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Abstract

This study was aimed to examine effects of welding parameters on mechanical properties of
Stainless Steel 316 welded joints, which were welded by Tungsten Inert Gas (TI1G) welding
technique. The study investigated the effects welding current and Argon flow rate on
mechanical properties of the joints. Taguchi method was applied to design and optimize the
experimental work of the study, and Non-destructive as well as destructive tests have been
conducted to measure the mechanical properties of the welded joints. The results, clearly,
shown that a current of 95A and a gas flow rate of 12 L / min, have achieved the optimum
tensile strength of 592.47 MPa.

Keywords: TIG, Stainless Steels, welding current, Aargon flow rate, TIG, and Taguchi
approach, Mechanical properties.
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1. Introduction

Some environmental and operating factors as in Zliten desalination plant such as; higher
temperatures, evaporation, higher chloride content, lower pH, and higher levels of tensile stress
all require special material to deal with. That is why the use of a 316 austenitic stainless steel
recommended over other materials, due to its distinct properties and excellent corrosion
resistance. There are several characteristics of the family of corrosion resistant steel known as
stainless steel, that make them highly desirable and highly qualified for desalination service,
not only for piping applications but for all desalination plant system [1]. Stainless steels are
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certain alloys of iron and chromium that are highly resistant to corrosion and oxidation at high
temperatures and maintain considerable strength at these temperatures.

These alloys contain nickel - chrome, and small percentages of silicon, tungsten, molybdenum,
and copper, etc. [2]. Therefore, to carry heated and pressurized steam in high efficiency requires
a good piping system joint with no defects during joining. Thus, welding is an important
process in desalination plants. Welding is one of the major ways to fabricate metal parts. It is
achieved by permanently fastening together two or more pieces into a single homogeneous part
by the application of heat, pressure, or both [3]. Although there are many welding processes,
three are the most important today “arc welding, gas welding, and resistance welding”. Besides,
the weldability of material must know, which is, depends on different factors like the
metallurgical changes that occur during welding, changes in hardness in weld zone due to rapid
solidification, and the extent of oxidation due to the reaction of materials with atmospheric
oxygen and tendency of crack formation in the joint position. According to previous studies
[5-12] related to welding of stainless steels during the past years, a lot of researches has been
done on the welding of stainless steel, an agreement was observed in some studies that the most
significant parameter is current as influential on weld joints, along with other welding variables
such as gas flow rate, velocity, voltage, groove angle and polarity. Therefore, the welding
process that would be use is Tungsten Inert Gas (T1G). Using different welding parameters for
the process had studied, which affect the weld quality, such as welding current (1), voltage (V),
and gas flow rate (GFR). Then by using tensile test at room temperature, where the ultimate
stress that the pipe base metal withstand was 25.18 KN and the tensile strength was 537 MPa.

2. Experimental work

Pipes of type 316 austenitic stainless-steel were subjected of this research investigation. The
pipes are used in Zlitan desalination plant because this type of material is recommended by
standards for such conditions due to its distinct properties and excellent corrosion resistance,
the pipes were collected from the plant with the required length for the study, then the chemical
analysis processes have been conducted composition to know the chemical composition and to
make sure the pipes are truly belonged to this type of stainless-steel family.

2.1 Chemical composition analysis

The spectrometric analysis of the specimen was conducted using Foundry Master Pro to find
the chemical composition of tube base metal. As shown in the results in table 1, it is clear that
the stainless steel is grade 316.

Table 1. Chemical composition of tube material
Element C Cr Si Ni Mo Nb Ti Mn Fe V
Wt.% | 0088 | 17.1 | 0593 | 124 | 241 | 0.042 0.006 0.792 | 64.9 | 0.0562
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2.2 Cutting

A pipe of 90 mm diameter and 4mm thick, was cross-sectionally cut into 20 pieces of 130 mm
length each. An inox pipe cutting saw was used to do this task.

2.3 Lathing

The pipe thickness was checked to determine the appropriate groove dimensions, which were
determined according to standard “ISO, 9692-1:2013” [4]. A lathe machine and tool of carbide-
insert type were used to machine the pipe face and make the proper chamfer on the pipe's edge
as shown in Figure 1. The chamfer was intended to make the grove when the pipe assembled
with another pipe before welding. A single-V-groove design of 60° angle and 2 mm root face
(s) shown in figure 1 was selected. A gape of g = 1.4 to 2 mm length between the two adjacent
pipes was left to be filled by welding.

