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ABSTRACT

Any weld designer will always try to design a weld joint with as much low heat input as possible, at the same 
time obtain a good depth of penetration and in the process maintain minimum heat affected zone. When a tube 
or a rod has to be welded using a process and if a design analysis can be done, prior to freezing of the design, to 
find the depth of penetration, then it may raise the confidence level of the weld design. By this way we can 
avoid wasting time in carrying out random trials. In the present work an approximate method of predicting the 
depth of penetration during welding over the peripheral of a circular rod has been formulated under Laser 
Welding Process. This method will be helpful to design the joint with enhanced efficiency and with lesser 
probability of defects like lack of penetration and excess penetration. In the analysis 'Thermal Explosion" 
theory has been used to predict the depth of penetration to map the fusion zone of a circular weld joint on P91 
rod. The calculated depth of penetration has been compared with the measured depth of penetration on the 
weld carried out on a rod using Laser Welding process and the results were found to be nearly matching. It has 
been found that the depth of penetration increases as the welding progresses over the rod and the difference 
between the depth of penetration between starting & ending points is around a few microns. This is due to the 
buildup of heat in the cross section of the rod as the weld progresses.

1.0 INTRODUCTION

Modified type 316 austenitic stainless steel namely alloy D9 is 
currently used as material for clad tube of fuel pins in Indian 
Prototype Fast Breeder Reactor, which is designed for mixed 
oxide of Pu & U as the fuel. To achieve high burnup it is 
proposed to use metallic fuel in lieu of oxide fuel in future and 
the clad material being considered for this is ferritic steel 
because of its better swelling resistance than the austenitic 
stainless steel under the high neutron flux that prevail in the 
Fast Breeder Reactors [1]. Hence P91 a ferritic steel with 9 
wt.% Cr and 1 wt.% Mo, is being considered as a candidate 
material for the clad tube of fuel pin of future cores of Fast 
Breeder Reactors. One of the steps involved in the production 
of fuel pins is the welding of the clad tube to end plug. Gas 
Tungsten Arc [2] and Laser Beam [3] Welding are the two

processes that are currently being used for end plug welding of 
fuel pins made of austenitic stainless steels. These processes 
are also being considered for welding of fuel pins with ferritic 
steel as cladding material. The fuel clad tubes are of 6 . 6  mm 
outer diameter with 0.45 mm wall thickness. Hence work is 
being done to develop a suitable procedure for welding P91 
steel end plug with P91 steel clad tube using Laser Beam 
Welding process [4]. As a part of the above development work, 
an analysis work has been done to estimate the depth of 
penetration during circumferential welding of P91 clad tube 
with P91 end plug using Laser Beam Welding. This procedure 
has already been employed for predicting the depth of 
penetration in GTAW process on austenitic stainless steel rods 
of similar dimensions [5].
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2.0 THEORETICAL WORK

2.1 Thermal Explosion Theory:

'Thermal Explosion' is said to occur when a specific quantity of 
heat is suddenly released into an infinitely extended body [6 ]. 
The source of heat could be a sudden chemical reaction, 
nuclear reaction or electrical short circuiting. Here, we assume 
that the area of heat source is very negligible and hence it is 
considered as point heat source. It is also assumed that the 
material receiving the heat is infin ite ly extended, 
homogeneous and isotropic. It follows that the quantity of heat 
added will transform in the form of increase in enthalpy of the 
surroundings due to the diffusion of heat. Increase in 
temperature'T' at any point having a distance 'r' from the point 
of heat addition at an instant't' seconds from the time of heat 
addition is given by [6 ]:

Ho
exp ( 1)(4naty-  ̂ p

Where,

H„ = Quantity of heat added in KJ

a = Thermal diffusivity of material in mVs

p = Density of material in Kg/m^

Cp= Specific Heat Capacity of the material in KJ/Kg K

2.2 Methodology of Analytical Calculation:

In this work an attempt has been made to predict the depth of 
penetration during the circumferential welding of P91 tube 
with P91 end plug and to map the fusion zone in the welded 
cross section and to compare with the depth of penetration in 
the actual weld sample. Following assumptions have been 
made during the analysis:

1. Heat source is a pointed one and occupies negligible area.

2. Heat is added instantaneously to the body.

3. Equation (1) is applicable to the body that extends infinitely 
in all the directions. However the equation has been 
applied to a finite size medium in the present work.

