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Introduction

Within the construction field, several 
methods are used for joining structural 
steel rods, one of them is welding, this 
study AWS D1.4 standard is use. The 
problems in welding A-42 rods are crac-
ks in the area affected by heat, the struc-
tural rods have a low carbon content and 
the presence of elements such as Man-
ganese, Silicon, Molybdenum, Chro-
mium, Vanadium, Nickel, and Copper 
in their chemical composition. Low car-
bon steels have a percentage lower or 
equal to 0.41 % of Carbon Equivalent 
affecting the rod weldability since the 
carbon content is inversely proportio-
nal to the weldability of a material due 
to the fact that a martensitic structure 

was generate since when developing 
the weld bead, heat treatment tempe-
ratures are reached, which changes its 
microstructure (Niebles et al., 2014), 
(Rabiey et al., 2022). The austenite will 
transform into martensite, increasing the 
cracking in the weld bead, which occurs 
due to the hydrogen introduction, the 
martensitic structure will increase the 
hardness of the material at the expense 
of a reduction of its ductility, it which is 
detrimental to a structural application.

The present study seeks to avoid the 
formation of the martensitic microstruc-
ture by post-heating after welding, and 
at the same time to relax the residual 
stresses caused by the high temperatu-
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res of the welding process. This hydro-
gen cracking occurs due to thermal con-
tractions during the cooling of the weld 
since it is cooled to temperatures below 
200 °C, producing high rates of stresses 
in the weld area this originates since 
some zones are at different temperatures 
generating compressions and tension in 
the weld bead (Messler, 1999 Huang, B. 
et al., 2020). The post-heating process 
consists of cooling the welded joint to 
a specific temperature and time higher 
than the beginning of the martensitic 
transformation, these values was obtai-
ned from Temperature-Time-Transfor-
mation Diagrams, these diagrams are 
also known as S-Curve (Batista-Suárez 
et al., 2018). 

Olabi y Hashmi (1995) investigated 
the effect of post welding by analyzing 
the mechanical properties and residual 
stresses of welded sections of type I 
structural steel beams. A 70 % reduc-
tion in residual stresses and a 15 % im-
provement in toughness were obtained, 
generating a decrease in tensile stren-
gth. (Zhang et al., 2018) used instru-
mented indentation test and finite ele-
ment analysis based on microstructure 
to study the post weld effect and me-
chanical properties of weld metal. The 
author found that Post Weld Heat Treat-
ment (PWHT) significantly influences 
in the weld metal mechanical proper-
ties, weld metal strength decreases after 
PWHT; the critical fracture toughness of 
weld metal significantly decreases after 
treating at 400 and 600 ºC and slightly 
decreases after treating at 700 ºC.

Krishnan (2002) conducted a study of 
Post Weld Heat Treatment of friction stir 
welds was carried out at solubilization 
temperatures of 520, 540 and 560 °C,  
followed by aging at 175 or 200 °C. 
The weld region exhibited very coarse 
grains after PWHT, and the hardness 
was evenly present on the surface. The 
naturally aged weld joining efficiency 
reached 72 % after 14 days. (L. Wang 
et al., 2018) studied the influence of la-
ser welding parameters on the micros-
tructure and mechanical properties of 
welded joints of 2A14-T6 alloy. It was 
showing that the tensile strength and 
elongation of the laser disk welded joint 
firstly increase and then decrease with 
increasing heat input. The fracture type 
in all specimens is define as ductile frac-
ture. When the heat input is 75 kJ/m, the 
maximum tensile strength of the weld 
is 261.7 MPa, approximately 61.2 % 
of the base metal. (Joshi et al., 2023) 
studied the effect of post-weld heat 
treatment on the mechanical proper-
ties of friction stir welded 7075-T651 
Aluminum alloy. A marginal reduction 
in ductility of about 17-20 % after post 
heat treatment in the welded specimens 
found. No reduction in the modulus of 
elasticity was observed in the base and 
welded metals.

This paper is divided as follows. 
Section 1 covers the Introduction 
where hydrogen cracking in welding 
is analyzed in addition, a state-of-the-
art analysis has been placed. The se-
cond section shows the Materials and 
Methods used in the research, which 
developed through tests, standards, 
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and mathematical models for the data 
characterization. Section 3 analyzes 
the results obtained quantitatively and 
comparative graphs. The conclusions 

section analyzes the results obtained to 
establish the behavior of post-heating 
in welding. 

