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Abstract Thermomechanically processed steels are materials of great mechanical
properties connected with more than good weldability. This mixture makes them
interesting for different types of industrial applications. When creating welded joints,
a specified amount of heat is introduced into the welding area and a so called heat-
affected zone (HAZ) is formed. The key issue is to reduce the width of the HAZ,
because properties of the material in the HAZ are worse than in the base material.
In the paper, thermographic measurements of HAZ temperatures were presented as
a potential tool for quality assuring the welding process in terms of monitoring and
control. The main issue solved was the precise temperature measurement in terms of
varying emissivity during a welding thermal cycle. A model of emissivity changes was
elaborated and successfully applied. Additionally, material in the HAZ was tested to
reveal its properties and connect changes of those properties with heating parameters.
The obtained results prove that correctly modeled emissivity allows measurement of
temperature, which is a valuable tool for welding process monitoring.
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1 Introduction

Elaboration of new materials is a task that is demanded by constantly developing indus-
tries. The properties of these materials are strictly specified, and the whole production
and treatment process has to be entirely controlled to assure that certain structural mate-
rial has proper microstructure, strength, weight, etc. HSLA (high-strength low-alloy)
steels having ferritic, ferritic/pearlitic, ferritic/bainitic, bainitic, or tempered marten-
site microstructures allow a large reduction in weight of the elements and structures
produced from them. One of the most interesting and widely applied groups of mate-
rials are thermomechanically processed steels. Reducing the thickness of metal sheets
produced in the process of thermomechanical rolling (thermomechanical controlled
processing—TMCP) for the automotive industry, shipbuilding, oil industry, and many
branches of civil engineering led to a reduction in the cost with simultaneous preser-
vation of all mechanical properties of material.

This type of steel is characterized by high strength combined with high toughness,
high resistance against cold cracks, great formability, and low carbon content or equiv-
alent (CE). The last two aforementioned features are especially useful when elements
made of this steel have to be joined with some welding technique. This is due to the
fact that low CE is most important for good weldability. Moreover, TMPC steels are
characterized by high toughness in the heat-affected zone (HAZ). All of these factors
result in high reliability of TMPC steels, that can be applied in welded structures. The
use of this type of steel reduces the cost of welding by reducing the cross section of the
joints, which leads to reduced consumption of additional materials, shortened welding
time, and a reduction in expenditures on testing joints [1-4].

There is a strong interest in applications of TMPC steels for the construction of
various structures, including those operating in extreme climatic conditions requiring
constant improvements in production technology and joining of these steels through
research and control of materials and process parameters. One possible way of con-
trolling the welding process can be by monitoring and evaluating the HAZ, which has
a crucial influence on the properties of joint and further constructional and functional
properties of welded assemblies. To get the correct microstructure in the HAZ, it is
necessary to control the amount of energy that is delivered into the welding area. In
other words, it is demanded that the temperature of the process has to be precisely
controlled to avoid unwanted changes of microstructure that can cause irreversible
changes in the properties of material in the HAZ (weakening in comparison with the
base material).

In the paper, the concept of welding process monitoring and the results of the
study’s influence on the thermal cycle generated during welding on the properties of
the microstructure of materials are presented. The obtained results have proven that
the proposed method has the potential to be applied in manufacturing processes to
achieve optimal functional properties of welded joints.

2 Welding of Thermomechanically Treated Steel

Welding of TMPC steels requires assurance of the appropriate conditions and param-
eters, as the welding process can be performed using various technologies. Welding
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properties of TMPC steels are mainly determined by their weldability, which depends
on the used material’s properties, proposed technology and additional material’s prop-
erties. Weldability cannot be expressed by a single value; however, it can be determined
on the basis of appropriate studies. It is widely known from literature that optimal
welding properties of TMPC steels in terms of hardness, impact strength, and tensile
strength should be achieved. Moreover, welding parameters should consider envi-
ronmental conditions that have an additional influence on welding joint properties.
According to that, physical, chemical, and mechanical properties of a joint and the
HAZ are determined by a combination of welding parameters and conditions.