4. Latent heat of fusion has not been taken into account.

5. Material properties of the base material changes with 
change in temperature, but in this calculation these 
properties have been taken at a specific temperature 
(200“C).

6 . Loss of heat to the surroundings through radiation and 
convection has not been considered.

For our study we have considered rods of P91 material having a 
diameter 6 . 6  mm. This rod geometrically approximates the P91 
clad tube with P91 end plug. Welding over the circumference of 
the rod is considered at a cross section through 360°. The heat 
of focused laser beam falls on a negligibly small area on the 
curved surface of the rod. The cross section of the rod can be 
divided into 36 parts, that is, each part will be a 10 degree 
sector of the circular cross section. Hence we have 36 nodes. 
As the heat source is continuously moving, it is assumed that 
the heat is added instantaneously at the nodes in a sequential 
manner after a specified time interval. The total time taken to 
weld the joint can be calculated from the speed of welding. 
This time duration divided by the number of nodes will give the 
average time of application of instantaneous heat between the 
two adjacent nodes t„<̂ .̂

HEATADDED 
(INSTANTANEOUSLY)

Fig. 1 : Points on line joining the node and center of the rod

The distance, 'd', as shown in the Fig.l, is between the node at 
which heat is added and the point at which the temperature is
calculated (r„ rj, rj,....... ) can be calculated using the equation-
2  given below,

d = + (R-r)  ̂-  2 R (R-r) Cos 0 (2)

Where,

R= radius of the rod

r = radius (distance from point of measurement to center of 
rod)

0  = angle subtended by two consecutive nodes at the center

Let us assume that the rod is initially at room temperature. 
Now consider that the heat is added at node-1 instantaneously.
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The heat will diffuse into the rod in all direction from node-1. 
Let us take various points that are at equidistance, along the 
radius connecting the center and node. The maximum 
temperature attained at any point reduces as the distance from 
the point of application of heat source (nodal point) to that 
point increases. Also the temperature at any point increases 
initially, attains a peak and then decreases with the progress 
time. At any point the maximum temperature attained will be 
at a specific instant, say t^,. This is indicated in Fig. 2 and 
progression of heat in the rod with instantaneous addition of 
heat at one point is given in Fig. 3. This t„^ is obtained from the 
general solution of the equation ( 1 ) and is given by:

HEATADDED 
(INSTANTANEOUSLY)

m̂ax

i -'Or ;-c _

(3)

Fig. 2 : Variation in Temperature at different points 
on a body with respect to distance from 

heat source at different time.

Now the maximum terfiperature attained at different points in 
the radial line connecting node - 1  and center can be calculated 
by substituting t ,̂, in equation (1). We can assume that the 
points at which the temperature has exceeds 1475°C, the 
melting of the rod has taken place. When the heat source shifts 
to node-2 , the temperature is calculated along the radial line 
connecting node - 2  and center taking the effect of heat addition 
at node - 2  & node - 1  by considering the appropriate distances & 
time durations. It can be noted that due to the addition of heat 
at node-1 , the temperatures at the points on the radial line with 
node-2 will be initially more than room temperature. This 
temperature rise due to the heat addition at node - 1  is 
calculated using the equation ( 1 ) by taking the time equal to 
(tnode + 1™«) and the appropriate distance. The final temperature 
at any point on the radial line connecting node- 2  and center is 
now the sum of initial room temperature, increase in 
temperature due to addition of heat at node- 1  and the 
temperature rise due to the heat addition at node-2. Similarly 
when the heat source moves to node-3, the final temperature

