t,,=20s
S960M 69 37 58 45
S100M 70 53 35 18
Table 5. Crack propagation ratio of ~ Table 6. Crack propagation ratio of
S1100M S960M
Cooling time Crack propagation Cooling time Crack propagation
55 80% 5s 79%
10 60% 10s 42%
155 40% 155 67%
20s 20% 20s 52%

After the impact test, crack propa-
gation was analyzed by inspecting
the fracture surfaces of the speci-
mens according to the impact energy
values and the instrumented Charpy
results. The extent of crack growth
was evaluated to determine the influ-
ence of each cooling time on the ma-

terial’s ability to resist brittle fractu-
re. After that diagram was created to
assist determining the cooling time.
This diagram shows the relation bet-
ween the percentage of the absorbed
energy for crack propagation and the
cooling time and when the percenta-
ge is less than 50% it means it is a

3. Figure The relation between the cooling time and the crack propagation
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brittle failure and this where we can
consider it a critical cooling time. For
S960M steel, as shown in the graph,
the highest crack propagation occur-
red at a cooling time of 10 s. Based
on the analysis, the critical cooling
time for S960M steel was determi-
ned to be approximately 12 s, as this
time correlated with minimal crack
growth, and in the case of S1100M
steel, the critical cooling time was
determined to be 15 s (see Figure 3.)

This graphical representation of
crack propagation versus cooling
time was essential for identifying
the optimal cooling conditions to
improve material toughness. The cri-
tical cooling time data was then used
to calculate the appropriate prehea-
ting temperature for welding appli-
cations, ensuring a reduced risk of
cold cracking.

2.3. Calculation of the prehea-
ting temperature for welding
applications

Following the determination of
the critical cooling time from the
previous diagrams, [ substituted the-
se values into the Python program
developed for calculating preheating
temperatures. For S1100 steel, the
program yielded a preheating tem-
perature T = 150 °C, while for S960
steel, the calculated preheating tem-
perature was T =125 °C.

These calculated preheating tem-
peratures are essential for optimi-
zing the welding process, as they
help minimizing the risk of cold
cracking and enhancing the overall
quality of the welds. By maintaining
these preheating temperatures du-
ring welding, the cooling rates can
be controlled more effectively, there-
by reducing residual stress and imp-
roving the mechanical properties of
the welded joints. The integration
of critical cooling time data into the
calculation process demonstrates
the practical applicability of the met-
hod, providing a reliable approach to
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ensuring the structural integrity of
high-strength steel weldments [4].
See Appendix A to see the codes.

3. Tekken test

In the welding process, multip-
le weld runs were performed using
different techniques and parameters
to achieve optimal joint quality. The
initial weld run (Run 1) was carried
out using the 111 processes (manual
metal arc welding) with a 4 mm dia-
meter E46 5 B filler metal electrode.
This run used direct current (DC) with
a current range of 150-160 A and a
voltage between 25-26 V. Subsequent
weld runs (Runs 2-4) also utilized the
111 processes but with a larger, 5 mm
diameter E46 5 B electrode. These
runs operated at a higher current ran-
ge of 200-220 A and a voltage betwe-
en 30-32 V. The final weld run (Run 5)
employed the 135 process (metal ac-
tive gas welding, MAG) using a 1 mm
diameter G 89 5 M filler metal with a
DC+ polarity. This run was performed
at a current range of 170-190 A, with
a voltage of 23-24 'V, a travel speed of
200 mm/min, and a calculated heat
input between 0.9 and 1.08 KJ/cm.

The Tekken test was conducted
to evaluate the weld quality and as-
sess the susceptibility of S960M and
S1100M steels to cold cracking, fol-
lowing the mathematical determina-
tion of preheating temperatures. This
standardized method, following ISO
17642-2, involves subjecting welded
specimens to tensile forces to ob-
serve the material's response under
stress. For each grade, two samples
were prepared: one set was prehea-
ted to 150 °C for S1100 and 125 °C
for S960, the preheating process was
performed in a furnace for the mate-
rials and the electrodes as well for ap-
proximately 2 hours, while the other
set was tested without preheating.
During the testing process, the wel-
ded joints were closely monitored for
any signs of cracking. The results in-
dicated that the non-preheated spe-

anchor welds section A-A Testing weld
60°% 5°
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B — T — eam
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_’1 __Dl section B-B
test weld
Sty 7
v j}' I;_— v / Anchor weld
23l 80 |23 2£0.2
Figure 4. Configuration and dimensions [16]
Table 8. Welding parameters
Weld | Filler Metal Current Voltage, | Travel | HeatlInput
rocess 1 .
Runs Classification | Diameter | Type | Range, A v speed KJ/em
1 m E4658 4mm DC | 150 [ 160 [ 25-26 N/A
2-4 m E4658 5mm DC | 200 220 30-32 N/A
5 135 G8I5M 1mm DC+ [ 170 | 190 | 23-24 | 200 mm/min | 0.9-1.08

