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Abstract

The effect of nitrogen addition, heat input, and filler metals on weld metal
microstructure and mechanical properties of alloy 316 ASS are studied. Autogenous
gas tungsten arc welding (GTAW) is employed by adding up to 2vol. % N, in Ar.
These variables affect a number of welding aspects, including arc characteristics and
microstructure. The influence of shielding gas mixtures on microstructure and
mechanical properties of GTAW of austenitic 316 stainless steel is studied. Mechanical
properties of welds are determined through uniaxial tension, hardness measurements,
impact, and bending tests. Weld defects, as porosity and inclusions are examined using
radiographic testing. Weld specimens are free of porosity, inclusions, and hydrogen
cracking. Mechanical properties and cooling rate are lower at higher heat input, but the
cooling time, nugget area, and solidification time are higher. The addition of N, to Ar
shielding gas leads to higher values of the ultimate tensile strength ‘UTS’, yield stress
‘YS’, and elongation percent. UTS, YS, and elongation of welds depend on heat input,
filler metal, and N, content of shielding gas. Finally, a mathematical model is built
depending upon the welding current, filler metals, and shielding gases.
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1. Introduction

In this chapter, we will first introduce you to the field of welding processes using
different welding variables examples. We will then provide an introduction to the
classification of welding variables. Although most engineering programs or mechani-
cal engineering programs require students to take welding technology courses, you
should approach your study of welding technology as more than a mere requirement.
Thorough knowledge of welding processes will make you a better engineer and
designer. Welding science underlies all technological advances and an understanding
of the basics of welding and its applications will not only make you a better engineer
but will help you during the production process. In order to be a perfect designer, you
must learn what welding will be appropriate to use in different applications. Also, in
this chapter, previous works related to the current study are discussed. Various
welding techniques will be presented. Finally, studies focused on welding and the
effect of welding variables on stainless steel will be discussed. GTAW is considered
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one of the most productive welding methods since it is used in the welding of metals
with high thickness. For this reason, it is used in the heavy industry and shipbuilding
industry.

The shielding gas interacts with the base material and with the filler material, if
any, to produce the basic strength, toughness, and corrosion resistance of the weld. It
also affects weld bead shape and penetration pattern [1, 2]. Successful GTAW weld-
ments of Monel 400 and AISI 304 were developed using ER304, ERNiCrMo-3, and
ERNiCrMo-4 welding wires [3]. The tensile strength and yield strength of ERNiCrMo-
3 weldments were comparable to those of parent metals. Tensile strength and yield
stress of dissimilar ERNiCrMo-3 weld joints were better than ER304 and ERNiCrMo-4
weldments. Also, the effect of welding wires on the characteristics of dissimilar
welding of SS316 L and carbon steel A516 GR 70 was studied [4] using three different
filler materials ER80-Nil, ER309L, and ER NiCrMO-3 (Inconel 625). Inconel 625 was
found more suitable to weld dissimilar SS316 L and carbon steel A516 GR 70. Best
results concerning UTS, and hardness were obtained using Inconel 625 as a welding
electrode. The effect of welding electrodes on the characteristics of dissimilar AISI 420
and 304 L welds was studied [5] using three different filler rods ER312, ER316 L, and
ER2209. The last rod produced welds with the highest impact toughness and lowest
hardness. Kanigalpula et al. [6] developed mathematical models using central com-
posite design methodology ‘CCD’ to determine the process variables that produce
more stable weld bead geometry and microhardness in the electron beam welding
process. Hackenhaar et al. [7] applied Box-Behnken design ‘BBD’ to investigate the
effect of gas metal arc welding ‘GMAW’ parameters (wire feed speed, welding speed,
and arc voltage) based on 3 responses (melting efficiency, bead on plate, and melting
area of T-joint) in GTAW butt welding of 6.35 mm thick AISI 1010 steel plates. The
melting efficiency showed a direct relationship with heat flow extraction in weld
joint, thus, of joint geometry. Melting efficiency is lower for T-joint regardless used
equation.