Since the HAZ’s properties are mainly responsible for the strength of welded joints,
it is important to precisely know what type of phase transition occurs in this zone for
certain material and process parameters. The nature of the HAZ’s formation is largely
determined by the welding thermal cycle. The welding thermal cycle is described by
changes of temperatures at certain points in the joint as a function of time. It covers
changes of temperatures caused by heat transfer at each point of joint volume and
the effects of those changes. The type of thermal cycle that a welded material has
undergone, especially in the HAZ, affects the structural and mechanical properties
of the joint. In other words, properties of the HAZ are determined by the maximum
temperature of the thermal cycle and cooling time tg/5 (in the range 800 °C-500 °C,
Fig. 1). Knowledge of the thermal cycles in the HAZ at individual points allows assess
to microstructure in the neighborhood area of those points, and as a broader concept, it
can be the basis for elaboration of CCT (continuous cooling transformation) diagrams.
CCT diagrams are mainly used for: prediction of the structural composition of HAZ, a
preliminary assessment of the tendency to hardening of the HAZ of the welded joint and
thus the tendency of the steel for cold cracking in the welding process, determination
of welding conditions (arc linear energy and preheat temperature) required to obtain
joints without cold cracks and with good plastic properties, securing the area against
brittle cracking.

The thermal cycle can be simple (Fig. 1) or complex (Fig. 2). The cycle is sim-
ple when single-layer welding is performed, and each point of the HAZ is only one
heated by the heat source. A complex thermal cycle occurs at a given HAZ point when
multilayer welding is made. In this case, each HAZ point can be heated and cooled
several times according to the number of seams made. Among the methods of deter-
mining transformation temperatures in a welding thermal cycle, conditions of several
groups can be distinguished: direct methods, e.g., in situ, where transformation tem-
peratures are assessed during welding, or indirect methods, where thermal conditions
that will appear during welding are simulated as precisely as possible [5—7]. During
this research, the second approach was applied.

When welding TMPC steel, niobium, titanium, and vanadium are introduced to the
joint area. They are released when the joint cools down, and they take the form of
carbides and carbonitrides. The amount of dispersions depends on the cooling rate.
Faster cooling means that the amount of dispersions in solution will increase. This is
similar to the HAZ, where an increase in diffusionless and bainite transition products is
noticeable. Those types of structures are responsible for a decrease in impact strength,
particularly in the case of a wide HAZ. This effect is compounded when welding is
made with high linear energy and the cooling time tg/5 increases.
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Fig. 1 Simple thermal cycle with marked characteristic parameters essential for joint quality; Weha—
instantaneous cooling speed for point A, Wg,5—average cooling speed form 800 °C to 500 °C, tg/5s—time
needed to cool form 800 °C to 500 °C [5]

1st layer 2nd layer 3rd layer 4th layer

Fig. 2 Exemplary complex welding thermal cycle; 1, 2, 3—points of temperature measurement, Ti—
temperature of steel melting, T o3—temperature of austenitic transformation [5]

In the case of a high cooling rate of typical microstructure, TMPC steel’s HAZ has
a lower amount of bainite, which is characterized by satisfactory resistance to brittle
fracture. When the amount of heat introduced to the joint is high and the material
in the HAZ is held at a high temperature for a longer period of time, the cooling
rate is relatively low. This leads to a growth of austenite grains, and especially in the
zone adjacent to the weld line, formation of structures having elastic properties. In the
structure of the HAZ upper bainite, grain boundary ferrite and ferrite side plates dom-
inate. The formation of a austenitic-martensitic phase is enhanced by withstanding a
superheated part of the HAZ in the temperature range of Acl-Ac3 during multiple
layer welding. Softening of the HAZ in welded joints, especially in thermomechan-
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ically treated steels with accelerated cooling, does not influence immediate strength.
Nevertheless, it may increase the tendency to brittle fracture and fatigue [8].

According to the aforementioned changes in microstructure, phase mixture, and
material properties, there is a strong relationship between temperature introduced
into the material during production or joining process and properties of this material.
In real life applications, properties of the HAZ are different from those of the base
material, but these changes, as well as depth (width) of the HAZ, can be minimized
by monitoring and control of the welding process.