Figure 1. Design of joint

2.4 Cleaning

Two processes were used to clean the samples, a mechanical process to remove the impurities
from a metal's surface, and a chemical one that deepened on solvents and acids to remove paint,
oil, and grease.

2.5 Welding

The TIG welding process was used in order to weld metal 316, with changing the parameters
suitable for welding process. 10 pairs (20 pipes) of 316 stainless steel samples were welded
together to make samples of 260 mm length. Table 2 illustrates the general information of the
samples and table 3 illustrates the experimental setup beside the ranges of current and gas flow
have been applied in the experiments.
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Table 2. Specimen general information

Specimen Pipe Pipe Outer Internal Nur;}ber Number rilélti; rilélti; Tg?e
Parameter | thickness | material | diameter | diameter . of pairs . .
pieces type | diameter | joint
N
= so g8
33 L=
- & < % S o w | 23 |&%T
Value 3 =l 3 3 = B & g3 |g?
3 2 3 3 = 3 r Ne o S
bs 1] a & o wmw
Z -8 |83
= B |”3
Table 3. TIG parameters
Current | Gasflowrate | © 21 <
Expert | GFR 1l |led | 2
No. ) gz |82 | 8
(Amp) (L/min) g = 2|
11 95 12
1.2 95 14
1.3 95 16 P
14 105 14 g
ol 2|35 |5
15 105 16 m o < |
pd -
1.6 105 12 > X
1.7 115 16 =
1.8 115 12
1.9 115 14

The circular pipe was divided into two parts as shown in figure 2; one side was from 0° to 180°,
and the other side was from 180° to 360° for whole samples. By applying different parameters
for each side. By using two fittings at the angles (0° to 180°) of the pipe, then the pipe was
placed on a 90° edged sheet metal, and clamp it with two clamps to make the two parts stables,
as shown in figure 2.

00

Figure 2. Welding procedure
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The parameters which chosen to use are shown in the above tables 2 and 3, are current and
shielding gas flow according to the sample number. Where the other variables kept constants
as:

- Filler metal which we used is stainless steel 316L, the diameter of the first pass is 1.6

mm and the second pass is 2.4 mm.

- The polarity used is direct current electrode negative "DCEN".

- The voltage is in range between 18 to 22 depending on the arc distance.

- Purging gas is argon with a flow rate 10 L / min,.
A purging process used to remove the oxygen from the inside part of the pipe to protects the
back of the weld from oxidation due to the high heat of TIG welding. An argon gas was used,
because argon less expensive than helium. The purging gas flow rate which used is 10 L / min,
the purging gas flowing was kept for a time to fill the chamber before starting weld, also the
purging gas flow was continuing during the welding, this means that air can’t get back into the
purge zone. The figure 3 demonstrates the purging process.

Figure 3. Purging gas in TIG

2.6 Inspection
2.6.1 Vision

It is economical and fast process to check (by
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Figure 4. Vision inspection of specimen
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2.6.2 X-Ray Radiography

X-Ray Radiography test was conducted to determine the welding internal defect such as
porosity, internal incomplete welding, lack of fusion, and slags. The X-ray radiographic
inspection machine of type “88144 SMART ANDREX 225KV” was used and its setting is

shown in table 4.
Table 4. X-Ray radiography setting

X-ray radiographic inspection setting
Curies/ KV & mA 200 KV, 3mA
Exposure time 20 sec
Penetration thickness 4 mm
1QI type & designation 6 FEEN
Development time 5 min
Focal spot / source size 3*3 mm
Film type D7
Screen - type & thickness Pb 2*0.1 mm

2.7 Milling
Milling processes was conducted in two stages:
2.7.1 Cutting longitudinal strips

The welded pipes were placed on the table of the milling machine, and fixed from two sides,
then they were longitudinally cut into strips of 25 to 30 mm width of each sample. The milling
machine shown in figure 5 was used to cut the samples, and the tool was an endmill made of
carbide. The milling speed was high and feed rate was low. To dissipate the heat arose during
the milling operation, a lubricant was applied all the time of milling.

Figure 5. Cutting longitudinal strip by milling
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2.7.2 Making tensile test specimens out of the strips

The second stage is to machine the longitudinal strips into a tensile test-shape samples using
the milling machine as illustrated in figures 6 and 7, the milling speed of machine was medium
and feed rate was low, the lubricant was continuously applied during the milling. Because the
tool was made of steel. The average working time of each sample 180 min. the specimens’
dimensions were selected based on the Standard E8/E8M -16A as shown in figure 6.

