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NUMERICAL MODELLING AND MEASUREMENTS OF TEMPERATURE FOR TESTS OF STRUCTURAL
TRANSFORMATIONS IN STEELS UNDER WELDING CONDITIONS

This paper presents the way in which temperature is measured in tests concerning structural transformations in various types
of steel under welding conditions. In the test methodology, a small-sized steel specimen was subjected to simulated welding thermal
cycles, during which the temperature of the specimen, changes in magnetic permeability and thermal expansion were measured
simultaneously. The measurements of those parameters required the non-contact heating of the specimen, which involved the use of
heating lamps. The temperature measurement was of key importance because the subsequent analysis of the remaining parameters
was performed in the function of temperature.

The tests of structural transformations resulted in the development of Continuous Cooling Transformation under welding
conditions (CCT) diagrams, enabling the determination of steel weldability and constituting the source of information needed
to determine the effect of welding thermal cycles on the structure and properties of the material subjected to the tests.

Related numerical models to be used as the basis for the analysis of temperature distribution in the test specimen have been
developed. These tests involved the analysis of the values and the distribution of temperature in relation to various model parameters,
i.e. thermocouple types, geometrical features of a thermocouple junction and the diameter of thermocouple wires. The results of
FEM calculations have been compared to the experiments.
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1. Introduction

The weldability of steel is determined using diagrams of
austenite decomposition, i.e. Continuous Cooling Transfor-
mation under welding conditions (CCT). The above-named
diagrams constitute the source of vitally important information
concerning the effect of welding thermal cycles on the struc-
ture and properties of various types of steel and, among other
things, enable the optimum design of technologies dedicated to
joining steel elements in a manner allowing the best possible
properties of welded joints to be obtained and, as a result, the
highest possible crack resistance of entire structural elements
to be achieved [1].

Until today, a number of methods have been developed to
allow the determination of the weldability of steels. The easiest
way to assess the steel weldability is to use empirical formulas for
carbon equivalent (CE), which contain elements of the chemical
composition of steel [2]. However, it is not sufficient to determine
the specific properties of welded joints. Therefore, it is necessary

to reproduce, as closely as possible, special conditions present

during weld fabrication. This means reproducing [3]:

—  joint configuration (fillet or groove, groove type, etc.),

— degree of inherent restraint as imposed by the base material
thickness or general mass,

—  degree of imposed restraint from fixtures or other elements
of the test rig.

No single test can be expected to measure all of the aspects
of the complex properties of welded joints. The most popular
tests are Y-groove (Tekken) and U-groove tests [4]. The Tekken
test is a more restrictive test if compared to the U-groove test.
From a practical point of view, the Tekken test is a better solu-
tion as a criterion for estimating the preheating temperature. Al-
though many practical tests can be used to assess the weldability
of metals, the physical simulation techniques are still popular
and useful [5]. The physical simulation in thermal stress cycle
simulators can be carried out. The main concept of the thermal-
mechanical simulator is simple, i.e. electric current flows through
the specimen and the Joule heat generates the heat flow from
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the centre of the specimen towards cold copper jaws, producing
real temperature gradients [6]. Based on the thermomechanical
simulation it is possible to estimate the toughness as well as the
hardness of simulated HAZ (heat affected zone). However, in
order to determine the cooling rate of these steels in the HAZ,
it is necessary to analyse the cooling conditions in this zone.
This is possible on the basis of Continuous — Cooling — Trans-
formation diagrams for welding conditions. The above-named
diagrams constitute the source of vitally important information
concerning the effect of welding thermal cycles on the structure
and properties of various types of steel and, among other things,
enable the optimum design of technologies dedicated to joining
steel elements in a manner allowing the best possible properties
of joints to be obtained and, as a result, the highest possible crack
resistance of entire structural elements to be achieved [1,7].

The determination of CCT diagrams requires the knowledge
of critical temperatures (i.e. of the beginning and end) of structur-
al transformations occurring in solid-state steels during heating
and cooling. The precise identification of critical temperatures
determining the beginning and end of structural transformations
in steel during welding thermal cycles requires appropriate test-
ing methodology and measuring equipment [1]. The accuracy of
measured parameters is very important since it can be used for
the determination of numerical models of CCT [8].