Materials and Methods

The NTE INEN 2167 standard pre-
sents the percentages of carbon equiva-
lent of the rebars, which is between 0.50 
- 0.55 % (INEN NTE 2635, 2012). To 
obtain accurate data on the chemical com-
position of the rods, the spectrometry test 
was performing to obtain the equivalent 
carbon of the rods; this equivalent carbon 
value is a measure of the weldability of 
the steel. On the other hand, through the 
equivalent carbon, the TTT diagram sui-
table for post-heating is obtained. 

Preparation of the Specimens

To know the chemical composition 
of the A-42 rods, spectrophotometry was 
developing, starting with the cutting of 
the rod at a length of 30 mm, since the 
length must be greater than 10 mm so that 
there is no error in the test. Once the cut 
is made, the surface face of the rod is san-
ded with abrasive sandpaper. Three san-
ding sequences are performed with san-
dpaper # 180, 200, 800 and 1200 in that 
order, to obtain flat and polished faces. 
The study was carried out with a sam-

ple of 5 specimens of each brand, since 
according to INEN 2635:2012, a tensile 
study should carry out several specimens 
greater than or equal to 5 (Kalpakjian & 
Schmid, 2014).

Spectrophotometric Test

Once the specimens had their faces 
completely flat, the spectrophotome-
try test was performing in the optical 
emission spectrophotometer of the Sa-
lesian Polytechnic University, which 
has a spectral range of 130-180 nano-
meters. It should be considered that the 
initial values given by the spectropho-
tometer may have errors in the range of 
0.1-0.2 %, this reason, several burnings 
should carry out until the measurement 
was stabilized (Maigua et al., 2020).

The chemical composition was ob-
taining by spectrophotometry, the results 
are show in Table 1, where each rod that 
was examining complies with the Carbon 
Equivalent (CE) standard proposed by the 
standard INEN 2197 Ecuadorian, which 
should be between 0.50-0.55 % of CE.
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Table 1 
Chemical composition and EC for each brand of rod

Chemical Element Rod A (%) Rod B (%) Rod C (%)
Carbon 0.286 0.30 0.275
Manganese 1.35 1.2 1.37
Silicon 0.0989 0.0832 0.0950
Chromium 0.0730 0.0781 0.0736
Molybdenum 0.0061 0.0052 0.0060
Vanadium 0.0011 0.0016 0.0005
Nickel 0.0390 0.031 0.0388
% CE 0.55 0.53 0.54

Obtaining the amount of EC presen-
ted by the rods and the carbon percenta-
ge of each one of them, the weldability 
was found by drawing a perpendicu-
lar line from the axis of X (EC) and Y 

(Carbon Percentage), where the lines 
coincide will be the weldability zone 
in Figure 1, the weldability of the rods 
can be observed (Phillips, 2016).

Figure 1 
Weldability zone of rebars

Note. Phillips, 2016

The weldability of the rods was fin-
ding in zone II, where there are cracks 
in the HAZ. The TTT diagram is selec-
ted based on the equivalent carbon con-
tent of the rod. Through spectroscopy 

test, and carbon average value of 0.55 % 
was obtained, for each rod brand (Singh, 
2012). TTT diagram was used to per-
form the post-heating is shown in Figure 
2 (Huang, X. et al., 2020). Likewise, the 
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post-heating cycle can observe, for this 
study the cooling from the solidification 
temperature of the weld bead to a tem-
perature of 420 °C is performed, this to 

prevent the formation of martensite and 
to know the results for a maintenance 
temperature of 420 °C during a time 
of 30 min.

Figure 2 
TTT diagram for 0.3 % carbon steel 

Note. Vander Voort, 1991

Obtained the rods chemical compo-
sition, the EC was calculate using Equa-

tion 1 of AWS D1.1 2020 (American 
Welding Society et al., 2020).

6 5 15
Mn Si Cr Mo Cb V Ni CuCE C + + + + +

= + + + 	 (1) 

Figure 3 shows the post-heating pro-
cess to is performed on the rods.

Figure 3 
Post-heating process
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Equation 2 (Messler, 2008) was considering for the calculation of solidifica-
tion time

	 (2)

Where St solidification time, Lf is 
the latent heat of fusion per unit vo-
lume, Sb the standard deviation, n the 
number of degrees of freedom, K the 
thermal conductivity of the base metal, 
r the density of the base metal, Cp the 
specific heat, Tm the melting tempera-

ture and To the initial temperature. The 
parameters used to determine the post 
heating cycle are voltage, current inten-
sity and welding speed, values of 75 V, 
120 A and 10mm/s, respectively. The 
steel physical properties with medium 
carbon content are specifying in Table 2.