2. Basic welding parameters

The welding arc is formed by the arc plasma, which consists of ionized gas, molten
metals, slags, vapors, and gaseous atoms and molecules. Arc welding variables are
welding current, are voltage, welding speed, shielding gas and filler metal that cause
much more effect on various weld joint properties such as strength, weld bead geom-
etry, cooling rate and corrosion of stainless steel.

2.1 Welding current

Welding current is the most important variable affecting melting rate, metal
deposition rate, depth of penetration, width of joint and the amount of molten base
metal. The electrical energy can be calculated by Eq. (1) [8]:

Q=1%V]J/SorQ =T1**R,J/S (1)

where, Q = Consumed electrical energy I = Welding current.

V = Arc voltage R, = Arc resistance.

The influence of welding current on AISI 316 welded by GTA was studied [9]. UTS
and HV increased with increasing heat input. Best results for UTS and HV were
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obtained using 100A. Also, sigma phase and Cr,3C¢ in 316 SS welded samples
increased with increasing heat input as shown in Figures 1-3.

2.1.1 Welding arc voltage

Welding arc voltage or arc voltage is the electrical potential difference between the
welding wire tip and the molten weld zone surface. The welding arc voltage depends
on arc length and type of electrode. Weld bead shape appearance depends on arc
voltage. Increasing arc voltage causes porosity, welding reinforcement electrode,
spatter flatten the weld bead, and increases the weld width [10].

2.1.2 Gas purity
Metals differ in their tolerance for foreign components of the shielding gas. Impu-

rities of shielding gases affect weld quality and eventual fitness. Basyigit and Kurt [11]
employed five different shielding gases such as, pure argon, 99%Ar + 1% N,, 97%

Figure 1.
Effects of welding current on the sigma and carbide phases distribution of 316 stainless steel, achieved by FESEM —
EDX (a) current 90A and (b) current 110A.
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Figure 2.
Graph of arc current (A) versus mean of tensile strength (MPa) for316 stainless steel welded joint.
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Figure 3.
Comparison of number of points versus hardness (HV) of 316 stainless steel welded joint.

Ar + 3% Ny, 94%Ar + 6%N,, and 91%Ar + 9% N, for welding 2205 DSS using TIG
welding. The austenitic structure increased with increasing N, content in shielding gas
(Figure 4). Increasing N, content in argon shielding gas led to improve grain size,
UTS and HV of DSS welds (Figure 5).

Besides that, Mosa et al. [12] studied the effect of shielding gas and heat input on
mechanical properties of ASS 304 L welded by TIG welding. Tensile strength and
hardness values decrease with increasing heat input, but the ferrite number, impact
toughness, penetration depth and weld bead width increase. Addition of N, in Ar
increases UTS and HV but reduces FN and impact toughness (Figures 6-11).
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Figure 4.
The effects shielding gas composition on phases grain size.
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Figure 5.
The effects of shielding gas composition on micro-hardness values of base metal and weldments.
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Figure 6.
Comparison between ultimate tensile strength of welding procedures using shielding gas puve Ar and 2%N/98%Ar.

2.1.3 Welding speed

Welding speed is the linear speed at which the arc moves with respect to the plate,
along with the weld joint. The heat input and cooling rate increase with decreasing
welding speed. Welding speed is calculated by Eq. (2) [13]:

Welding Speed (mm/ min ) = Electrode Travel/Arc Time (2)