The test rig described in the article is unique because of the
fact that the related measurement methodology is based on si-
multaneous measurements of three measurement parameters, i.c.
the temperature of the material being tested (specimen) as well
as its thermal expansion and changes in magnetic permeability.
The tests utilise three methods, i.e. dilatometric, magnetometric
and thermal analysis. The above-named accuracy is significantly
higher than that obtained on the basis of one phenomenon,
usually thermal expansion [9-11] or temperature, and tests of
a material subjected to a thermal cycle [12,13].

The in-depth knowledge of phenomena taking place in
solid-state type steels makes it possible, among other things, to
forecast the types of metallographic structures formed depend-
ing on various parameters of thermal cycles, which, in turn
enables the forecasting of the mechanical and plastic properties
of these steels, critical for the operational properties of structural
elements [1].

The knowledge about weldability including CCT dia-
grams and the accuracy of temperature measurement used in
the testing methodology directly affect the quality of welds
and, consequently, the safety of welded structures. This aspect
is particularly important with respect to the making of welded
joints in critical supervised elements, the quality of which affects
human life and or health and the damage to which could cause
significant material losses [14,15].

This article discusses the optimisation of the thermocouple-
based measurement of temperature applied in a device used for
the determination of CCT diagrams for welding conditions. The
welding technology developed on the basis of these diagrams
significantly affects both the quality and the safety of welded
structures. The improvement of the device functionality included

a considerable increase in temperature measurement accuracy,
significantly affecting the accuracy of the determination of
CCT diagrams for welding conditions. The methodology of the
thermocouple-based measurements of temperature was analysed
using an FEM-based computational model and was subjected to
experimental verification.

TABLE 1
List of abbreviations used in the text
Abbreviation Description
Continuous Cooling Transformation under welding
CCT .
conditions
FEM Finite Element Method
VIT volume-type thermocouple
STT surface-type thermocouple
T desirable temperature measurement
Tt actual temperature measurement area
N time constant determines the dynamic properties of
T thermocouple junctions
P{Rh10-Pt thermocouple type “S” (platinum 90%, rhodium
10%)
NiCr-NiAl thenl}oF:ouple type “K” (nickel-chromium / nickel-
aluminium),
T — thermocouple
J — junction type (S — surface type, V — volume type)
TJ-00X Y L
00 — sensor wire diameter in micrometres
X —sensor type {K — NiCr-NiAl, S — PtRh10-Pt}
TS surface thermocouple
TV volume thermocouple
(TV) volume thermocouple, (200) wire diameter
TV-200K ¢ =200 um, (K) thermocouple type “K”
TS-200S (TS) surface thermocouple, (200) wire diameter
¢ =200 um, (S) thermocouple type “S”
TS-508 (TS) surface thermocouple, (50) wire diameter
¢ =50 pum, (S) thermocouple type “S”
TS-200K (TS) surface thermocouple, (200) wire diameter
¢ =200 um, (K) thermocouple type “K”
TS-50K (TS) surface thermocouple, (50) wire diameter
¢ =50 pm, (K) thermocouple type “K”
800-500C | temperature range
Tg.s abbreviation of temperature range (800-500°C),
; time at which temperature during cooling changes
85 within the range of 800°C to 500°C
analysed temperature (FEM) on the tested sample
T, where the thermocouple was located (welded),
point 2 Fig. 3
analysed temperature (FEM) on the tested sample
T where the thermocouple was not present physically,
point 2 Fig. 5

2. Methodology of the experiment

2.1. Structure of the test rig and the methodology
of measurements

The primary elements of the test rig are presented in Fig-
ure 1. The testing methodology involved subjecting the test
specimen to simulated welding thermal cycles. The test speci-



men (1) was placed on a thermally and magnetically insulated
base (2) in a magnetic circuit (3) and was heated by the radiation
emitted by heating lamps (4). Magnetic permeability is meas-
ured in a magnetic circuit (2), the components of which include
a transmitter coil (5) and a receiver coil (6). The expansion of
the specimen is measured using a laser sensor (7) recording the
movements of the upper pusher (2). The components are located
in the housing (8). The heating lamps constituted the source of
heat and were used to represent a simulated welding thermal
cycle. The use of the lamps as heat sources resulted from the
need for supplying heat to the specimen in a non-contact man-
ner ensuring the precise measurement of thermal expansion and
magnetic permeability [16]. The power of the heating lamps
necessary for heating the specimen to a temperature of 1350°C
conditioned the dimensions of the test specimen, the weight of
which amounted to approximately 1 gram. The test specimen
shape was that of a 6 mm high tube having a diameter of 6 mm.
The shape and the weight of the specimen, as well as the thick-
ness of its wall, were also dictated by the necessity of the fast
and uniform heating and cooling of the specimen.

