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RINGKASAN: Satu kaedah untuk mengukur perubahan suhu mengikut kadar 
masa yang berlaku di beberapa tempat (titik) dalam plet keluli akibat dari 
dikimpal tel ah dicapai. 'Thermocouples' jenis K telah digunakan yang mana 
dengan kaedah ini 'thermocouples' tersebut boleh digunakan semula. Pengukuran 
suhu telah dilakukan di pertengahan ketebalan 3 kepingan plet yang mempunyai 
ketebalan 15 mm setiap satu. Suhu yang diukur telah dibandingkan dengan nilai 
yang di ramalkan dengan kaedah model komputer dan didapati kedua dua nilai 
suhu tersebut (ukuran dan ramalan) adalah hampir sama nilainya (Model 
komputer yang digunakan untuk ramalan itu ialah jenis '3 Dimensional Non 
Linear Heat Flow. Finite Element Program' yang baru dihasilkan). Dalam kajian 
ini didapati bahawa jika plet dikimpal di sepanjang garis tengah permukaan plet 
(justru itu membahagikan plet kepada sebelah kiri dan kanan) maka nilai 
perubahan suhu di kedua-dua be/ah itu adalah simetri (sama). Namun, jika 
kimpalan teranjak sedikit dari garisan tengah, walaupun kecil anjakannya, maka 
didapati ia boleh menjejaskan persamaan itu (bagi titik yang hampir dengan 
kimpalan itu) . Kajian ini juga menunjukkan bahawa jika ukuran itu dilakukan 
berhampiran dengan tebing plet maka nilai suhu maksima yang boleh dicapai 
boleh dijejaskan oleh tebing plet tersebut. 

ABSTRACT: A technique was developed for measuring the transient 
temperatures that develop at points within the thickness of welded plates during 
the welding process. Type K thermocouples were used; the technique allows 

them to be reused. They were used to measure the transient temperatures that 
developed due to welding at the mid-thickness of three 15 mm thick steel plates. 
The measured temperatures agreed with the temperatures predicted by a 3 
Dimensional Non-Linear Finite Element computer program that had recently 
been developed. The symmetry of the temperature distributions in (nominally) 
centrally welded plates can be significantly ' affected by relatively small 
eccentricities of the weld line. It was also shown that the maximum temperatures 
that were reached at the points within the plate could be affected by their 
proximity to the plate edges. 

Keywords: Welded steel plates, thermocouples; transient temperatures, 
measurement techniques, predicted temperatures. 
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INTRODUCTION 

Whenever a weld is laid on a surface of a steel plate, the heat generated at the weld source -

is conducted to other areas of the plate. Some of the heat may be lost to the surroundings 

through convection and radiation and some by heating the electrode. 

During welding, the electrode acts as a moving heat source and a cycle of heating and 

cooling develops within the plate as the weld is deposited. Close to the heat source the 

temperature changes are very rapid creating a steep temperature gradient in this region. 
Because of the large temperature changes that take place the material properties change 

so that the heat flow becomes non-linear. Further from the heat source the temperature 
gradient is less steep. 

The above behaviour results in the development of residual stress and geometrical 
misalignment which could affect the strength of a welded structure. It would be economical to 

minimise such imperfections if they are considered adequately before welding. To achieve 
this, it is essential to predict the welding transient temperatures accurately (Masubuchi, 

1980). A computer model of a welded plate has been developed at the School of Civil 
Engineering at the University of Birmingham (Ji, 1990) for making such predictions. Since 

the calculations are complex, the predictions have to be verified by experiments. Surface 
temperatures on a plate can be measured relatively easily but measuring the temperatures 
that develop within the plate thickness is much more difficult. It is an aim of this paper to 
describe a procedure for measuring transient temperatures within the plate thickness and 

to compare the measured temperatures with the predictions of the above program. 

The simplest way of measuring the temperature at a point within the plate thickness is to drill 

a hole of the required depth from one of the plate surfaces and insert a thermocouple into the 
hole. However it is has been pointed out (Attia and Kops, 1986; Barry et al., 1963; Kihara et 

al., 1957) that drilling a hole in the plate will affect the temperature-time relationships locally 

and the temperature measured at a point may not be the same as the temperature at the same 

point in an intact plate. It has also been suggested (Pavelic et al., Schllinger et al., 1970) that 
radiation from the welding arc may influence the thermocouple readings. 