Moreover, optimization of AISI 316 weld sample characteristics was studied [14]
by Taguchi method (ANOVA). Besides, the effect of welding variables as welding
speed and current, filler metal and root gap on UTS and bend strength was studied.
Travel speed (46.51% contribution) has a greater influence on toughness (bend
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Figure 7.
Comparison between FN of welding procedures using shielding gas pure and 2% N/98%Ar.
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Figure 8.
Comparison between ductility of welding procedures using shielding gas pure Ar and 2%N/98%Ar.
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Figure 9.
Hardness values for PNo.1 (0.395 Kj/mm), PNo.2 (0.79 Kj/mm) and PNo.3 (0.998 Kj/mm) all with using
shielding gas of pure argon.
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Hardness values for PNo.4 (0.411 Kj/mm), PNo.5 (0.822 Kj/mm) and PNo.6 (1.053 Kj/mm) all with using
shielding gas of (2%N/98% Ar).
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Figure 11.
Comparison between impact toughness of PNo.3 versus PNo.4.

strength) and welding current (96.75%) has maximum influences on UTS. The root
gap has some effect on both tensile and bend strengths.

2.1.4 Effect of heat input

Heat input is a relative measure of the energy transferred per unit length of weld. It
is an important characteristic because, like preheat and interpass temperature, it
influences the cooling rate, which may affect the mechanical properties and metallur-
gical structure of weld region and HAZ [15]. It is calculated by Eq. (3).

HI (KJ/mm) = n* (V«1%60)/(S*1000) (3)

where HI is the heat input (in KJ/mm), 1 is welding efficiency (nric = 70%),
V is arc voltage (in volt), I is welding current (in Amp) and S is welding speed
(in mm/min).
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The effect of heat input on microstructure and mechanical properties have been
extensively investigated. For example, Movahedi and Ozlati [16] studied the influence
of heat input on mechanical properties of dissimilar welds AISI 410 MSS and 2209 DSS
rods. The heat input, UTS and %EL increase with increasing welding current. Best
results of UTS and %EL are obtained at a welding current of 3.5 kA. Whereas the
lowest results of UTS and %EL are obtained at a welding current of 2 kA (Figure 12).
Moreover, Sergei Yu et al. [17] analyzed the influence of H,,, on residual strain and
phase content in AISI 304 stainless steel welds using different heat input values. The
ferrite content increased with increasing heat input from 0.225 to 0.247 k]/mm, while
the austenite content decreased.