Table 2 
Physical properties of low carbon steel

Physical properties of low carbon steel at 20 °C

Density [r] 7833 kg/m3

Specific Heat [Cp] 465 J/kg∙K

Diffusivity [x10-5] 1.474 m2/s

Thermal Conductivity [k] 54 W/m∙K

The amount of heat (Lf) required to 
melt a given metal of volume is deter-
mined using Equation 3.

	 (3)

Obtaining a solidification time of 3 
seconds, the time in which the solder 
solidifies, the solder well temperatu-
re reaches 1650 °C or more (Groover, 
2014). Therefore, since the solder so-

lidifies in 3 seconds, it is considered to 
enter the melting temperature. Figure 4 
details the post-heating process that the 
corrugated rods will undergo.
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Figure 4 
Post-heating cycle
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Subsequently, the t-student statistical 
analysis was applying for the tensile and 
hardness tests, which allows examining 
if there is a significant variation between 
the averages of two groups by hypothe-

sis, which in this case has a group with 
post heating and another without post 
heating, to affirm or deny the hypothe-
sis Equation 4 is used (Bravo, 2017), 
(Wang et al., 2021).

	 (4)

Where d is the differences Mean, 
Sb is the differences deviation and n 
the degrees of freedom number. To find 

the differences average equation 5 is 
applied (Bravo, 2017).

	 (5)

Where d is the differences average, 
with post is the samples average without 
post-heating, and without post is the 

samples average with post-heating. The 
standard deviation of the differences 
is found by Equation 6 (Bravo, 2017).

	 (6)
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The freedom degrees (v) were founding using Equation 7.

	 (7)

As a result, it was founding that the 
critical value for two-tailed is 2.776.

Results and discussion

In this section the results obtained 
in the tensile and hardness tests are pre-
sented, which help to identify the chan-
ges in the weld mechanical properties.

Results of A-rods

Figure 5 presents the results of the 
ultimate strength obtained in the ten-

sile tests. There is a reduction in the 
breaking strength of the A rods with 
post-heating with a maximum value 
of 420.15 MPa and a minimum of 300 
MPa with respect to the maximum va-
lue, reduction was 6.08 %, and for the 
minimum value 55.44 %.

Figure 5 
Dispersion of ultimate stress results for rod A
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Figure 6 shows the results of the yield 
strength obtained in the tensile tests of 
the rods A. It can be observed in Figu-
re 7. that there is a decrease in the yield 
strength of the rods A with post-heating, 

a maximum value of 393.5587 MPa and 
a minimum of 339.989 MPa is obtained, 
with respect to the maximum value the 
decrease was 1.64 % and for the mini-
mum value it is 5.94 %.
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Figure 6 
Dispersion of yield strength results for rod A
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Figure 7 shows the dispersion of the 
results of the ultimate strength obtained 
in the tensile tests of the rods welded A, 
it is show in Figure 7. there is a reduc-
tion in the of the rods A ultimate strength 

with post-heating with a maximum and 
minimum value of 493.76 and 395.47 
MPa, respectively. Relative to the maxi-
mum value the decrease was 5.69 %, and 
for the minimum value was 27.51 %.

Figure 7 
Dispersion of ultimate strength results of rod A
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Figure 8 shows the hardness results at 
different positions of the polished surface 
of the A-rods. There is a decrease in the 
hardness of the rods A with post-heating 

with a maximum value of 78.7 MPa and 
minimum of 78 MPa with respect to the 
maxi-mum and minimum value decrease 
was 1.65 and 1.67 %, respectively.
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Figure 8 
Dispersion of hardness results of A-rods
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Table 3 shows the results of wel-
ded rods A ductility. There is an increa-
se in the hard-ness of the A rods with 
post-heating with a maximum and mi-

nimum value of 25.35 and 17.85 %, res-
pectively, with respect to the maximum 
value the increase was 53.54 % and for 
the minimum value was 2.94 %.