The technique to be described also uses a drilled hole to insert a thermocouple into the 

plate; it is an aim of the work described to compare the measured temperatures with· 
temperatures calculated at the corresponding points in an intact plate. The results of the 
experiments are also used to investigate the symmetry of the temperature-time relationships 
in centrally welded plates, the accuracy of the measurements made near the weld start and 

stop points, the effect of plate length and to check whether internal temperatures can be 

measured from either of the plate surfaces. 

The work described forms part of a longer programme of tests at the University of 
Birmingham on the temperatures and imperfections produced by welding. It should be 
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emphasized that the work reported in this paper does not investigate the imperfections 
resulting from the welding; it concerns the technique used for measuring the transient 

· temperatures that cause these imperfections. 

MATERIALS AND METHODS 

Specimens 

Three plates designated as 81, 82 and 83 respectively were cut from a 15 mm thick steel 
flat bar (Figures 1, 2 and 3). 81 and 83 were each 150 mm long but the length of 82 was 
450 mm. The weld was deposited along the centre line of each plate, dividing the plate into 
two halves: LEFT and RIGHT. To make measurements at positions within the plate 
thickness, 2 mm diameter holes were drilled to a depth of half the thickness (7.5 mm) at 
positions indicated in the figures. Thermocouples were wedged in position in these holes 

for the internal temperature measurement. 

30 I 30 30 30 30 

I 
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8 holes . 7.5mm deep 

(LEFf) 

-+ 

-+ 
r·~o 120 

150 

All dimensions in mm Thickness: 15 mm 

Figure 1. The S1 welding plate. 

Each specimen had four sets of holes, arranged symmetrically on either side of the weld 
line. The position of the holes in the LEFT half are designated as T alb and those in the 
RIGHT half as T'a/b, where a = the distance from the plate centre line (i.e., from the weld 
line) and b = the distance from the plate edge nearest to the weld start position. The 
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positions of the holes were chosen to enable the transient temperatures to be measured 

in areas where significant temperature changes occurred; they also provided a check on 

the symmetry of the temperature distributions. The holes in specimens S1 and S2 were · 

in similar positions except that, because of the additional length of specimen S2, the 

dimension b for each hole position was 150 mm greater than that for the corresponding _ 

hole in specimen S1. Comparisons between the results of plates S1 and S2 will allow the 

effect of the plate length to be assessed. 
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Figure 2. The S2 welding plate. 
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Figure 3. The S3 welding plate. 
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Each of the holes in specimen 83 (Figure 3) was positioned 15 mm from the weld line. Four 

of the holes (marked 'top' in Figure 3) were drilled from the top surface of the plate and four 
(marked 'bottom' in Figure 3) from the bottom surface. Thus the holes T15,30 , T' 15130 , T'15190 , 

and T15190 were drilled from the top surface and the others were drilled from the bottom 
.surface. Inserting the thermocouples into the holes from the top surface can hinder the 

movement of the welding torch. It would be much better if the mid-thickness temperatures 
could be measured by inserting the thermocouples from the bottom surface of the plate. 
However, the effectiveness of such an arrangement was uncertain. Specimen 83 was 
designed to test whether this arrangement was feasible. 

Equipment and Instrumentation 

The experimental set up is shown in Figures 4 (a) and (b). 

The welds were deposited by the Metal Inert Gas (MIG) process using a semi automatic 
FROMIG COMPACT 450 welder shown in Figure 4(a). The diameter of the wire used was 
1.2mm and the shielding gas was a mixture of 80% Argon and 20% Carbon Dioxide. This 
welding machine had voltage and current ranges of 16 to 38 Volt and 40 to 450 Amp 
respectively. Specific combinations of arc voltage and welding current could be obtained 
automatically by setting a pre-programmed dial on the machine. 

Figure 4(a). The general layout of the equipment, 
specimen and measuring instrument. 
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The torch was fastened to a motorised tractor (Figure 4(b)) whose speed could be regulated 

by adjusting a control knob. This tractor could move forward or back at constant speed. 

Figure 4(b). A close-up view of the specimen and the 
welding torch which is attached to the motorised tractor. 