Specimen 1
mm [in.]
G—Gauge length 50.0 + 0.1
[2.000 + 0.005] | |
W—Width 125+ 0.2 |’~B——‘ A I‘—B—'I
[0.500 + 0.010] I |
T—Thickness
R—Radius of fillet, min 12.5[0.5] — - \t‘ _ _ c T
A—Length of reduced par- 60 [2.25] T _L
allel section, f
min
B—Length of grip section, 75 (3] R
min
C—Width of grip section, 20 [0.75]
approximate

Figure 6. Standard of tensile specimen

Figure 7. Formed tensile strength specimens

2.8 Manually grinding

In this process, the samples were cleaned using emery papers to remove all machining chips in
order to be able to measure the dimensions of the samples accurately.

2.9 Cross-sectional area calculations
The area exposed to tensile stress is shaded in Figure8, and it must be calculated as follow.

t=4 mm 12 3 mm

. \/ F]\

& //

=

|
/

Figure 8. Drawing of the used area in tensile strength equation
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To calculate the arc length (L),

L) =350
Where § = —23:360 - 0 = 15.668°

(2%3.142%45)

Same angle and same equation except the angle are known but length of arc is unknown.

v Larc = 360*(2*71'*7")
Larc = 3&0 * (2% 3.142 % 41) ~ Larc =11.20mm
The cross-sectional (As) of every specimen was calculated using equation (2) as following:
As = < o, (m* rozut)> — ( o . (7 r%)) TR ¢)
360 360
As = (15'66 * (3.142 * 452)> - <15'66 * (3.142 * 412)> ~ As = 47.02 mm?
360 360

Following the same calculations approach, the cross-sectional areas of specimens were slightly
different as shown in table 5

Table 5. Cross-sectional areas of all specimens

Numbe Area mm?
1.1 47.02
1.2 47.18
1.3 47.09
1.4 46.82
1.5 47.15
1.6 47.19
1.7 47.22
1.8 46.87
1.9 47.41

3. Results and Discussion
3.1 Results of Visual Inspection

Table 6 demonstrates the results of visual inspection for TIG specimens. Specimens 1.1, 1.4,
and 1.8 have overlap defects. The rest of specimens have no visual defects.

Table 6. Results of visual inspection
Specimen No. | Type of defect Comment
1.1 - Excessive weld
1.2 -
1.3 Porosity
14 -
15
1.6
1.7

Excessive weld
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1.8 - Excessive weld
1.9 - -

3.2 Results of X-ray radiography tests

All results of radiographic inspection are described in table 7, the porosity found in sample 1.3
with a current of 954 and gas flow rate 16 L / min, where the rest of specimens looks clear.

Table 7. X-Ray Radiography results

. Distortion | Unfilled Undercut
Specimen . Incomplete
of the cavity and and .
No. - : penetration
workpiece | porosity overlap
1.1 no no overlap no
1.2 no no no no
1.3 no no no no
14 no no overlap no
15 no no no no
1.6 no no no no
1.7 no no no no
1.8 no no overlap no
1.9 no no no no

3.3 Results of tensile tests

Table 8 lists the results of tensile test results. It was observed that the specimen 1.1 (current of
95 A and gas flow rate of 12 L / min). As shown the highest tensile stress of 592.47 MPa.
Table 8. Tensile strength tests results

Specimen GFR | A us TS
No. L/min | Amp | mm? N MPa
11 12 47.02 | 27,858 | 592.47
1.2 14 95 47.18 | 26,352 | 558.54
1.3 16 47.09 | 27,176 | 577.11
14 14 46.82 | 27,441 586.1
15 16 105 | 47.15 | 27,350 | 580.06
1.6 12 47.19 | 25,411 | 538.48
1.7 16 47.22 | 27,705 | 586.72
1.8 12 115 46.87 | 27,705 591.1
1.9 14 47.41 | 28,058 | 591.82

The stress-strain curve of sample 1.1 shows the load increase from zero to ultimate stress that
the sample withstand 27.85 KN, before dropping almost vertically, and the displacement
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increases from zero to a little over 40 mm, the sample has been broken in the base material far
from the weld center as shown in the figure 9.

20 Test graphic

%6

192~

128

64

0 " ‘ 180 Pl : 0 " 84

Figure 9. Shape of specimen 1.1 after the test and its stress-strain curve

4. Results analysis

This section analyzes the tensile test results of this study. Figure 10 shows the effect of welding
current and gas flow rate on tensile stress of the specimens. The figure shows that the highest
tensile stress was 592.47 M Pa when the current was 95 A and the gas flow rate was 12 L / min
(specimen 1.1).