„! I

Fig. 3 : Progression of Heat when added to a circular road 
(Thermal Explosion)

at any point on the radial line connecting node-3 and center will 
be the sum of initial room temperature, increase in 
temperature due to addition of heat at node-1 , increase in 
temperature due to addition of heat at node- 2  and the 
temperature rise due to the heat addition at node-3. In this 
way the temperatures are calculated at different points along 
the radial lines and the depth of molten region at each node is 
marked. By plotting the penetration points of all the nodes we 
can map the fusion zone of a weld bead at a cross section of a 
rod. In our calculation it was found that the temperature raise 
beyond 1 0 th node due to the addition of heat at 1 st node was 
less than 3“C. Hence the effect of temperature rise at a node 
due to the heat added at more than 10 nodes (>90 degree 
ahead of the node), preceding the node in consideration, is 
neglected.

It can to be noted that the equation used has been derived for 
heat addition to an infinite body in which the heat can diffuse in 
all directions. But in our study the heat is added to a finite body, 
which is a circular rod and hence it is expected that the 
predicted penetration could vary from the actual penetration.

This analysis was carried out for rods of three different 
diameters (5.5mm, 6 . 6  mm & 8  mm) and welding parameters 
employed are given in Table 1 and material properties 
considered are given below.

Thermo-physical properties of P91 material [7]:

Radius of the rod =3.3 mm
Thermal Diffusivity (a) (@200°C) = 7 x 10 ̂  mVs
Density (p)(@200°C) =7680Kg/m^
Specific Heat Capacity Cp(@200“C) = 0.523 KJ/Kg K

Using the above data, detailed calculations were carried out in 
Microsoft Excel for the weld penetration in 5.5 mm, 6 . 6  mm & 8
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Table 1: Laser Welding Parameters:

Peak Power (PP) 1.3 KW

Average Power of heat source 0.157 KW

Pulses frequency 20 Hz

Pulse duration (D) 6  ms

Welding Speed 140 mm/min

Number of nodes considered 36

Diameter of rods (mm) 5.5 6 . 6 8

Time taken for the weld (sec) 7.4 8 . 8 8 10.77

Total Heat Energy Imparted (J) 1162 1394 1691

Average heat added per node (J) (H„) 32.3 38.7 47.0

Time between two subsequent heat additions 
at adjacent nodes (sec) 0.2056 0.2467 0.2992

Table-2 : Temperatures (°C) attained in different depths at various nodes in 5.5 mm diameter rod

Final Temperature (°C) attained
Radial 

Distance ( r ) 
(in mm)

T„ at 
node-1

To at 
node-2

T „a t
node-3

T „a t
node-4

T .a t
node-5

T^at
node-6

T „a t
node-7

T ,a t
node-8

L a t
node-9

T „ .to T „  
at node- 
10 to 36

0° 10“ 20“ 30“ 40“ 50° 60“ 70° 80° 90 to 360“

0.00071 1678.83 1764.26 1796.22 1813.63 1824.79 1832.65 1838.53 1843.12 1846.81 1849.87

0.00072 1610.88 1695.90 1727.79 1745.18 1756.34 1764.20 1770.07 1774.66 1778.36 1781.42

0.00073 1546.59 1631.21 1663.04 1680.40 1691.55 1699,41 1705.28 1709.87 1713.57 1716.63

0.00074 1485.74 1569.95 1601.70 1619.05 1630.19 1638.04 1643.92 1648.51 1652.21 1655.27

0.00075 1428.08 1511.89 1543.57 1560.89 1572.03 1579.87 1585.75 1590.34 1594.04 1597,11

0.00076 1373.42 1456.82 1488.42 1505.72 1516.85 1524.70 1530.57 1535.16 1538.86 1541.93

0.00077 1321.57 1404.54 1436.08 1453.35 1464.47 1472.32 1478.19 1482.78 1486.49 1489.55

0.00078 1272.33 1354.89 1386.35 1403.61 1414.72 1422.56 1428.43 1433.02 1436.73 1439.80