Type K thermocouples were used to measure the temperature, eight thermocouples being 

used in each experiment. The thermocouples were inserted into the holes carefully, 

making sure that they reached the bottom of the holes. They were then wedged firmly into 

position with pieces of aluminium foil. In this way the thermocouples could, in principle, be· 

removed after each test and reused. The experiments were also intended to check 

whether this would be possible. In practice, none of the thermocouples used in the 

experiment was damaged by the welding heat (not even those placed 10 mm from the heat 

source) and all of them were reused in the other tests. 

The output from the thermocouples was recorded on an ORION 3530A data logger. 

This data logger is capable of scanning at a rate of up to 500 channels per second. During 

the experiments the data were recorded on both paper and magnetic tapes. Afterwards the 

data were transferred to the VAX computer in the School of Civil Engineering for analysis . 

The data were plotted using a plotting software package (CEPHALUS) that is available in 

the School. 

14 



The Experimental Measurement of Transient Temperatures in Welded Plates 

Calibration Techniques 

. The positions of the holes drilled on the plates (i.e. the depths, the distances from plate 
centre line and from the plate edge nearest to the weld start point) were verified using a 
depth gauge and a vernier caliper. The maximum variation in the positions of the holes was 
·about 0.1 mm. 

The current and voltage readings on the analogue dials of the welding machine were 
tested by depositing several trial welds on pieces of scrap material. It was found that during 
welding , the voltage and current readings fluctuated significantly about the set values. The 
results will be discussed later. 

The accuracy of the thermocouples was tested by immersing them in boiling (100°C) water 
and in linseed oil heated to a constant temperature of about 200°C (boiling point of the oil 
was 316°C). For the test in boiling water, the thermocouples were tied in a bunch and 
immersed in the water. A general purpose mercury filled thermometer that can measure 
temperatures up to 250°C was also immersed in the boiling water. The water was agitated 
to ensure that it was all at uniform temperature. The readings of the thermometer were 
used as reference for comparison with the readings of the thermocouples. A similar 

procedure was applied for testing the thermocouples in heated linseed oil. 

Experimental Procedure 

During the tests, the plates were supported on four supports placed near the corners of 
the plates. Each support consisted of a 20 mm diameter glass marble sitting in a steel cube 
base. The marbles restricted heat losses from the welded plates by conduction, since their 
conductivity was low and the area of contact with the specimen was small. However, with 
just the marble support, it was found that the specimen moved slightly during welding and 
the weld could not be deposited along the centre line of the plate. To minimise the 
movement, the plates were also clamped in a jig (Figure 4(b)). The plates were insulated 
from the jig by inserting pieces of wood between the clamp jaws and the plate to minimise 
·heat loss through the clamp by conduction. 

The data logger was set to read 40 channels per second. It was also set to detect room 
(ambient) temperature by selecting the 'Ambient Cold Junction Compensation' option. 

The step by step procedure adopted for a test was as follows: 

(1) The torch was run along the specimen to ensure that it would travel along the centre 
line. The torch was then brought back to the initial position ready for welding. 

(2) The required welding voltage and arc current were set and welding commenced. 
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(3) The voltage and current shown on the dial of the welding set were recorded at 

intervals during the welding. 

(4) The time taken to deposit the weld was measured and the welding speed was 

calculated. 

(5) The data logger began recording temperatures at 5 s intervals a short time after 

welding began. It continued to record the temperatures until the plate reached a 

uniform temperature (i.e. , for 81 and 83 about 3 min of which 50 s was the welding 

time and for 82, it was about 9 min of which 2.5 min was the welding time). Further 

readings were of little interest since the plate then cools uniformly. 

(6) The data collected by the logger were transferred to the VAX computer and 

analysed. 

RESULTS AND DISCUSSION 

It was rather difficult to determine the exact welding parameters because the analogue 

dials on the welding machine that indicated the welding voltage and current fluctuated 

throughout the experiment. Instantaneous values showing on the dials were recorded at 

intervals during the test and averaged to provide an average welding power for a test. 

Table 1 shows the welding voltage and arc current deduced from the dial indicators on 

the welding machine, and the calculated welding speed for each specimen. The voltage 

readings fluctuated by between 1 and 2 Volt of the set value of 20 Volt, i.e. a variation 

between 5% and 10%. The fluctuation of current readings was the same for each specimen 

and was found to be about 5% of the set value of 220 Amp. The variation of welding speeds 

was up to 4% lower than the set value of 3 mm/s. The variation in the above readings 

obviously affects the values of the heat input per unit length for each specimen. These 

values were calculated and are also shown in Table 1. 