Table 3 
Ductility results for rod A

ID Samples With Post-heating  
Ductility (%)

Without Post-heating 
Ductility (%)

A 1 17.85 17.34

A 2 22.56 17.33

A 3 21.92 15.17

A 4 25.35 16.51

A 5 23.01 19.39

Results of B-rods

Table 4 shows the breaking strength 
results obtained in the tensile tests of 
welded rods type B for two groups, one 
with post-heating and the other without 
post-heating. There is an increase in the 

breaking strength of the B rods with 
post-heating with a maximum value of 
500.01 MPa and a minimum of 432.55 
MPa the increase the maximum value 
was 1.05 %, and for the minimum va-
lue, it was 1.67 %.
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Table 4 
Results of breaking strength of rod B

ID Samples Rupture strength with  
post-heating (MPa)

Rupture strength  
without post heating (MPa)

B 1 468.96 486.35

B 2 479.75 458.12

B 3 495.82 494.18

B 4 432.55 380.09

B 5 500.01 450.25

Figure 9 shows the dispersion of 
the results of the yield strength with 
post-heating and without post-heating. 
There is an increase in the yield stren-
gth of rod B with post-heating with a 

maximum value of 458.95 MPa and a 
minimum of 415.67 MPa the increase 
the maximum value was 1.16%, and for 
the minimum value present a de-crease 
of 4.74 %.

Figure 9 
Dispersion of yield strength results for rod
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Figure 10 shows the results of the 
ultimate strength with post-heating and 
without post-heating. There is an in-
crease in the ultimate resistance of the 
B rods with post-heating with a maxi-

mum value of 500.019 MPa and a mi-
nimum of 432.55 MPa the increase the 
maximum value was 11.05 %, and for 
the minimum value present a decrease 
of 13.8 %.



164 IX Congreso Internacional de Ciencia, Tecnología e Innovación para la Sociedad

Figure 10 
Dispersion of the results of the ultimate strength of the B rods
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Figure 11 shows the hardness results 
at different positions of the polished sur-
face of the B rods. A decrease in the 
hardness of the B rods with post-hea-
ting was evidencing with a maximum 

value of 76.8 HRB and a minimum of 
68.1 HRB, the decrease the maximum 
value is 3.91 %, and for the minimum 
value, the decrease is 9.1 %.

Figure 11 
Dispersion of hardness results of B rods
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Figure 12 shows the results of duc-
tility with and without post-heating. 
An increase in the ductility of the rods 
B with post-heating with a maximum 

value of 25.43 % and a minimum of 
15.10 %, the increase the maximum va-
lue is 8.3 %, and the increase the mini-
mum value is 7.86 %.
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Figure 12 
Dispersion of ductility results for B-rods

Samples
21 3 3.5 4.54 5

El
on

ga
ti

on
 (%

)

26

24

22

20

18

16

14

Without post-heating
With post-heating

Results of C-rods

Figure 13. shows the breaking stren-
gth results obtained in the tensile tests 
of C welded rods for two groups, with 
post-heating and without post-heating. 
There is a decrease in the breaking stren-

gth of the C rods with post-heating with 
a maximum value of 449.01 MPa and a 
minimum of 422.64 MPa the maximum 
value is a singular point, there is an in-
crease of 9.46 %, and for the minimum 
value, the decrease is 10.64 %.

Figure 13 
Dispersion of results of the breaking strength of the rods C
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Figure 14. shows the yield strength 
results, which are obtained in the tensile 
tests of the C rods, for two groups with 
post heating and without post heating. 

It has observed an increase in the yield 
strength of the C rods with post hea-
ting with a maximum value of 431.6392 
MPa and minimum of 412.47 MPa with 



166 IX Congreso Internacional de Ciencia, Tecnología e Innovación para la Sociedad

respect to the maximum value which is 
a singular point there is a decrease of 

1.8 %, and for the minimum value the 
increase is 1.83 %.

Figure 14 
Dispersion of yield strength results for C-rods
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Figure 15 shows the results of the 
ultimate strength of the C rods with and 
without post-heating. There is a decrea-
se in the ultimate resistance of the C 
rods with post-heating with a maximum 

value of 479.85 MPa and a minimum 
of 349.02 MPa to the maximum value, 
there is a decrease of 5.54 %, and for 
the minimum value is a singular point 
there is an increase of 40.7%.

Figure 15 
Dispersion of the ultimate strength results of the C-rods
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Figure 16 shows the hardness re-
sults at different positions of the poli-

shed surface of the C rods. There is a 
decrease in the hardness of the C rods 
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with post-heating with a maximum va-
lue of 65.5 HRB and minimum of 51.6 
HRB to the maximum value there is a 

decrease of 11.73 %, and the decrease 
the minimum value is 11.73 %.

Figure 16 
Dispersion of hardness results for C-rods
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Figure 17. shows the results of ducti-
lity with and without post-heating. The-
re is an in-crease in the rods C ductili-
ty with post-heating with a maximum 

value of 22.55 % and a minimum of 
17.85 % the maximum value there is 
an increase of 20.59 %, and for the mi-
nimum value, the decrease is 12.83 %.