0.00079 1225.56 1307.70 1339.08 1356.31 1367.42 1375.25 1381.13 1385.72 1389.42 1392,50

0.0008 1181.10 1262.81 1294.12 1311.33 1322.42 1330.25 1336.13 1340.72 1344.43 1347.50

0.00081 1138.81 1220.09 1251.33 1268.51 1279.59 1287.42 1293.29 1297.88 1301.59 1304.67

0.00082 1098.56 1179.41 1210.56 1227.72 1238.79 1246.62 1252.49 1257.08 1260.79 1263.87

0.00083 1060.22 1140.64 1171.71 1188.84 1199.91 1207.73 1213.60 1218.19 1221.91 1224,98

0.00084 1023.69 1103.67 1134.66 1151.77 1162.82 1170.64 1176.51 1181.11 1184.82 1187.90

0.00085 988.85 1068.39 1099.31 1116.39 1127.43 1135.25 1141.12 1145.71 1149.43 1152.50

0.00086 955.62 1034.72 1065.55 1082.61 1093.64 1101.45 1107.32 1111.92 1115.63 1118,71
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Table-3 : Temperatures (°C) attained in different depths at various nodes in 6.6 mm diameter rod

Final Temperatures (°C) attained
Radial 

Distance ( r ) T „a t To at T „ a l T „a t T^at T .a t T „at T .a t T ,a t T „ .to T „

(in mm) node-1 node-2 node-3 node-4 node-5 node-6 node-7 node-8 node-9 at node- 
10 to 36

0° 10° 20° 30° 40° 50° 60° 70° 80° 90 to  360°

0.00077 1580.88 1658.57 1687.39 1702.97 1712.90 1719.84 1725.00 1729.01 1732.23 1734.88

0.00078 1521.80 1599.17 1627.93 1643.49 1653.41 1660.36 1665.52 1669.53 1672.75 1675.40

0.00079 1465.68 1542.71 1571.42 1586.97 1596.88 1603.82 1608.98 1613.00 1616.22 1618.87

0.0008 1412.32 1489.03 1517.68 1533.21 1543.12 1550.06 1555.22 1559.23 1562.45 1565.11

0.00081 1361.57 1437.94 1466.53 1482.05 1491.95 1498.89 1504.05 1508.06 1511.29 1513.94

0.00082 1313.27 1389.30 1417.83 1433.33 1443.23 1450.16 1455.32 1459.34 1462.56 1465.22

0.00083 1267.26 1342.95 1371.43 1386.91 1396.80 1403.73 1408.89 1412.91 1416.13 1418.79

0.00084 1223.42 1298.77 1327.18 1342.64 1352.53 1359.46 1364.62 1368.64 1371.87 1374.53

0.00085 1181.62 1256.62 1284.98 1300.42 1310.30 1317.23 1322.39 1326.41 1329.63 1332.30

0.00086 1141.74 1216.40 1244.69 1260.11 1269.99 1276.91 1282.08 1286.09 1289.32 1291.99

0.00087 1103.67 1177.98 1206.21 1221.62 1231.48 1238.41 1243.57 1247.59 1250.82 1253.48

0.00088 1067.32 1141.27 1169.44 1184.831 194.68 1201.61 1206.77 1210.79 1214.02 1216.69

0.00089 1032.58 1106.17 1134.28 1149.65 1159.50 1166.42 1171.58 1175.60 1178.83 1181.50

0.0009 999.36 1072.60 1100.65 1115.99 1125.84 1132.76 1137.92 1141.94 1145.17 1147.84

0.00091 967.59 1040.48 1068.46 1083.78 1093.62 1100.54 1105.70 1109.72 1112.95 1115.62

0.00092 937.19 1009.71 1037.63 1052.93 1062.76 1069.68 1074.84 1078.86 1082.09 1084.77

mm diameter of rod. The results of this analysis are shown in 
Table-2,3 & 4 respectively. It is considered that the points at 
which the material has reached a temperature of 1475°C has 
got melted and the weld penetration depth is measured from 
this point to the circumference of the rod.