The test rig is used to represent the welding thermal cycle.
i.e. at a preset time (several seconds) the specimen is heated
to the preset maximum temperature. Afterwards, the specimen
is cooled at a preset cooling rate. During the thermal cycle the
specimen is subjected to heat (1); the change in temperature is
accompanied by the expansion or contraction of the specimen
as well as by the change in the specimen magnetic permeability.

The tests involve measurements of thermal expansion, mag-
netic permeability and temperature determined as the function of
time [1]. Changes in magnetic permeability are identified by the
measurement of voltage induced in a receiving coil (secondary
winding) magnetically coupled (via the test steel specimen) with
a transmitting coil (primary winding) powered by direct current.
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The occurrence of the Curie temperature (magnetic transforma-
tion point) triggers the loss or the recovery of the ferromagnetic
properties of the steel specimen and, at the same time, the intense
change in the magnetic permeability of the circuit. Changes in
magnetic permeability are observed not only at the Curie tem-
perature. Smaller changes in magnetic permeability result from
structural transformations. The analysis of parameters measured
in time is helpful in the analysis of results, yet it is of little use
when determining the diagrams of structural transformations.
The determination of characteristic points is based on the analysis
of primary parameters, i.e. thermal expansion and changes in
magnetic permeability, in the function of temperature [17]. The
higher-order functions, e.g. the first and the second derivative
of the above-named parameters and of temperature itself [18]
are also analysed in the function of time. The measurement of
temperature is of key importance with respect to the dependence
of measured parameters and their further transformations as well
as in terms of the analysis in the function of temperature [19].
Another important aspect is the precise measurement of thermal
expansion and the change in magnetic permeability being the
basis used to determine the characteristic points in the function
of temperature.

The small dimensions and the shape of the specimen pose
a challenge for the methodology of temperature measurements.
According to the authors’ experience [19,20], the most favour-
able is the use of the thermocouple-based measurement of
temperature. The experience indicates the necessity of the in-
depth analysis of temperature distribution in the test specimen
resulting from the heating performed by heating lamps as well
as from the use of a thermocouple of specific dimensions, shape
and weight [21-23]. The specimen weight-thermocouple weight
ratio significantly affects the discharge of heat from areas sub-
jected to measurements, significantly affecting the temperature

Fig. 1. Test rig for the investigation of phase transformations along with main elements 1) test specimen, 2) thermally and magnetically insulated

material, 3) magnetic circuit and 4) heating lamps
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at the point of measurement. The determination of temperature
measurement uncertainty and the identification of the effect
of the thermocouple material and its size on the accuracy of
temperature measurements required the development of an ap-
propriate computer-aided FEM model and the performance of
related calculations [24].

The investigation carried out in the research, including
FEM modelling and measurements, is based on different types
of thermocouple sensors labelled in the paper with the general
symbol TJ-00X where J refers to the junction type (S- surface
type, V — volume type), 00 is a sensor wire diameter in micro-
metres, and X refers to the sensor type (“K” — NiCr-NiAl (K),
“S” — PtRh10-Pt (S)).

An important test rig-related aspect was the fact that the
specimen was subjected to the blow-in of shielding gas during
the heating stage and (in cases of cycles involving fast cooling)
to the blow-in of cooling gas during the cooling stage. To provide
appropriate gas protection (shielding), the specimen was placed
inside a quartz tube.

2.2. Thermocouple properties and preparation

When considering test rig-related solutions concerning
temperature measurements, various, preferably non-contact,
methods were taken into account. The thermographic or pyro-
metric method would be the most comfortable, yet impossible to
implement successfully because of: the intense flow of (shielding
and cooling) gas in the measurement area, the presence of the
quartz casing additionally screening the field of temperature
measurement and the reflected radiation of heating lamps
disrupting the measurements of temperature. The selection of
the thermocouple-based solution was dictated mainly by high
dynamics of measurements.