3 Monitoring of HAZ Properties

During the welding process, different instabilities can occur. Some instabilities follow
from faults of welding equipment, some from errors in the preparation of welded parts,
and others from incorrectly set welding parameters. In the case of arc welding, insta-
bilities of the welding speed, welding current, and electric arc voltage lead to changes
in the linear energy introduced into the joint, and as a consequence, this influences
the HAZ’s properties. Monitoring of the HAZ during or directly after welding can
indicate weak points of the welded joint and avoid further problems with operation of
weldment. The HAZ could be monitored in different ways. The simplest one is visual
inspection where, on the basis of color and shape of oxide boundaries, it is possible to
evaluate the HAZ’s properties and indicate areas of the joint where instability occurred
(Fig. 3). Such method is rather approximate and not precise.

A more accurate approach to observing and controlling HAZ properties could be
the application of infrared thermography [9-11]. An infrared camera has the ability
to observe a whole scene during welded joint creation and represent it in the form
of an infrared image (thermogram) where each pixel corresponds to a temperature
value measured on the surface. Taking into account pixel lines across the joint and the
HAZ area, it is possible to create a temperature profile which precisely describes the
temperature distribution at a certain moment of welding (Fig. 4).

Tracking and observation of the profile can be the basis of a monitoring and control
system which can give information about changes in the temperature in the HAZ
caused by welding instabilities. On the basis of the profile series, it is possible to
identify functions time-temperature T(t) showing the cooling process in the HAZ

Fig. 3 Simple visual method of identification of HAZ properties
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Fig. 4 Exemplary infrared image acquired during arc welding and temperature profile across the joint and
HAZ
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Fig. 5 Exemplary series of temperature profiles for a single cross section of a welded joint

(Fig. 5). Using this function, one can estimate, e.g., tg/5 as a parameter describing the
HAZ’s properties. The tg/5 time could be treated as a diagnostic parameter and used
to assess welding process stability.

In this approach, one problem should be considered, namely that the temperature
measurements of metallic surfaces that use infrared thermography are not easy because
of the material’s emissivity [12]. Emissivity of metals is generally very low at room
temperature, but increases with increase of a metallic object’s temperature. Thus,
during the welding process, emissivity of welded parts is transient, which makes these
kinds of temperature measurements performed by infrared camera not valid. This
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problem can be overcome by using a model of emissivity changes over the temperature
changes of the welded parts. More specifically, the model should be especially accurate
for temperatures ranging between 500-800 °C, which is necessary to obtain cooling
time tg/5. In order to estimate the influence of errors of temperature reading caused by
emissivity on estimation of tg/s time, as well as to verify whether it is possible to build
a correction model of measured temperatures, experimental research was conducted.

4 Experimental Research Work

Experimental research was carried out in the Laboratory of Welding Technologies
(Welding Department, Silesian University of Technology) using a specially con-
structed bench equipped with a resistive heating source dedicated to simulation of
a thermal cycle using an indirect method (Fig. 6). Investigated specimens were of
dimensions 10 x 10 x 100 mm and were made of TMPC steel STO00MC of chemical
composition and mechanical properties presented in the Table 1.

In order to measure the temperature of the HAZ during the thermal cycle, an infrared
camera and thermocouple measurement set were used. The measurement setup was
connected to the computer which allowed control of the data acquisition task and
storage of the data. A thermocouple was used for reference measurements. An iso-
lated thermocouple type K (NiCr-NiAl), whose measurement ranges from —100 °C
to 1100 °C, was used. The thermocouple operated with the programmable tempera-
ture transmitter connected to ADC converter linked with the computer. The way the
temperature sensor was coupled with the specimen is presented in Fig. 7.

Infrared images of the tested specimens were gathered using an uncooled infrared
Infratec HR Head camera connected to the PC with installed acquisition and control
software. The IR camera had a resolution of 640 x 480 px and was able to acquire
images with a frame rate of 50 fps.

Fig. 6 Laboratory test bench. 1-heating source, 2-infrared camera, 3-thermocouple transmitter and ADC
converter, 4-PC
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Fig. 7 Thermocouple mounting in the specimen

(a) (b) (c)

= 1000 1000
800 800
600 é.) 600

= 400 = 400

200 200

Fig. 8 Exemplary infrared image of the heating specimen (a) and temperature plot of the simple (b) and
complex thermal cycle

The sample distance from the camera lens was 460 mm, and the video ran at a height
of 1550 mm. The air temperature during the test was 23.7°C. A series of simple thermal
cycles for maximum temperatures ranging from 400 °C to 1300 °C were simulated. In
the case of complex thermal cycles, it was decided to perform simulation for maximum
temperatures from 1100 °C to 1300 °C. The preheating time varies from 2.3 s to 5.6
s. The test for each cycle temperature was repeated three times. Exemplary infrared
image and plots of the temperature measured during the single and complex simulated
thermal cycle are presented in Fig. 8.