Singh and Kumar [18] investigated the characteristics of 304 stainless steel joints
using SMAW-GTAW hybrid welding and different filler metals. The joint with 90A
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Figure 12.
(a) Havdness profile across the weld interface. (b) Stress-strain curves and (c) values of tensile strength and
elongation for all samples [16].
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has the highest hardness value and lowest toughness value. The toughness value of
weld metal and HAZ increases with increasing heat input. Welding width and depth
(penetration) increase with increasing heat input. It can be seen that root reinforce-
ment deposited at 0.93 kJ/mm is wider than that deposited at 0.68 kj/mm. Whereas,
D. Bahar [19] studied the effect of welding parameters as; welding current, gas flow
rate and welding speed on bending strength and weld geometry of dissimilar welds of
SS 304 and mild steel 1018. The welding width, depth of penetration and bending
strength increased with increasing welding current, gas flow rate and welding speed.
Additionally, Bodude and Momohjimoh [20] explained the influence of welding vari-
ables on mechanical properties of low carbon steel welded by SMAW. Highest ulti-
mate tensile strength and hardness were realized for samples welded at low current.
Moreover, best results of weld toughness were obtained at welding current of 150A.
HV and UTS increased with decreasing heat input, while the impact toughness
increased with increasing heat input. Gupta et al. [21] studied the influence of H,,, on
the mechanical behavior of FSS 409 plate using two different filler metals (ER304L
and ER308 L). Best UTS result, yield strength, hardness value and grain size is
obtained using medium heat input ‘4 kj/mm’, irrespective of the used filler metal. The
mechanical behavior is also infl uenced by grain size of weld metal and heat input.
Generally, the joints welded using 304 filler metal showed better results than using
308 filler wire. Moreover, the effect of heat input on the mechanical properties and
fatigue life of AA6061 alloy welded by MIG welding was reported [22]. The weld
penetration increased linearly with increasing the weld current and arc voltage, but
with decreasing the welding speed. On the other hand, the fatigue life decreased with
increasing the welding current and arc voltage, whereas, the fatigue life increased
with increasing the welding speed. The impact toughness increased slightly with
increasing heat input (Table 1). Swami et al. [23] studied the influence of MIG
welding current, gas flow rate and shielding gas on UTS of 12 mm thick mild steel
plates. MIG welding process variables affect UTS value of the weld metal. Best UTS
result was recorded at 190 A, 15 (L/min) and 50% CO,. Bansod et al. [24] investigated
the change of mechanical properties of low-nickel ASS 304 welds using SMAW tech-
nique at various heat input values. Highest UTS and HV were obtained using low heat
input values (Table 2). Hardness of the weld zone was lower than that of the heat
affected zone and base metal (Figures 13-15). The ferrite number of weld region
increased with decreasing the heat input (Table 3). Furthermore, Bansod et al. [25]
studied the influence of heat input on physical metallurgy, mechanical behavior and
corrosion rate of Cr-Mn ASS and low nickel ASS specimens. The width of HAZ
increased with increasing heat input, while the FN and volume fraction of delta ferrite
in weld region decreased. On the other hand, the hardness and tensile strength
increased with decreasing heat input. Besides, the pitting resistance was improved
with increasing delta ferrite. Ahmed et al. [26] studied the change of weld strength of
ASS 316 welds using GTAW technique at various heat input values and filler metals.
Using ERNiCrMo-3 as filler rod produced weldments with higher ultimate tensile
strength and yield stress than using ER309L or ER316 L. The ultimate tensile strength,
yield stress and elongation percent decrease with increasing heat input. Highest values
are obtained using ERNiCrMo-3 filler rod at comparatively low welding current (80
A). The hardness is lower in weld zone than that of in heat affected zone and base
metal. In general, it decreases with increasing heat input (welding current). Highest
values are obtained using ERNiCrMo-3 filler with low heat input (80 A)

(Figures 16-18).
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Sample Heat Input (J/mm) No. of cycles to failure Impact energy (J) Penetration
number (mm)
1 264 221 83.91 2.411
2 219.96 360 67.37 2.464
3 188.58 476 47.71 2.310
4 303.6 198 91.27 2.571
5 252.96 331 73.75 2.612
6 216.84 463 55 2.511
7 343.2 161 91.25 2.599
8 285.96 317 83.93 2.634
9 245.1 429 71.6 2.541
10 312 190 94.18 2.781
11 259.98 325 83.01 2.872
12 222.84 439 67.63 2.741
13 358.8 157 81.41 2.860
14 298.98 296 90.55 2.932
15 256.26 408 77.21 2.802
16 405.6 101 63.25 2.941
17 337.98 264 94.32 2.970
18 289.68 372 84.62 2.872
19 360 136 77.84 2.983
20 300 272 91.01 3.020
21 257.1 390 78.68 2911
22 414 98 61.17 3.078
23 345 258 85.65 3.101
24 295.68 366 88.61 3.001
25 468 85 58.64 3.150
26 390 246 7191 3.202
27 334.26 353 93.65 3.120
Table 1.

Life, impact energy and penetration of weld with vespect to the weld parameters [22].

2.1.5 Cooling rate and solidification time

Cooling rate ‘CR’ is the heat loss during welding per unit time. CR plays an
important role in determining the final solidification microstructure and its proper-
ties. Merchant Samir [27] studied the influence of welding current, arc voltage and
welding speed on cooling rate, solidification time and hardness value of mild steel
welded by MMAW process. It was found that the cooling rate decreased with increas-
ing the welding current, while the solidification time increased for samples welded
using different current and voltage values. The cooling rate increased with increasing
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Base metals Dissimilar joint welded by different fillers
Cr-MnSS 304 SS 316 L 310 308 L
Yield strength (MPa) 222.6 335.2 336.7 330.4 333.3
Ultimate tensile strength (MPa) 808.7 670 667.50 660.0 667.9
% elongation 60.2 52.5 50.34 49.5 55.2
Fracture zone — — 304 304 304

Table 2.
Tensile test results [24].