The thermocouple-based measurement method was sub-
jected to multi-aspect and multi-criterion optimisation analysis
based on numerical and experimental tests aimed at obtaining
the most accurate results of temperature measurements. The
authors’ experience clearly confirmed the direct effect of the
shape and design of a thermocouple junction on the results of
temperature measurements.

Figure 2 presents the three primary types of thermocouples,
e.g. volume, surface and contact type. The preliminary compara-
tive tests involved only two thermocouple types, i.e. a) volume-
type (VTT) and b) surface-type thermocouple (S77). The contact
thermocouple was rejected (c) as, in the case under discussion it
was burdened with an excessively high dynamic error and could
not be practically used on the test rig [21].

The designations adopted in Figure 2: T — desirable tem-
perature measurement area and 77 — actual temperature meas-
urement area.

The VTT (Fig. 2a) was characterised by the significant
volume of the thermocouple junction and the large area where
it was welded to the material (in the temperature measurement
area). The STT (Fig. 2b) was characterised by the zero volume

Fig. 2. Course of temperature (signal from the thermocouple) 7 meas-
ured during the leap of the temperature of the object being measured
near the thermocouple junction 77 in relation to three various thermo-
couple designs [21]

of the thermocouple junction and the smaller contact area (i.e.
area in which the thermocouple was welded to the material) in
the temperature measurement area. The measurement dynamics
of the STT proved the most favourable.

Figure 3 presents the scanning microscopic photographs
of VTT (a) and STT (b) junctions welded to the base (material).
The diameter of the thermocouple wires amounted to 200 mm.

In the publication [21] the analysis of the shape and design
of thermocouple junctions is discussed. The dynamic properties
of junctions are determined by the time constant N, expressed

by the following dependence
m-c_;/-V-c_jf-S-w-c_}/-wz-c 0
s ts 2 7

w

Ny =

.S 2.8
w

= >

Where: m — mass, ¢ — specific heat, w — height of the junction,
A — thermal conductivity, S — area of heat exchange (with the
material being tested), y — material density.

As can be seen in dependence (1), the dynamic properties
of the thermocouple junction depend on the type of the thermo-
couple material, i.e. on material parameters (specific heat and
thermal conductivity) as well as on the weight and the shape
(area of contact with the material being tested and the height)
of the thermocouple.

It seems justified to state that in order to minimise the time
constant (Ny) of the temperature measurement, the material
of the thermocouple should be characterised by high thermal
conductivity, low specific heat and the lowest possible weight.

Figure 4 presents the V7T welded to the steel sheet using a
capacitor welding machine. The thermocouple junctions were
made in relation to the same welding technology parameters.
Figure 4b reveals the lack of repeatability when making such
thermocouple junctions, i.e. different volumes and heights of the
thermocouple junctions. In relation to the tests performed using



Fig. 3. Thermocouple junctions welded to the base; a) V'TT and b) STT

the test rig as well as constant intensity and time of heating, the
differences of temperature indications amounted to 80°C. The
lack of thermocouple junction shape repeatability is a factor
restricting the use of such a thermocouple type.
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Fig. 4. Magnified V'TT: a) x1, b) x10 (digital photographs)

It is necessary to pay attention to the effect of individual
factors on the measurement of temperature in the case being
analysed, i.e. the measurement of temperature in a small-sized
element in dynamic transient states. The lower weight of the
thermocouple definitely improves the dynamics of temperature
measurements, yet the effect of the material parameters on the
thermocouple junctions is not so evident. The precise analysis of
accuracy of temperature measurements requires the performance
of FEM calculations followed by their experimental verification.
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3. Numerical analysis

3.1. FEM computational model

The tests involved the analysis of the process of thermal
transformations in the specimen using computer-aided analysis
based on the FEM method and the ANSY'S software programme.
The tests involved the use of the FEM — 3D model for both
the specimen and the thermocouple. In terms of geometry, the
entire computer model contained approximately 60 000 finite
elements and approximately 20.000 nodes. The computer model
was based on the SOLID 70 type finite elements predefined in
the ANSYS software programme. The above-named elements
were tretrahedral elements of the first order used in thermal
analysis (of steady states and transient processes) oriented in
the Cartesian coordinate system. The simulations were carried
out using equations based on the first law of thermodynamics
(2) combined with Fourier’s law (3).

pc‘jl_f+ (L {qh=q )
la}=-[p}{z}T (3)

where p — density, ¢ — specific heat, T — temperature, ¢ — time,
{L} —vector operator, {g} —heat flux vector, ¢ —heat generation
transferred by the radiation, [D] — conductivity matrix.