5 Results of the Research

Monitoring of the HAZ’s properties using an infrared camera required proper assess-
ment of the temperature values. Because of the emissivity variation during the thermal
cycle, it was necessary to find a way of temperature correction for the proper assess-
ment of one of the HAZ’s properties, namely maximum heating temperature and
cooling time tgs.

Figure 9a presents temperature measurements during simple thermal cycles per-
formed with use of the thermocouple and IR camera. In the case of the infrared
camera, it was mean temperature value calculated over the measurement area pre-
sented in Fig. 9b. The temperature differences, in heating and cooling phases, are
clearly visible and are presented in Fig. 10. Especially interesting are temperature dif-
ferences in the phase of cooling where the temperature drops from 800 °C to 500 °C.
Relative errors of temperature readings from the IR camera referred to thermocouple
values are 6.7 % and 10.2 %, respectively, for 800 °C and 500 °C. For temperatures
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Fig. 9 Comparison of temperatures measured by thermocouple and IR camera (a) in rectangular measure-
ment field definition (b)
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Table 2 Differences in time

Time at 800, tg, s Time at 500, t5, s Time tg/5, s
parameter assessment for

thermocouple and IR camera Thermocouple  28.8 41.6 12.8
measurements
IR camera 27.8 36.8 9.2
Relative error, % 4.2 11.5 28.1

800 °C and 500 °C read from both the thermocouple and the IR camera, there were
identified time values and the time tg/5 was calculated. Those times and errors are
gathered in Table 2. It can be seen that errors for time parameters are similar to errors
of temperatures; however, error for the evaluated time tg/5 exceeds 28%, which could
have had an influence on the proper assessment of the HAZ’s properties.

5.1 Model of Temperature Correction

Taking into consideration the differences in the time parameter tg/s calculated for
temperatures measured using the thermocouple and the IR camera, it was decided to
correct temperature measurements made by the IR camera using an elaborate correc-
tion model. The basis for the model identification was the ratio between the temperature
measured by the IR camera and the temperature measured by the thermocouple:

Tirp (1)

Fie (1) = thp_(t) s

D
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Fig. 11 Plot of temperatures ratio calculated using Eq. 1

where:

Tip(t) —temperature measured with use of IR camera during preliminary research,
Tiep(t) —temperature measured with the use of the thermocouple.

A plot of the temperature ratio for a simple thermal cycle is presented in Fig. 11.
Temperature ratios can be considered functions of temperature measured by the IR
camera Tic (Tiyp) (Fig. 12). This function can be suitable for identification of a model
which can be further used for the calculation of corrected temperatures taken by the IR
camera using temperatures read directly from the thermograms recorded at a constant
emissivity during the whole thermal cycle. Corrected temperatures could be calculated
in the following way:

Tir (1)
Teorr (1) = ————, )
o Fiem (Tir)
where:
Ti;(t) —temperature measured with use of IR camera during thermal cycle,

Tiem (Tir)—ratio of temperatures calculated on the basis of the model identified during
preliminary research.

In Fig. 12a, a plot of the function ric (Tiy,) was created during preliminary research.
Using this function, we can simply identify, e.g., a second order polynomial model
for the whole stage of the HAZ’s cooling. However, the most interesting part of the
cooling stage is when the temperature drops from 800°C to 500°C (Fig. 12b). A
detailed analysis of this temperature range (Fig. 12b) reveals that the function can be
modeled using a simple linear function (Eq. 3) where parameters a and b can be the
result of a curve fitting using the data gathered during preliminary research:

Tiem = aTy + b 3)
On the basis of the data gathered during the research model, parameters were

estimated and applied to correct the temperatures measured by the IR camera. A
comparison of the temperatures before and after correction is presented in Fig. 13.
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Fig. 12 1 (Tjrp) function and possible models for (a) whole cooling stage, (b) part of cooling stage
including temperature change from 800 to 500 °C
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Fig. 13 Comparison of temperatures before and after correction using linear model