(b) 308 L electrode (a) 316 L electrode

(¢) 310 electrode

Figure 13.
Optical micrographs of weld samples (a) 316 L electrode, (b) 308 L electrode and (c) 310 electrode [24].

welding speed, while the solidification time decreased. The best result for HRN is
obtained in HAZ of all samples. Besides, Rahul Kumar et al. [28] examined the effect
of welding variables and cooling rate on the mechanical behavior of mild steel welded
by SAW. They found that the cooling rate and hardness increased with reducing the
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Welding Unmixed HAZ Unmixed zone HAZ  Average  d-ferriteby Ferritoscope

Electrodes zonelength width length (nm) width level of (FN)
m) 304 SS m Cr-Mn SS m dilution
(wm) (wm) (m) (%) Weld  Base Base
zone metal metal
(304 (Cr-Mn
SS) SS)
316 L SS 180 245 257 498 24+ 3 6.0 0.15 0.16
308 L SS 181 240 250 452 25+3 5.1 0.15 0.16
310 SS 185 256 255 468 24 £2 0.14 0.15 0.16
Table 3.
Microstructural details of welding [24].
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Welding current Welding current
(a) (b)
Figure 16.

Effect of welding currvent on (a) cooling time (b) solidification time of 316SS welding [26].

heat input. Whereas a finer grain size was formed at higher cooling rate and lower
heat input.

Effect of cooling rate on solidification and segregation characteristics of SASS was
studied [9]. The grain size was refined more with increasing cooling rate. Dendrite arm
spacing decreased at welding begin, then decreased slowly with increasing cooling rate.
Transition cooling rate was 20°C/sec. Also, the effect of heat input on cooling rate and
PREN in SDSS welds was studied [14]. Grain size and cooling rate increased with
increasing heat input. Best results for PREN were obtained at an intermediate heat input
value of 1.4 kJ/mm. Besides, Ahmed et al. [29] examined the effect of heat input and
shielding gas on the Performance of 316SS welded by GTAW. They found that the heat
input, cooling time, solidification time, grain size and nugget area increase with
increasing the welding current. Besides, the cooling rate decreases with increasing the
welding current. Whereas the UTS, YS and EL% decrease with increasing heat input,
and the addition of 2%N, to Ar shielding gas increases the mechanical properties of 316
stainless steel weld joints. The best mechanical properties are obtained at welding
current 80 amp with Ar-2%N,. The hardness is lower in the weld zone than in the heat
affected zone and base metal, and the addition of 2% Nj to shielding gas increases it.
Moreover, the hardness decreases with increasing heat input (Figures 19-26).
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Figure 17.

Mechanical test results of TIG welded joints (a) tensile strength, (b) yield strength, and (c) percentage elongation
[26].

The cooling rate in the temperature range 800-500°C is important for phase
transformation of stainless steel. It determines the final solidification mode or micro-
structure of the weld metal and its properties [30]. The cooling rate and cooling time
[26, 31] can be calculated using Eq. (4) and Eq. (5), respectively.

oT\  (oT ox\ (T—T,)°
().~ (%) (%) Z“K*( o ) ®
HI 1 1
B = oo " <SOO—T0_8OO—TO) ©)

where, (dT/0t), is the cooling rate “°C/sec’, K or A is the thermal conductivity
(W/mmK), and T is the temperature near the pearlite nose on TTT diagram ‘550°C’
and T, is the initial temperature of the plate 20°C’.