cimens exhibited both hot cracking
and cold cracking, particularly due to
inadequate temperature control du-
ring the welding process. In contrast,
the preheated specimens showed sig-
nificantly higher resistance to crack
formation, demonstrating the effec-
tiveness of proper preheating in pre-
venting cold cracking. The outcomes
of this study provide critical insights
into the impact of preheating on the
mechanical properties of welds. The
data indicates a strong correlation
between preheating temperatures,
weld quality, and crack propagation
behavior. This information is inva-
luable for optimizing welding proce-
dures for high-strength steels, ensu-
ring the structural integrity of welded

components. The successful applica-
tion of preheating temperatures, as
confirmed by the Tekken test results,
reinforces the necessity of adhering
to standard procedures to minimize
the risk of cold cracking and enhance
weld quality. [10-15].

Figure (4) illustrates the configura-
tion and dimensions of the specimens,
under the ISO 17642-2 standard.

The welding parameters used for
both S960 and S1100 materials are
detailed in Table 8.

These standardized welding para-
meters ensured the consistency of
the testing process, supporting the
analysis of how preheating affects
weld integrity and resistance to cold
cracking in high-strength steels.

Figure 5. The al and a2 the welded joints without preheating,
b1 and b2 the welded joints with preheating
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Figure 6. Microscope image of the cross section of S960M where
a and b were preheated before the welding,
and c and d were not preheated

Figure (5) shows the welded joints,
the thickness of the plates for S960
is equal to 10 mm, and for S1100
equals 15 mm.

After exposure and cooling of the
specimens for 48 hours, slice sam-
ples of each of the specimens were
made for microstructure investiga-
tion by using the 3D dimensional
microscope device to determine the
formation of cracks with magnifica-
tion 30. This feature helped to assess
internal structure in detail, as it is
presented in Figure 6. and 7.).

On the non-preheated samples,
weld bead cracks were deeply no-
ticeable by the naked eye. Further
analysis of the cross-sections showed
that cracks initiated in the HAZ and
spread towards the fusion zone FZ.

4. Conclusion

In conclusion, the facts derived
from this research, alongside tho-
se established from prior research,
confirm that despite the superior
strength and toughness of devel-
oped high-strength steels (HSS), ste-
els with strength greater than
S700 are more susceptible to cold
cracking. This vulnerability poses a
major problem especially in welding
applications where material proper-
ties and resistance to crack are cru-
cial. To avoid the possibility of cold
cracking in the above higher grade
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steels, enough preheating is requi-
red. Preheating slows the cooling
rate of the weld zone which reduces
residual stress in addition to redu-
cing the formation of hard brittle
microscopic regions that cause crack
formations.

Also, if hardness measurements
are used for assessing critical coo-
ling time, the instrumented Charpy
impact test provides the ability to
increase the accuracy in establish-
ing preheat temperatures. This test
goes a long way in establishing crack
resistance as well as material tough-
ness and therefore, a better exami-
nation of the performance of steel
under different cooling rates. Using
the empirical formulas to calculate
the preheating temperatures, there
are other methods like hardness-ba-
sed methods. However, the most
suitable method that is accurate is
the instrumented Charpy test ba-
sed on standard EN 10045-1. This
order, when implemented to its ca-
pacity, allows engineers and welders
to fix preheating temperatures hence
control weld quality and structural
soundness. In the end, the instru-
mented Charpy impacr test for pre-
heating temperature determination
of preheating provides for a reliable
means of enhancing crack resistan-
ce and optimize welding process on
high-strength steel.

T 39

Figure 7. Microscopic image of the cross section of S1100M where
a and b were preheated before the welding,
and c and d were not preheated
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Appendix A
Here is the code in the case of S1100 with 15mm thickness and for other HSS
materials it needs to modify the input parameters.
import math
def equatlon(T O qfvfeﬁ, At 850 500, A, cp, s):
terml = (g v_eff ** 2) / (4 * math.pi * A * cp * s ** 2)
term2 = (1 / (500 - T_0) ** 2) - (1 / (850 - T _0) ** 2)
return terml * term2 - At 850 500
def calculate T O(q \4 eﬁ At 850 SOO AN, cp, s):
initial guess = 50 # St with an initial
tolerance = 0.001 e
max iterations = 1000
T 0 = initial guess
for in range(max iterations):
result = equation(T 0, g v eff, At 850 500, A, cp, s)
if abs(result) < tolerance: T e re: se enough
break A
T 0 += 0.1 # Adjust t (step size 1 1°C for thi
e ple)
return T 0
qivieﬁ = 1 6896 # KJ/mm
g v eff m3 = g v eff * 10 ** 9 # Convert t J
At 850 500 = 15 # 1ds
A =30 # W mo
cp = 3689 500 7 °C, et e e: 60
0.15 # m r (1 m)
calculageiTio(qivieﬁ7m3, At 850 500, A, cp, s)
(f"T 0 = {T_0:.2f} °C"™)
150.00 °C
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