One can see that the curves of temperatures measured by the IR camera and corrected
temperatures overlap in the range between 800 °C and 500 °C. Calculated errors for
temperatures 800 °C and 500 °C were, respectively, 0.4% and 0.7%, and time errors
were the following: tg — 0%, t5 — 1.9%, and tg/5 — 6.2%. It could be assumed that
the application of such a model to real data recorded in similar conditions for similar
specimens made of the same material improves the accuracy of the tg/s parameter’s
estimation.

5.2 Estimation of Time tg/s

Taking into account the previous discussion, a model for temperatures acquired from
the IR camera was identified and applied. Results of the evaluation of temperature
parameters based on infrared images for simple and complex thermal cycles were
presented in Table 3. As can be expected, time parameters increased with maximum
temperature of the thermal cycle. Especially interesting is time tg;5s which grows in a
nonlinear manner, which shown in Fig. 14. As one can see, application of a complex
thermal cycle significantly increases cooling time tg/5 in comparison with a simple
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Table 3 Results in characteristic points of thermal cycle

Cycle ID Set temperature, (°C) tg, (s) ts, (s) tg/5, (S)
Simple cycle
5 800 8.0 21.4 13.4
6 900 10.2 25.0 14.8
7 1000 14.5 30.2 15.7
8 1100 16.9 33.2 16.3
9 1200 20.1 36.9 16.8
10 1300 22.5 40.1 17.3
Complex cycle
11 C1300(800)/ 1100(500)/900 36.0 68.2 322
12 C1100(500)/ 900(400)/700 12.1 59.4 473
13 C1000(500)/ 700(300)/500 11.8 58.6 46.8
Fig. 14 Trend of tg/5 time 18
values obtained during research 17
. 16
w0 15
2 14
13
12800 1000 1200 1400
T°C

cycle which can have a negative influence on the microstructure of the welded joint and
the HAZ’s properties. Due to a small number of experiments performed for complex
thermal cycles, it is not possible to unambiguously show the tendency of change of
the time tg/s.

5.3 Generalization of Corrected Model

The proposed correction model is only valid for the investigated grade of steel 700.
However, there are many grades of steel and different conditions of welding that
could exist. In such a situation, the accuracy of the parameter time tg 5 could not be
assured. The most crucial parameter influencing estimation of the temperature using
the infrared camera is emissivity. As shown in [15], emissivity of the steel after surface
treatment for low temperatures is low and increases with temperature due to surface
oxidation. During this research, it was estimated that the emissivity of the specimens
was about 0.9 at 800 °C and 0.78 at 500 °C, which corresponds with emissivity in
literature [16] and with our correction model (Fig. 15). Additionally, we decided to
answer how emissivity changes could influence the parameter tg/s. In order to do
this, an investigation of emissivity was performed for various types of structural steels
used for welded constructions, each having the same structure consisting of an a-iron
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Fig. 15 Comparison of 1
emissivity and rjc ratio as a 09 o
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phase. The following steels were considered: S235, S355, S890, S960, S1100, and
S1300. Steels S235 and S355 have ferritic-pearlite structures. In the case of S7T00MC
steel, the structure is bainite-ferrite. Finally, steels S890, S960, S1100, and S1300 have
tempered martensite structures. As the strength of steel increases, structural uniformity
increases.