The geometry of the model is presented in Figure 5. The
figure presents the geometry of the model along with the mesh
of finite elements, the area through which radiation penetrated
both the specimen (one of four areas) and the temperature record-
ing points. It relates also to boundary conditions defined in the
model. The model included: 1) four heat point sources (presented
in Fig. 5; only for heating period) set by the first type boundary
condition as constant temperature (of 2500°C), ii) emissivity
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wires

heat
sources

Fig. 5. Geometrical model: a) entire model with the heating sources (lamps) and the thermocouple, b) test specimen with the temperature record-
ing points (1-5), radiation penetration area (6) and various thermocouple types

coefficient as boundary condition set on four heated surfaces of
the sample (marked as red rectangles in Fig. 5); emissivity was
defined experimentally for a given steel type in order to obtain
proper trajectory of heating profile, iii) ambient temperature as
the first type boundary conditions set at the thermocouple ends
(20°C); iv) heat flux removal coefficient defined for all sample
surfaces (except heating surfaces during heating period); val-
ues of the coefficient depended on cooling type (free cooling
or forced gas cooling); for free cooling the heat flux has been
defined as 500 W/(mxK).

The analysis involved both the V'TT and the S7T.

The computer models were made in relation to several
specimens. The basic specimen dimensions included the height
amounting to 6 mm, the external diameter amounting to 6 mm
and the wall thickness amounting to 0.5 mm.

The tests were based on the analysis of thermal transient
states in the model. The excitation was performed by determin-
ing the temperature difference between the sources of radiation
(constant temperature in the entire cycle) and the test specimen
(temperature preset at the beginning of the process of heating).
The tests were performed for thermal cycles not exceeding
20 sec. with a computational resolution of 0.1 sec.

3.2. FEM calculations

The developed model involved the performance of various
numerical calculations. The results are related to a number of
different variants including: i) types of thermocouples (vol-
ume or surface-type), ii) thermocouple materials (PtRh10-Pt
or NiCr-NiAl), iii) thermocouple wire diameters (50 and 200
mm), iv) rate of the specimen cooling cycle (natural and fast
cooling), v) test specimen wall thickness and vi) test specimen
material.

The analyses led to the development of space distributions
of temperature in the specimen and in the thermocouple wires
and, in particular, in five characteristic points on the external
surface of the specimen (Figure 5):

—  at the halfway point of the specimen height (point 1),

—  between thermocouple wires (in relation to the V77)
(point 2),

—  at the halfway point of the distance between neighbouring
heat sources and at the halfway point of the specimen height
(point 3),

— at % (point 5) and % (point 4) of the specimen height.



The calculations were performed in relation to K-#ype ther-
mocouples welded to the specimen, in relation to three design
variants (Fig. 6): 1) TS-50K, 2) TV-200K, 3) TS-200K.

In the related range of temperature changes (i.e. 800-500°C),
the differences of indications amounted to approximately 74°C
(Fig. 6a) in relation to the V'TT. The model revealed the effect of
the weight and type of individual thermocouples on the distribu-
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tion of temperature in the specimen (Fig. 6a-c). The temperature
indications strongly depended on the above-presented factors.
Figure 7 presents the results of the analysis in relation to
the thermocouple, thermocouple wires and the inside of the
thermocouple wires. It is possible to notice the effect of the ther-
mocouple on the distribution of temperature in the specimen,
particularly in the area where the thermocouple is welded to the

Thermocouples (welded)
Heat discharge from the specimen
Lower temperature of the specimen

Lack of thermocouples
Lack of heat discharge

Higher temperature of the specimen

a)
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NiCr-NiAl, ¢$=200 pm, t;.s=3 sec.
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Fig. 6. The temperature distribution on the specimen in relation to: a) three different types of sensors welded to one specimen, b) TS-200K, ¢) TS-50K
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steel specimen. Obviously, the foregoing affects the measure-
ment of temperature performed using the thermocouple. The
model also allowed for the material parameters of thermocou-
ple wires, i.e. their thermal conductivity and specific heat. The
above-named parameters varied depending on thermocouple
wires. The effect is visible in Figure 7a, i.e. as different values
of temperature in the areas where the thermocouple wires are
welded to the specimen.