Table 1. Welding parameters (WP) 

(WP) Set values 51 52 53 

Voltage (V) 20 20 ± 1 20 ± 2 20 ± 2 

Current (A) 220 220 ± 10 220 ± 10 220 ± 10 

Welding speed (mm/s) 3 2.89 2.90 2.91 

HIPL (min/max) 1470 1380/1671 1303/1744 1298/1738 

HIPL: Heat Input per unit Length , (J/mm) 
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The temperatures recorded by the thermocouples when they were immersed in heated 
linseed oil and boiling water and the temperature recorded by the reference thermometer 
are shown in Tables 2(i) and (ii). These Tables show that the largest variation of 
temperatures between the thermocouple and the reference thermometer readings is 
about 3%, which is within the accuracy specified for thermocouples (BS 1041 Pt. 4, 1966). 

Table 2. Readings of thermocouples and a reference 
thermometer (°C) in: 

THM 

185 

200 

THM 

103 

103 

103 

T1 T2 

182 186 

201 200 

T1 T2 

99 99 

100 100 

100 100 

THM 

T1 -TS 

T3 T4 T5 T6 

182 187 189 186 

202 202 204 203 

(i) heated linseed oil 

T3 T4 T5 T6 

102 102 104 104 

102 102 104 103 

102 102 104 103 

(ii) boiling water 

Reference thermometer 

Thermocouples 

T7 TS 

190 190 

206 205 

T7 TS 

106 105 

105 105 

106 105 

Each welded plate was checked to see whether the weld was accurately deposited along 
its centre line. It was found that despite all the precautions taken, the welds did deviate 
to some extent from the centre line, the largest offset being about 1 mm. This difference 
occurred at the temperature points nearest to the weld (T, 0190 and T', 0190 ) in specimen S1 
and also at some other places along the weld in all the plates. The actual measured 
.distances of the points T, 0190 and T', 0190 in specimen S1 from the weld centre line were 9 and 
11 mm respectively. 

To assess the effect of the offset, the temperature-time relationships at these two points 
were calculated using Rosenthal's theory (for the 3 Dimensional case) as modified by 
Masubuchi to allow for a plate of finite thickness (Masubuchi, 1980). The difference 
between the peak temperatures of the two points due to the eccentricity was found to be 
about 14% (Figure 5). 
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Figure 5. The variation between peak temperatures 
due to eccentricity. 

The temperature time relationships of the measured points in S1 for the LEFT and RIGHT 

halves are shown in Figure 6. In this Figure, W10, W, 5 , W20 and W40 indicate the time when 

the heat source is in line with the points T,0190 and T',0190 , T, 5160 and T'15160 , T201120 and T'201120 

and T40130 and T'40130 respectively. The times recorded were about 30, 20, 40 and 10 s 

respectively. Wstart and Wend indicate the timings when the weld started and stopped 

respectively. 

As expected, the temperature and temperature gradient decreased as the distance from 

the weld line increased. The peak temperatures varied from point to point being greatest 

at the points nearest to the weld line; the temperatures at these points reached abouJ 

400°C. The time taken to reach the peak temperatures for a particular point in the plate 

depends on the distance of that point from the heat source and from the weld starting point. 

Taking the LEFT half of S1 as an example, T, 0190 and T15160 , which are 10 mm and 15 mm 

from the weld line and also 90 mm and 60 mm from the weld starting plate edge, reached 

the peak temperatures almost at the same time and faster than the other points which are 

either further away from the heat source or from the weld starting point (Figure 6) . A related 

observation is that any point reaching its peak temperature is always behind the electrode, 

being further behind the electrode the further out it is from the weld line. Thus points T,0190 , 
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T, 5,60 , T20,120 and T40130 points reached the peak temperatures about 20, 30, 45 and 120 s 
respectively after the electrode has passed them. This confirms a conclusion of Rosenthal's 
theory (1941) which states that due to the finite speed of the heat flow in a metal, there 
is a delay in the occurrence of the maximum temperature at any point. The greater the 
distance of the point from the weld line the greater the delay. 

400 

350 

300 

.;, 
{! 250 
~ 

~ 
~ 200 

~ 
f- 150 

,oo 

50 

T10190 ( 408°C ,55,rc,) 

Wu W10 

O O w.. w., 40 80 120 160 200 

TIME(sec) 

Figure 6. The temperature-time relationships of 
LEFT and RIGHT halves in S1 . 