Effectof | & GFRon TS

600
590
580
570
560
550
540
530
520
510

& & ¢ ¢ & &
N | & GFR
Figure 10. Effectsof | & GFRon TS

On the other hand, the most stable results were observed with differences in gas flow rate at
current 115 A, where the tensile stress was close to each other. As it was also observed that all
specimens welded by TIG have a tensile stress greater than the tensile stress of the base metal.

TS MPa
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4.1 Analysis Using Taguchi approach

An orthogonal array was designed using Minitab17 depending on Taguchi approach, where the
welding current vs gas flow rate were used to calculate S/N ratio. The array design L9 (3*2),
and the levels are three levels for both processes as shown in illustrated table 9.

Table 9. Design of experiments

. Level
Welding parameter 1 > 3
Current Amp 95 | 105 | 115
Gas flow rate L/min | 12 14 16

By using the analyze of Taguchi design for tensile strength as a response factor and the S/N
ratio as the large is better.
4.2 Taguchi analyzing

In order to obtain the optimal welding conditions, the larger is the better is used as the S/N ratio
of quality characteristic as shown at table 10. As demonstrated in these results, the main effects
plot for S/N ratio indicates that current which has the largest effect on the S/N ratio. On average,
experimental runs with current 115 Amp had much higher S/N ratios 55.42 than experimental
runs with current 105 Amp which had a small effect on the S/N ratio 55.08 as showing in

figures 11 and 12.

Data Means
55.50 | Amp
55.25 —e— 95
— - — 105
| Amp B0 s
54.75
55.50 54.50
GFR
55.25 L/min
— 12
55.00 GFR L/min — " - 14
54.75 * 16
54.50
95 105 15
Figure 11. Interaction plot for S/N ratios
Data Means
55.45 I Amp GFR L/min
55.40
8 5535
g
~ 55.30
v
6 55.25
c
E s 2 //
55.15
55.10
95 105 15 12 14 16
Figure 12. Main effect plot for S/N ratio
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For Taguchi analysis were TS MPa vs | Amp and GFR L/min. Response tables 11 and 12 for
S/N ratios larger is better; According to ranks in a response table, the factor with the largest
delta value is current it’s given the 1% rank, then the factor with the less delta value is gas flow
rate it’s given the 2" rank. While delta shows the difference between the highest and lowest

characteristic average for a factor.

Table 11. Response values for S/N Table 12. Response values for means
Level | TAmp | GFR L/min Level | TAmp | GFR L/min
1 55.21 55.17 1 576.0 574.0
2 55.08 55.25 2 568.2 578.8
3 55.42 55.29 3 589.9 581.3
Delta 0.33 0.12 Delta 21.7 7.3
Rank 1 2 Rank 1 2

The figure 13, a contour plot shows the potential relationship between three variables current,
gas flow rate, and tensile strength. A contour plot is like a topographical map in which x-, y-,
and z-values are plotted instead of longitude, latitude, and elevation.

The darker regions identify higher tensile strength values. The contour levels reveal a peak
centered in the vicinity of 13.5 to 15.5 of (GFR) and 105 to 115 of (I). Also, the quality scores
in this peak region are greater than 590 MPa.

Contour Plot of TS MPa vs | Amp, GFR L/min
TS MPa
15.5 W <540
Il 540 - 550
550 — 560
560 — 570
E 14.5 W 570 - 580
35 I 580 - 590
o [ | > 590
G 135
R/ —
95 100 105 110 115
| Amp
Figure 13. Contour plot of TS vs I, GFR
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5

Conclusion

In this study the tensile strength of welded specimens by using TIG welding process, where
the welding current and gas flow rate response to tensile strength in TIG process.
Through the results obtained after conducting destructive and non-destructive tests on the
welded specimens of the tube made of stainless steel 316. It was observed that the most
influential variable for both welding processes is current.

The highest tensile strength was obtained 592.47 MPa. when the current is 95 A, and the
gas flow rate is 12 L / min,

All specimens have slightly higher tensile strength than the tensile strength of the base
metal of the used tube.

The visual inspection shows that all TIG specimens have no defects such as distortion,
unfilled cavity, and incomplete penetration. Except the specimens 1.1, 1.4, and 1.8 have an
overlap defect.

All X-ray radiography inspection of TIG specimens has no porosity occurred, except
specimen 1.3 with a current of 95 A and gas flow rate of 16 L / min.
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