Figure 8 presents the course of temperature in the function
of time in relation to various points of analysis. Figure 8al/bl
presents the course of temperature in relation to the entire cycle
of heating and cooling, Figure 8a2/b2 presents the course of
temperature at the time of cooling within the temperature range of
800°C to 500°C (T3.5) and Figure 8a3/b3 presents the difference
of temperature values at the time of cooling within the Tg_s. The
thermocouple type is a parameter in the results. The analysis in-
volved different thermocouples: TS-50S, TS-200S and TS-200K.

The calculations presented in Figure 8a, were performed in
relation to two diameters of thermocouple wires, i.e. 50 mm and

50um
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Fig. 8. Analysis of temperature distribution at various configurations

200 mm. The analysis involved the process of heating (3 sec.)
and fast cooling (3.5 = 3 sec). The diameters of thermocouple
wires affected the discharge of heat from the specimen area to
which the thermocouple was welded and directly affected the
absolute value of temperature being measured. The maximum
difference in temperature indications within the Tg_s amounted
to 31°C. The above-named value changed within the Tg_s.

As shown in the results presented in Figure 8b, calculations
were performed in relation to two thermocouples: TS-200K
and TS-200S. Because of the greater thermal conductivity of
thermocouple PtRh10-Pt, heat is discharged more intensively
from the test specimen, thus reducing the specimen tempera-
ture, particularly in the area of measurement. Within the Ty,
the maximum difference amounted to 8,5°C (Fig. 8c). Greater
temperature indications were observed in relation to the thermo-
couple characterised by the lower thermal conductivity. In order
to improve the accuracy of specimen temperature determination
(with respect to the same diameter of thermocouple wires), it is
more favourable to use thermocouple NiCr-NiAl.
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Figure 9 presents the course of temperature in relation
to three different thermocouple variants, i.e. (1) TV-200K,
2) TS-200K, 3) TS-50K. Temperature was analysed in the area
where the thermocouple was located (welded) (i.e. 75) and
where the thermocouple was not present physically (i.e. 73). The
points subjected to analysis were located halfway up between
the points of the absorption of heat emitted by the heating lamps
(points 2 and 3 Fig. 5). The subsequent lines present the courses
of temperature in relation to: i) entire thermal cycle, ii) maximum
temperature of the cycle (magnified) and iii) 75 5 (magnified)
respectively.

The temperature distribution in the specimen (Fig. 6 and 7)
revealed the easily visible decrease in temperature in the area
where the thermocouple was welded to the specimen. The
above-named temperature decrease resulted from the discharge
of heat by the thermocouple wires and can be improved by us-
ing thermocouples having wires of smaller diameters. It should
be noted that the temperature on the specimen (measured using
the V'TT) is the temperature at the top of the hemisphere formed
by the molten material of thermocouple wires (77). In fact, this
temperature is significantly lower than the actual temperature of
the specimen (7). The above-named situation can be remedied
by the use of STT, where temperature is measured directly on
the surface of the specimen.
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The courses (curves) of temperature presented in Figure 9
demonstrate the course of the simulated thermal cycle. It is
possible to notice the difference related to the measurement
of temperature near the thermocouple (point 2 Fig. 5, 75) and
where the thermocouple was not present physically (point 3
Fig. 5, but where temperature is calculated in the numerical mo-
del, 73).

The tests led to the determination of differences of tem-
perature measurement (points 2 and 3 Fig. 5) in relation to the
maximum temperature of the cycle (Fig. 9a2,b2,c2) and in the
T35 (Fig. 9a3,b3,c3) in relation to three various thermocouple
variants. The above-named differences amounted to 80°C,
40°C and 2°C as well as 100°C, 50°C and 12°C respectively
in relation to the maximum temperature of the cycle (1250°C)
and in the Tgs.

The numerical calculation results indicated the existence of
several important factors enabling more accurate measurements
(higher indications) of temperature in the conditions of a dynamic
measurement (used in the testing methodology developed to
perform weldability tests of materials).