Experimental Work:

P91 rods of three different diameters (5.5 mm, 6 . 6  mm & 8  

mm), same as those considered for modeling were chosen for 
the experimental work. Each rod was machined, cleaned with 
acetone and dried in oven at around 110 degree C. A punch 
mark was made on the rod to indicate the starting point of the 
weld. A weld bead was deposited using Nd-YAG type, pulsed 
mode laser beam welding process as per the standard 
procedure. The parameters as explained in the section 2.2 
were set. Welding was done with commercial grade argon gas 
flow at 20 LPM in trailing mode with 45 degree nozzle angle. 
Argon was used for both as shielding and as well as for plasma 
suppression. After the welding was done, the sample was cut 
at the center of the weld width using wire cut machine. The cut

surface was polished and etched with Vilella's reagent. The 
sample was examined under the microscope and depth of 
penetration was measured through out the weld line. The 
etched samples were viewed in Nikon (Japan) make, SMZIOOO 
model stereozoom optical microscope having DP70 camera 
and macrographs of the rods after laser melting of the surface 
were recorded.

3.0 RESULTS & DISCUSSIONS

Distance from the surface to the fusion boundary was measur­
ed from the cross section of the rod after melting it with the 
laser beam welding machine as described above. Fig. 4 shows 
the cross section of the 6 . 6  mm diameter rod after laser 
melting with fusion boundary marked on this. The depth of 
fusion at every node assuming 1475°C as the temperature at 
which melting begins for this steel was also estimated. Table-5 
shows the depths effusion measured from the rods and those 
predicted using equation ( 1 ) for various nodes in different 
diameter rods melted using welding parameters given in Table 
1 .
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Table-4 : Temperatures (°C) attained in different depths at various nodes in 8 mm diameter rod

Final Temperatures (°C) attained
Radial 

Distance ( r ) 
(in mm)

T „a t
node-1

T „a t
node-2

L a t
node-3

T„at
node-4

L a t
node-5

T ,a t
node-6

T„at
node-7

T .a t
node-8

T „a t
node-9

T™ to T „ 
at node- 
10 to 36

0° 10° 2 0 ° 30“ 40° 50° 60° 70° 80° 90 to 360°

0.00077 1912.03 1983.95 2009.98 2023.85 2032.58 2038.63 2043.09 2046.52 2049.26 2051.50

0.00078 1840.38 1912.05 1938.04 1951.90 1960.63 1966.68 1971.13 1974.57 1977.31 1979.55

0.00079 1772.31 1843.73 1869.68 1883.52 1892.25 1898.30 1902.76 1906.19 1908.93 1911.18

0.0008 1707.60 1778.76 1804.67 1818.51 1827.23 1833.28 1837.74 1841.18 1843.92 1846.17

0.00081 1646.05 1716.95 1742.82 1756.65 1765.37 1771.41 1775.87 1779.31 1782.06 1784.31

0.00082 1587.46 1658.11 1683.94 1697.75 1706.47 1712.51 1716.97 1720.41 1723.16 1725.41

0.00083 1531.66 1602.05 1627.84 1641.64 1650.35 1656.40 1660.86 1664.30 1667.04 1669.30

0.00084 1478.49 1548.62 1574.36 1588.15 1596.86 1602.90 1607.36 1610.80 1613.55 1615.81

0.00085 1427.79 1497.66 1523.35 1537.13 1545.83 1551.88 1556.34 1559.78 1562.53 1564.79

0.00086 1379.43 1449.02 1474.67 1488.44 1497.14 1503.18 1507.64 1511.09 1513.84 1516.09

0.00087 1333.26 1402.58 1428.19 1441.94 1450.64 1456.68 1461.14 1464.59 1467.34 1469.60

0.00088 1289.16 1358.22 1383.78 1397.52 1406.21 1412.25 1416.71 1420.16 1422.9 11425.17

0.00089 1247.03 1315.81 1341.32 1355.05 1363.74 1369.78 1374.24 1377.69 1380.44 1382.70