Figure 17 
Dispersion of hardness results for C-rods

El
on

ga
ti

on
 (%

)

19

18

17

16

15

23

22

21

20

Samples
21 3 4 5

Without post-heating
With post-heating



168 IX Congreso Internacional de Ciencia, Tecnología e Innovación para la Sociedad

T-student test

The tensile and hardness tests Appl-
ying the statistical analysis t-student test 
for, it is analyzed if there is a significant 
variation between the averages of two 
groups utilizing the hypothesis that this 
case there is one group for the two ca-
ses in study. The following analysis is 
applied to the results of each rod (Qui-
tiaquez Sarzosa et al., 2022).

Null Hypothesis for Stress and Hard-
ness (H0): By performing a post-hea-
ting, stresses and hardness increase.

Alternate Hypothesis for Stress and 
Hardness (H1): After post-heating, 
strengths and hardness decrease.

Null Hypothesis for Ductility (HD0): 
Ductility decreases by performing a 
post-heating.

Alternate Hypothesis for Ducti-
lity (HD1): Ductility increases After 
post-heating. Table 5 presents the va-
riables and the results obtained from 
the t-student analysis of the breaking 
strength of the A rods

Table 5 
Variables and results obtained from t-student analysis for A ultimate strength

Variables With post-heating Without post heating

Mean 448.22 506.94

Variance 173.77 3155.06

Observations 5 5

Pearson correlation coefficient 0.75

Hypothetical difference of means 0

Degrees of freedom 4

Statistic t -2.78

P(T<=t) one-tailed 0.024

One-tailed value (one-tailed) 2.13

P(T<=t) two tails 0.04

Value-criticality (two tails) 2.77

As presented in Figure 18, the t-sta-
tistic is established in the rejection zone, 
accepting the alternative hypothesis, 

which mentions when performing a 
post-heating, the resistances and hard-
ness decrease.
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Figure 18 
T-curve to show zone of acceptance or rejection of the ultimate strength of the rods C
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Note. Phillips, 2016

Table 6 shows the results of ultima-
te strength, creep and rupture, besides 

ductility and hardness of each rod brand, 
using the t-student test statistical analysis.

Table 6 
Summary table of statistical analysis t-student test

Rod Mechanical property Similarity (%) Accepted hypothesis

C

Ultimate Strength 4.9 %
The Alternate Hypothesis of Stress and 
Hardness (H1) is accepted: After post 
heating, stress and hardness decrease.

Yield Strength 4.88 %

Breaking Strength 4.6 %

Hardness 1.7 %

Ductility 2.4 %
The Alternate Hypothesis Ductility  
(H1) is accepted: After post heating, ducti-
lity increases.

A

Ultimate Strength 2.8 %
The Alternate Hypothesis of Stress and 
Hardness (H1) is accepted: After post 
heating, stress and hardness decrease.

Yield Strength 1.5 %

Breaking Strength 1.7 %

Hardness 1.5 %

Ductility 2.4 %
The Alternate Hypothesis Ductility  
(H1) is accepted: After post heating, ducti-
lity increases.

B

Ultimate Strength 3.3 %

The Alternate Hypothesis of Stress and 
Hardness (H1) is accepted: After post 
heating, stress and hardness decrease.

Yield Strength 4.9 %

Breaking Strength 4.1%

Hardness 3.18 %

Ductility 4.8 The Alternate Hypothesis Ductility (H1) is ac-
cepted: After post heating, ductility increases.
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Conclusions

By means of the statistical analysis 
t-student test, a decrease in the ultimate 
stress for rods C, A and B of 13.1, 11.22 
and 11.43 % with a probability of error 
of 4.9, 2.8 and 3.3 %, respectively, was 
evidenced. Similarly, the yield stress 
decreases 14.91, 5.46 and 8.24 % with 
an error of 4.88, 1.5 and 4.9 %, ruptu-
re with a decrease of 15.48, 26.47 and 
13.46 % error of 4.6, 1.7 and 3.18 %, the 
hardness presents a de-crease of 21.32, 
2.12 and 5.48 % with error percentages 

of 1.7, 1.5 and 3.18 %, having a level of 
reliability the 95 %.

Based on the t-student test, an in-
crease for ductility was obtained for C, 
A and B of 17.64, 29.41 and 29.43 %, 
with an error probability of 2.4 % for C 
and A, with an error of 4.8 % and for rod 
B. Therefore, there is no martensite for-
mation in the weld metal, and the weld 
seam does not suffer hydrogen cracking 
since hydrogen is scattered in the weld 
seam as a result of post-heating.
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