The above-named factors include: 1) shape (type) of the
thermocouple (VTT, STT), ii) diameter of the thermocouple
wires and iii) thermocouple material (in particular the heat
conductivity of thermocouple wires).
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In relation to the above-presented factors, higher accuracy
of temperature measurements can be obtained by using: i) STT
type thermocouples instead of VTT type thermocouples, ii)
smaller diameters of thermocouple wires and iii) e.g. K type
thermocouples (NiCr-NiAl ) instead of S type thermocouples
(PtRh10-Pt), because of lower heat conductivity).

4. Experimental verification and comparison

Tests verifying the calculations were performed using the
target test rig (i.e. the one for the identification of structural trans-
formations) [1] where two thermocouples were welded to the
test specimen (subjected to heating and cooling thermal cycles).

Verification tests were performed in relation to surface ther-
mocouples having a diameter of 200, 100 and 50 pm (TS-200K
/ TS-100K / TS-50K) respectively.

The verification tests (presented in the article) were per-
formed in relation to two types of thermocouples: TS-200K and
TS-50K. A comparison of temperature indications was performed
in characteristic areas, i.e. for the maximum temperature value
obtained in relation to a given cycle (Fig. 10al-a2) and the
maximum voltage induced because of the change in magnetic
permeability (Fig. 10b1-b2).

The thermocouples were located (welded) on the opposite
sides of the specimen, halfway up the specimen height, between
the points of the absorption of heat emitted by the heating lamps.
The courses (curves) of temperature are presented in Figure 10.

Regarding the maximum temperature of the cycle, the indi-
cations related to the thermocouple TS-50K amounted to 1306°C,
whereas the indications related to the thermocouple TS-200K
amounted to 1250°C; the difference between the above-presented
indications amounted to 56°C (Fig. 10).

a1) 629 _2015.02.27_04b.lvn

T°Cl

During cooling, the temperature indications amounted to
291°C and 330°C respectively. The selected temperature values
correspond to the maximum values of induced voltage. It enabled
the precise determination of temperatures, where the differences
reached approximately 40°C. The experiment results (Fig. 10)
confirmed the simulation results presented in Figure 9.

The results of the experimental tests confirmed the higher
accuracy of temperature measurements (higher indications) in
relation to: 1) STT thermocouples instead of the VTT, ii) smaller
diameter of the thermocouple wires and iii) K type thermocou-
ples (NiCr-NiAl ) instead of S type thermocouples (PtRh10-Pt).

At first, the thermocouple, being in contact with the material
(the temperature of which is measured) discharges heat from the
measurement area and, afterwards, performs the measurement
of temperature. As in thermocouple-based measurements, the
minimisation of heat discharge from the measurement area is
of great importance.

As a result of the FEM calculations and experiments, the
use of the volume thermocouple was abandoned as the worst
solution, not worth optimising (Fig. 4).

5. Summary

The above-presented temperature measurement methodol-
ogy and test rig was developed especially for the purposes of
tests concerning the properties of steel specimens in simulated
welding thermal cycles. Results obtained in such tests are used
directly in welding engineering when developing austenite
decomposition-related CCT diagrams (for welding conditions).

The numerical calculations and the experimental meas-
urements of temperature made it possible to determine the
uncertainty of thermocouple-based temperature measurements
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Fig. 10. Courses of: temperature (al, a2) and induced voltage (b1, b2) in relation to the surface thermocouples having wire diameters amounting

to 200 mm (al, bl) and 50 mm (a2, b2); tg,5 about 2.5 sec



and enabled the formulation of several interesting conclusions

significantly improving the accuracy of temperature measure-

ments:

—  during dynamic temperature measurements (required in the
above-presented measurement methodology) it is necessary
to avoid the use of the V1T,

— use of the STT and the decrease in the thermocouple wire
diameter significantly improves the accuracy of temperature
measurements,

— use of a thermocouple wire material characterised by the
lowest thermal conductivity (e.g. the use of the K-type
thermocouple instead of the S-type, (where the range of
temperatures to be measured allows for it) improves the
accuracy of temperature determination.

The lowest temperature measurement uncertainty was
observed in cases of short cooling times (in seconds). In cases
of cooling times (3.5 = 3 sec.), the difference of temperature
indications amounted to approximately 90°C, i.e. between the
indication obtained by the STT having a wire diameter of 50 mm
and the V7T having a wire diameter of 200 mm.
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