. About 2 minutes after welding stopped, the temperatures at all the points became nearly 
uniform. Figure 6 shows that they lay in a relatively narrow band from 160 to 200°C after 
200 s. Thereafter the entire plate cooled down uniformly to room temperature. The uniform 

"temperature reached by the plate can be estimated by equating the heat energy used 
during welding to the heat absorbed by the plate. Using an arc efficiency of 90% and a 
mean coefficient of 0.19 (based on the area under the curve in Figure 7) for the capacity 
(pc), the uniform temperature in the plate is calculated to be 161 °C. For this calculation, 
the set values of the welding parameters (Table 1) were used. The calculation neglects 
heat loss to the surroundings, a reasonable assumption for this purpose (Little and 
Kamtekar, 1995). The predicted uniform temperature of 161 °C is acceptably close to the 
recorded temperatures, suggesting that the temperatures measured when they became 
approximately uniform were reasonable. 

19 



S.B. Bani, A.G. Kamtekar and G.H. Little 

k = ordinate x 40 wm-1 °c-1 
pc= ordinate x 3 .285 x 1 o? Jm·3 °c-1 

0.6 
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0.2 capacity (pc) 
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0 500 1000 1500 
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Figure 7. The temperature-dependent coefficient. 

To check for symmetry of the temperature distributions about the weld, the temperature 
at corresponding locations on the two sides of the weld line must be compared. From 
Figure 6 the variations of peak temperatures between the LEFT and RIGHT halves of 81 
(i.e., T10190 vs T\ 0190 , T15160 vs T\ 5160 , T20,120 vs T'201120 and T40130 vs T\0130} are found to be 14%, 
13%, 8% and 6% for the respective temperature points. There are four possible factors that 
would explain these variations. They are: 

(1) The thermal properties of the plates may not be uniform. 

(2) The thermocouples may not be accurately positioned in the drilled holes. 

(3) The location of the drilled holes may not be correct. 

(4) The weld was not deposited exactly centrally. 

The variation of the thermal properties throughout the plate is unlikely to be significant. 

The thermocouples may not necessarily be reading the actual temperatures of the intended . 
location because it is difficult to ensure perfect positioning in the hole. However, inserting 
the tip of a thermocouple right to the bottom of the hole and then wedging it firmly into 
place, should ensure that it measures the temperature at the bottom of the hole. During· 
welding, it was observed that the thermocouples remained firmly in place throughout the 
experiment. 

The errors in the drilling of the holes in the required positions in the plates have been 
measured and found to be about 1 %. Hence, this is unlikely to be the major cause for the 
variation in peak temperatures in Figure 6. Thus, although the variations are caused by 
the sum total of the four factors listed earlier, the factor relating to the weld not being 
deposited exactly centrally is the most important. It has already been shown (Figure 5) that 
the observed offset in the weld line would be expected to lead to a 14% difference in the 
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temperature at corresponding points that were nominally 10 mm from the weld line. This 
suggests that the difference observed in the measured peak temperatures at these points 

. is almost entirely due to the offset of the weld. 

To verify the proposed measurement technique, it is necessary to compare the measured 
. temperatures with those that would develop in an intact plate. Since it is difficult to 
measure the mid-thickness temperatures in an intact plate, the effect of the presence of 
a hole was judged by comparing the measured temperatures with those calculated using 
the computer program developed at the University of Birmingham (Ji, 1990). Because of 
the variation in the temperature-time relationships occurring between corresponding 
points in the LEFT and RIGHT halves of a welded plate, it is reasonable to take the average 
temperature-time relationships between the two halves of S1 and use these for the 

comparison . For the numerical analysis, the plate was modelled using a mesh of 15x8x3 
three dimensional finite elements in the x, y and z directions respectively. The eight noded 
isoparametric element was used (linear shape functions). The mesh was uniform in the x 
direction, but graded in they and z directions, the smallest elements being 1 O mm x 3 mm 

x 3 mm, near the weld line. The analysis was non-linear, the temperature dependent 
thermal properties used being given in Figure 7; the heat exchange between the plate and 
the surroundings was allowed for. 