0.0009 1206.74 1275.251: 00.72 1314.43 1323.12 1329.16 1333.62 1337.07 1339.82 1342.08

0.00091 1168.21 1236.44 1261.86 1275.56 1284.24 1290.28 1294.75 1298.19 1300.95 1303.21

0.00092 1131.34 1199.29 1224.66 1238.35 1247.02 1253.06 1257.53 1260.98 1263.73 1266.00

Figure-4: Macrograph of 6.6 mm diameter sample

As we can see from the table that in all the samples, at the 
nodes between 0° and 30°, the measured depth effusion is less 
by 20 to 50 microns when compared to the calculated depth of 
fusion. However at nodes between 30° and 180° the measured 
depth of fusion is comparable and matches with the calculated 
depth of fusion. Similarly when we analyze the depth of fusion 
at nodes between 180° and 360° it can be seen that the 
measured values are more by 2 0  to 1 2 0  microns when 
compared to that of predicted. This can be explained by the 
fact that the analytical calculation has been done assuming the 
work piece as an infinite body whereas, the actual sample that 
was welded is a finite body with circular cross section. Further, 
latent heats of fusion and transformation have not been 
considered in this analytical calculation. These could contribute 
to observed differences in the depths of fusion actually 
measured and those predicted. Results obtained from this 
study can be used to estimate the extent of ramping to be done 
during the second half of the welding so that the depth of 
fusion is maintained constant throughout the circumference of
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Table-5 : Depth of penetration at various nodes in different diameter of rods

Diameter 
of rods

Depth of penetration (in mm)
0 “ 30“ 90° 180° 270° 360°

5.5 mm
Calculated 0.74 0.76 0.77 0.77 0.77 0.77

Measured 0.71 0.78 0.79 0.80 0 . 8 6 0.90

6 . 6  mm
Calculated 0.78 0.81 0.815 0.82 0.82 0.82

Measured 0.732 0.833 0 . 8 6 6 0.880 0.891 0.921

8 . 0  mm
Calculated 0.84 0 . 8 6 0.87 0.87 0.87 0.87

Measured 0.791 0.831 0.860 0.882 0.92 1 . 0

the rod. This information could in turn be useful in choosing the 
welding parameters for end plug welding of ferritic steel clad 
tubes.

It can also be seen from the data that the depth of fusion at 
various nodes increases as the diameter of the rod increases. 
This is due to increase in the total heat input as the diameter of 
rod increases.

As the diameters of the rods taken in this analysis work are 
small, only 36 numbers of nodes have been taken and the 
analysis could be done in Microsoft Excel. In case of analysis of 
weld on larger diameter of rods we may have to take more

number of nodes for more accurate results and to get smooth 
profiles. The results will be more accurate if the size of the job 
is larger, since the assumption of infinite will be better 
matched.

Due to various assumptions and approximations made on 
properties of the material, dimensions of the components and 
number of nodes taken for calculations, there are variations of 
up to 30 microns at the beginning of the fusion zone and up to 
2 0 0  microns at the end of the fusion zone for the predicted 
fusion depth from the measured depth. These are depicted 
pictorially in Figures 5-7.
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Fig. 5 : Depth of penetration plotted in Origin for 5.5 mm rod sample
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Fig. 6 : Depth of penetration plotted in Origin for 6.6 mm rod sample

Fig. 7 : Depth of penetration plotted in Origin for 8 mm rod sample
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4.0 CONCLUSIONS:

It will be very useful for the weld designers if the depth of 
fusion/ penetration could be predicted before hand when a 
welding is carried out under a particular welding process. This 
analytical work has demonstrated that the methodology 
presented in this work can be employed for predicting the 
depth of fusion and the results are comparable with the actual 
depth of fusion obtained on weld bead on P91 rod made by 
Laser Beam Welding process. Though there are certain amount 
of deviations in the actual results when compared to those of 
ca lcu lated, the m ethodology can be employed to 
approximately find out the depth of fusion in rods of various 
diameters.
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