From all tested materials, rectangular samples were made. The surfaces of all steel
specimens were intentionally grinded in order to obtain low emissivity. We wanted to
simulate the most adverse surface conditions. Half of each sample area was painted
with a black paint of high emissivity. Additionally, the paint was sure to withstand heat-
ing to about 900 °C. The test procedure was divided into two independent stages. The
first stage was to determine the emissivity of paint at 100 °C. This test was performed
with a simple resistive heater, making constant contact temperature measurements
with a thermocouple. According to this test, it was found that the paint has an emissiv-
ity of &paine = 0.93. In the second stage, all samples were heated for about 30 min in a
soldering oven to 500 °C and next 800 °C. Knowing the emissivity of the painted part,
the emissivity of the uncovered part of the sample was calculated using a compara-
tive method implemented in the software dedicated to the infrared camera (Fig. 16).
The estimated emissivity values were presented in Table 4. It was found that for sam-
ples made of materials having similar structures, the values of emissivity are close to
each other and had a relatively low level. It was especially clear for the S§90, S960,
S1100 steels, where the difference in emissivity was less than 0.05. Additionally, it
can be seen that in general higher uniformity of structure leads to lower emissivity.
At temperatures of about 800 °C (samples taken out of oven cooled quickly), emis-
sivity is higher and the scatter of values is less than for the temperature 500 °C. To
estimate changes in the parameter time tg/5 caused by different surface emissivity,
boundaries of possible emissivity change for 500 °C and 800 °C were assumed, which
were, respectively, (0.16-0.65) and (0.8-0.95). Using these emissivity boundaries for
steel ST00MC, possible changes in measured temperature by infrared camera were
calculated as well as differences in estimated parameter tg/s. Results are presented in
Fig. 17.

InFig. 17, dtop = 15.7s is equal to tg/s5 for steel STOOMC during the thermal cycle id
7 and was estimated using a proposed correction model. The time dty can be treated as
an reference value for relative error calculation. The time dt, = 19.9s is calculated for
the upper boundary (green line) following from the emissivity change from 0.16 to 0.65
and time dtg = 9.9s, which is calculated for the boundary (red line) following from the
emissivity change from 0.8 to 0.95. Percentage relative errors are, respectively, 26%
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Fig. 16 Infrared image of specimens of different grades of steel during estimation of their emissivity

Table 4 Estimated emissivity of

different grades of steel samples Grade of steel Emissivity at 500 °C Emissivity at 800 °C
S235 0.51 0.91
S355 0.35 0.90
S700MC 0.28 0.88
S890 0.19 0.86
S960 0.16 0.84
S1100 0.21 0.84
S1300 0.30 0.84

for the upper boundary and 37% for the lower boundary. Previously calculated errors
for steel STO0MC (cf. Sect. 5.1.) are within the errors limit, thus application of the
proposed method, even for the most unfavorable case, can reduce an error of estimation
of parameter tg;s. If we consider the chart presented where structural changes in
the steel S7T00MC with overlapping changes in the cooling time tg/s following from
emissivity fluctuation are shown, we can clearly see that underestimating the cooling
time tg,5 can indicate a lack of structure of ferritic structure while overestimating can
indicate growth of the participation of the ferritic structure in the steel (Fig. 18).

5.4 Investigation of HAZ Properties

Microscopic assessment of the HAZ’s microstructure of S700MC revealed that for the
thermal cycle with maximum temperature in the range of 400-900 °C, samples had
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Fig. 17 Analysis of changes of parameter tg/5 according to temperature change caused by emissivity
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Fig. 18 Structural changes in the steel S7T00MC as a function of the cooling time tg/5

fine-grained bainitic-ferritic structures. With an increase of maximum temperature
above 900 °C, a strong growth of grain size was observed. This trend was visible
up to the temperature of 1300°C (Fig. 19). This phenomenon has highly adverse
effects on the material’s properties that have been obtained through thermomechanical
processing, while high temperatures decrease the influence of austenite phase grain
refinement. This was mostly the case for the complex thermal cycle. Additionally,
presence of large carbon nitride dispersions in all areas of the simulated HAZ was
observed. This proves high thermal stability of the HAZ [13,14] (Fig. 20).
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Fig. 19 The microstructure of STO00MC steel HAZ as a function of max heating temperature (Tmax)