The solidification time ‘S;’ of welding joint depends on the cooling rate and heat
input. The S, time is important as it affects the microstructure and properties, and can
be calculated using Eq. (6) [26, 31]:

St (sec) = L Hnet/2nKpc (Tm—T,)* (6)
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Vickers hardness profiles of 316SS TIG joint cross sections for different values of welding current using (a)
ER309L, (b) ER316 L and (c) ERNiCrMo-3 as filler rods [26].
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(b)
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Figure 19.
Microstructure of weldments using various welding curvents 80, 100 and 130 amp and pure argon as shielding gas,
at different locations (a) and (b) [31].
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Figure 20.
Microstructure of weldments using various welding currents 80, 100 and 130 Amp and Ar-2%N, as shielding gas,
at different locations (a) and (b) [31].

fi;'ml{-'_‘_' | Bed 9T

Ar = 2%N; with 130 amp

"

Ar = 29N, with 50 amp Ar = 2%N; with 100 amp

(b)

Figure 21.
Microstructure of weldments using various welding currents 80, 100 and 130 amp with/without N, [31].

2.1.6 Weld bead geometry

The effect of weld bead area on mechanical properties was investigated [26, 31],
and it was found that the nugget area ‘Na’ increases with increasing weld current and
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Ultimate temsile streagth, MPa

Welding current, Amp

Figure 22.
Ultimate tensile strength of GTAW welded AISI 316SS using various welding currents 80, 100 and 130 Amp and
Ar-2%N, as shielding gas [31].
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Figure 23.
Yield stress of GTAW welded AISI 316SS using various welding currents 80, 100 and 130 Amp and Ar-2%N, as
shielding gas [31].

Figure 24.
Percentage elongation of 316SS welding specimens [31].
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Figure 25.
Hardness profiles of 316SS GTAW joint cross sections of weld joints using pure argon as shielding gas [31].

—=80Amp --\--100Amp —-O=130 Amp

Figure 26.
Hardness profiles of 316SS GTAW joint cross sections of weld joints using Ar-2% N, as shielding gas [31].

arc voltage, but decreases with increasing welding speed, and can be calculated with
Eq. (7) (Table 4).

Na (mm?) = 33312% 10 ®x [A1.55/50.903] @)

where, Na is nugget area ‘mm?, A is the welding current in ‘amp’, and S is the
welding speed ‘mm/sec’.

3. Conclusions

1.Increasing weld current, increases heat input, time of cooling and of
solidification, metal deposition rate and nugget area, but decreases cooling rate.
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Weld current Electrodes Nugget area
80 amp ER309L 17.3
100 amp 26
130 amp 42.4
80 amp ER316 L 17.2
100 amp 26
130 amp 40
80 amp ERNiCrMo-3 17.4
100 amp 26.2
130 amp 40.3
Table 4.

Nugget weld area of 316SS specimens welded using different welding current values and filler metals and pure Ar
shielding gas [26].

2.Ultimate tensile strength, yield stress, elongation percent and fatigue life
decrease with increasing weld current. Using ERNiCrMo-3 filler rod, 80amp
weld current and 2%N in shielding gas leads to highest mechanical properties.

3.The hardness is lower in weld zone than in heat affected zone and base metal.
The addition of 2% N, to shielding gas increases it, but the increase of weld
current decreases it. Using ERNiCrMo-3 filler rod, 80 amp weld current and 2%
N, in shielding gas leads to highest hardness.

4.Weld metal grain size and crystallization temperatur increase with increasing
heat input and N, content in the shielding gas. Adding 2% N, to Ar shielding gas
leads to a — y phase transformation.

5. Average size of secondary dendrite arm spacing and eutectic volume fraction
increase with decreasing cooling rate. At lowest cooling rate “31.5°C/s” the
volume fraction is ~1.96%.

6.Using ER309L filler rod leads to higher toughness, and adding 2%N, to Ar
shielding gas leads to lower toughness, that increases with increasing weld
current, and decreasing N, in shielding gas.

7.From the mathematical modeling, by adding 2%N, to shielding gas UTS, HV and
spattering increase. While UTS, HV and spattering decrease with increasing the
welding current.
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