Figure 8 shows a comparison between experimental and numerical results. It can be seen 
that the two sets of temperatures are in reasonably close agreement (the points in the 
numerical calculation corresponding to the measured points are indicated by Nalb, where 
a and bare defined earlier). This suggests that drilling small holes in the plate does not 
seriously affect the temperature-time relationships. 

The average temperature-time relationships measured in specimen S1 were then compared 
with the corresponding average temperature-time relationships in specimen S2 to study 
the effect of specimen length on the transient temperatures. The temperature distributions 
and the peak temperatures for each point (10, 15, 20 and 40 mm from the weld line) and the 
time the peak temperatures occurred in plates S1 and S2 are compared in Figure 9. In this 

.Figure, S(T alb)ava indicates the location of the point where the average temperature was 
calculated for the specimen. For example, S1 (T10,90)ava is the average temperature-time 
relationship of S1 at the point 10/90. The peak temperature and the time value when it 
-occurred are 383.5°C and 55s, 275.5°C and 50s, 232.5°C and 80s and 176.5°C and 127 s 

for (T10,90)avg' (T15190)ava' (T20,120)avg and (T40130)avg respectively in S1. The corresponding 
values for points in S2 are 345.5°C and 1 OOs, 267.5°C and 1 OOs, 216.5°C and 130s and 
180.5°C and 195s, respectively. The agreement between the two sets of peak temperatures 
is close, the maximum difference being only about 11 %. The differences between the 

respective peak temperatures are probably due to the different average heat input used 
for the two specimens (see Table 1). However, the temperatures at T40130 and T20,120 in 
specimen S1 may be slightly affected by their proximity to a plate edge (see below). 
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Figure 8. The comparison of experimental and numerical results of S 1. {o: numerical, 
V-V: experimental. In the numerical calculations, the temperature dependent thermal 
properties used are shown in Figure 7 and the arc efficiency (h) is 90%]. 

Figure 9 shows that points at the same distance from the weld line in specimens S1 and. 
S2 exhibit temperature time curves which are very similar, except that curves for one 
specimen show a constant time shift relative to corresponding curves for the other 
specimen. The points located centrally in the longer plate took a longer time to become 
heated and to reach their peak temperatures. Generally, the temperature points in the 
longer plate (S2) took about 50 s more to reach their respective peak temperatures than 
the corresponding points in specimen S1 . This time difference of 50 s would be expected 
because each point in S2 was 150 mm further from the weld start point than the 
corresponding points in S1 and the welding speed was about 3 mm/s. 
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Figure 10 compares the average temperature-time relationships at a distance of 15 mm 
from the weld line when these were measured using holes drilled from the top surface of 

• the plate with those measured using holes drilled from the bottom surface (specimen S3). 
The temperature-time relationships are virtually identical. This suggests that the welding 

. transient temperatures can be measured by drilling from either plate surface. 
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Figure 9. The comparison of temperatures in S 1 and S2. 
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Figure 10. The average temperature-time relationships at 
15 mm from the weld line of the 'top' and 'bottom' surfaces in S3. 
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The average temperature-time relationships at the four points in specimen S3 are shown 

in Figure 11. It is seen that the points near the start (T15130) and end points (T151120) show 

lower peak temperatures than the other two points . This is possibly because the end points' 

are affected by the presence of a plate edge. This should be borne in mind when deciding 

the positions at which temperatures are measured in welded plates. 

CONCLUSIONS 
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Figure 11. The temperature-time relationships at 
T,5130. T,5160, T,5190 and T,51120 in S3. 

Experiments on the welding of the steel plates have provided results from which the 

following conclusions are drawn: 

(1) The proposed method for measuring the transient temperatures within the th ickness 

of a plate using thermocouples gives results which compare very well with the 

numerical results. The measurement procedure is therefore believed to be 

satisfactory. 

(2) Slight deviations of the weld line from the centre line of the plate can cause large 

differences in temperatures close to the weld. 

(3) The temperature gradient with time depends on the distance from the weld. 

(4) The temperature near a plate edge is likely to be affected by the presence of that 

edge. It was found that measurements at points about 30 mm from an edge may be 

affected. 
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(5) The temperature-time plots for two points which are the same distance from, but at 
different positions along, the weld line are similar but they are displaced along the 
time axis. This supports the idea that a quasi stationary state develops in the plate. 

,(6) For the measurement of temperatures at points within the plate thickness using 
thermocouples wedged in holes, the holes can be drilled either from the top surface 
or the bottom surface of the plate. 
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