The HAZ’s microstructure observation results were confirmed by hardness tests
made by the Vickers method. Hardness of the HAZ area, which was heated to temper-
atures in the range of 400-900 °C, does not change significantly and is nearly on the
same level as in the case of the base material. Softening of the material to about 230
HV1 (Fig. 21) was observed for samples heated to temperatures higher than 900 °C.
A similar situation was also noticed for the complex thermal cycle, where increase in
the maximal thermal cycle temperature caused material softening in the HAZ. With
further processing of the slow cooling form temperature above 1000 °C, an increase in
hardness was found. This is connected to the uncontrolled dispersion of strengthening
phases.
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It is known that welding can decrease the impact strength of a material, especially
when joining is performed with high linear energy. It is thus important to measure this
property. The impact strength of the HAZ was measured at —30 °C using the Charpy
V method. It was found that areas heated maximally to 700 °C and withstanding for
a long time at this temperature have significantly lower impact strength than the base
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material (decrease from 50J - cm 2 to a few J - em 2, Fig. 20). This was caused
by the aging process and a blockade of dislocations by carbon and nitrogen. In the
range of 800 °C to 900 °C, a drop of hardness and tensile strength connected with an
increase in impact strength is observed. It is caused by a disappearance of the dispersion
strengthening and the process of recrystallization. When the HAZ was heated to a
maximum temperature above 1000 °C, there was a rapid decrease in impact strength
strongly connected to the growth of grains. This all proved that the material properties
in the HAZ are strongly connected with temperature introduced into the joint during
the welding process [12,13].

Tensile strength tests were made on samples taken from material parts covering
the HAZ and the neighboring area. Analysis of the results gathered in Fig. 15 reveals
that for samples heated for a short time to a temperature maximum from 400 °C to
700 °C, there was no considerable change in tensile strength in comparison with the
base material. For increased maximum temperatures in thermal cycles, a drastic drop
of tensile strength in the HAZ (about 100 MPa) comparing to base material occurred.
Also in the complex thermal cycle, higher temperature and longer cooling time led
to lowering of tensile strength. Elongation of samples where the HAZ was heated to
a max. 700 °C was on the 12% level, while for the base material it was 16%. For
higher temperatures, elongation of the material in the HAZ decreased to 6% (Fig. 15).
A lack of sufficient plastic properties can lead to the appearance of brittle fractures
(Fig. 16) in overheated HAZs, which is highly unwanted. The same loss of plasticity
was observed for complex thermal cycles. Therefore, the welding process should be
conducted in a way that allows minimization of the width of the HAZ, and therefore
unwanted properties.

6 Conclusions

The paper presents results of research devoted to finding the method of monitoring of a
weld joint during the welding process. The author’s proposed application is for infrared
thermography as a contactless method of measurement of HAZ temperature distribu-
tion and assessment of its properties on the basis of measured maximum temperature
as well as cooling time tg;s which is connected with HAZ properties. Experiments
performed during the research allowed identification of mentioned parameters and the
joining of them with the results of metallographic inspections as well as mechanical
tests. The obtained results from the monitoring point of view are promising. There
is a relationship between maximum temperature of a thermal cycle and cooling time
as well as HAZ properties. The most dangerous aspect from a practical application
point of view is the area of low plasticity located in the high temperature (overheated
to 1200 °C), coarse-grained part of the HAZ. Parts of the HAZ heated to about 800-
900 °C have the highest impact strength. Effects of dispersion strengthening vanish,
and the growth of grains is limited. This leads to shortening of a distance on which
unwanted effects of overheated HAZ are present. According to that, it can be stated that
the best HAZ properties were obtained with a heating temperature of about 700 °C.
Discovery of relations between HAZ properties and temperatures and cooling times
was possible on the basis of the application of a temperature correction model to esti-
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mate the temperatures 800 °C and 500 °C. This approach seems to be a good solution
in laboratory conditions, however, in real life could give errors. In the article, errors of
the cooling time depended on emissivity changes, which were estimated. Influence of
the emissivity change could be important; thus, correction of temperatures became a
very important task. The proposed model is matched to emissivity of the investigated
steel STOMC, however, applied to different steels welded in different conditions could
partially reduce an error of the cooling time estimation, tg/s. To reduce the error of tg /s,
estimations were important to estimate model parameters for the exact investigated
material. The authors started research on the investigation of emissivity of different
grades of steel for different temperatures in order to build space for correction model
parameters useful for different kinds of steels and welding conditions. Knowing that
the maximum temperature could have the most influence on the HAZ’s properties,
the proposed method could be improved to find relative measurements of the temper-
atures and corresponding cooling times where the reference point can be defined by
a maximum temperature acquired during the thermal cycle. Application of the pro-
posed method in real-life serial production of welded objects can be realized even if
each time designation of a maximum heating and cooling time has to be performed.
Development on this approach will be the next step of the authors’ further research.
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