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Abstract: This study aims to analyze the performance of dissimilar titanium alloy Ti-5Al-2.5 Sn and
stainless-steel SS 304 joints using three non-destructive testing (NDT) methods such as radiographic
testing, visual and microstructural evaluation. Gas tungsten arc welding (GTAW) was performed to
join the base metals by incorporating the multi-interlayer of Cu-Nb. The performance of dissimilar
joints was evaluated in terms of quality and strength at a welding current of 40 and 60 amperes, and
a fixed gas flow rate and welding speed of 20 lit/min and 150 mm/min, respectively. Radiography
and visual results indicated severe cracks, voids and incomplete fusion in the specimen welded at a
higher current and no such flaws in the specimen welded at a low current. Microstructural results
revealed that a dendritic structure was achieved in the fusion zone at a low current that enhanced the
ultimate tensile strength (UTS) to 248 MPa while brittle cracks were observed at the Ti-Cu side at
higher currents, which reduced the strength to 160 MPa.

Keywords: non-destructive methods; radiographic and visual testing; multi-interlayer of Cu-Nb; gas
tungsten arc welding; ultimate tensile strength

1. Introduction

The aerospace and nuclear industrial sectors are highly interested in products manu-
factured by joining stainless steel and titanium due to their numerous advantages, such
as cost-effectiveness, corrosion resistance, high strength, affordability, and functional ca-
pabilities [1]. Welded joints of these alloys are utilized in aviation engine blades with
discs, electric heaters not subjected to high loads, cryogenic piping, and oil rig components.
Joining these materials is challenging due to significant disparities in their chemical and
mechanical properties [2,3].

The successful joining of steel and titanium alloys has been accomplished by employ-
ing several welding methods, such as gas tungsten arc welding (GTAW), diffusion welding,
friction stir welding, electron beam welding and laser beam welding [4]. Among them,
the GTAW process offers various benefits, including cost efficiency, user-friendliness, and
the possibility to automate manufacturing [5–7]. When the GTAW process is automated
and the tools and parameters are properly designed, faults should not arise. Neverthe-
less, if the procedure is inadequately regulated, the resultant strength of the weld may be
compromised. No joining procedure is flawless, and flaws have the potential to arise in
any process [8]. These flaws or defects can vary in size, type, and position and fall into
several categories, such as fractures, incomplete penetration, incomplete fusion, porosity,
inclusions, etc. These flaws pose a risk while used in service [9,10]. Therefore, it is necessary
to perform non-destructive testing (NDT) techniques to ensure sufficient quality control,
especially for applications that are crucial for safety. Different types of NDT techniques
have been employed to analyze the strength of weld joints such as visual inspections, X-ray
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radiography, microstructural evaluation, thermography, ultrasonic testing, eddy current,
magnetic particle test, and dye penetrant [8]. However, it should be noted that the dye
penetrant method is only capable of detecting faults on the surface. Furthermore, ultrasonic
testing, eddy current, and magnetic particle test methods are expensive and ineffective
in evaluating the defects in the weld quality [11]. At the industrial scale, mostly visual
inspections, X-ray radiography and microstructural evaluation are used due to these being
low-cost and highly efficient and effective methods to access various defects. In this regard,
Ranganayakulu et al. [12] evaluated the defects in the GTAW-welded region, such as cracks,
hooking bonds, lack of penetration, wormholes and partial holes, and kissing bonds, using
NDT. Frasco-García et al. [13] conducted radiography testing to detect the internal defects
in TWIP/SS 304L dissimilar GTAW-welded joints. The authors concluded that underfilling
in the weld zone has been identified due to differences in optical density. A linear discon-
tinuity was seen in the radiography test close to the TWIP steel bevel. A lack of fusion
was shown to be the cause of this discontinuity and led to a reduction in joint strength.
Vempati et al. [14] conducted three types of NDT, i.e., radiography, dye penetrant, and
ultrasonic tests, to investigate the weld quality and strength of Ti-6Al-4V joined through
the GTAW process. By using a radiography test, it was found that the welded seam had
a lack of penetration and needed repair. During the dye penetration test on the welded
region, no detectable indicators or cracks were seen. The specimen was broken at the
ultimate point of 890 MPa during the tensile test. Deepak et al. [15] analyzed and compared
the welding defects during the joining of low-carbon steel through GTAW, laser, and gas
metal arc welding (GMAW). Various types of NDT such as visual inspection, radiography,
ultrasonic and magnetic particle tests have been employed. Through visual inspection, a 0
to 5 mm visual crack in GTAW, a 0 to 10 mm visual crack, and no defects were observed
in laser-welded joints. Similarly, from a radiography test, flaws were observed in GTAW-
and GMAW-welded joints while no flaws were observed in laser-welded joints. Transverse
cracks and slag defects were observed in GTAW- and GMAW-welded joints whereas lack
of fusion was found during laser welding through magnetic particle tests.

From the literature review, it was observed that non-destructive testing (NDT) methods
such as radiographic testing, visual analysis and microstructural analysis are essential for
checking the quality of dissimilar welds because they allow for the detection of internal
and surface defects without damaging the welded structure. This research aims to evaluate
the performance of Ti and SS GTAW-welded joints in terms of quality and strength. Three
NDT techniques such as radiographic testing, visual testing and microstructural evaluation
were employed to investigate weld quality and strength. The α-Ti alloy (Ti-5Al-2.5Sn) and
stainless steel SS 304 were joined by multi-interlayer of Cu and Nb in the form of foils
having a thickness of 0.2 mm each through gas tungsten arc welding. The two samples
were welded at welding currents of 40 and 60 amperes, and mechanical and microstructural
properties were evaluated. The welding flaws, including porosities, voids, cracks, and
incomplete fusion, were analyzed through NDT techniques to evaluate the quality, whereas
the mechanical characteristics of dissimilar joints were accessed by evaluating ultimate
tensile strength.

2. Materials and Methods

The weld coupon had dimensions of 100 mm × 100 mm × 3 mm, and a butt joint
design was used for comparative analysis of non-destructive testing (NDT) methods. Before
the welding process, the plates were cleaned through grit papers and then treated with
kerosene oil to eliminate the surface oxides. The base metals were joined using a multi-
interlayer consisting of pure Cu (99.99%) and Nb (99.99%) foils having thicknesses of 0.2 mm
each. The interlayers of niobium (Nb) and Copper (Cu) were used in this welding process
to enhance the strength and quality of the welded joints. The metallurgical compatibility
between Ti and Nb was evident, as was the case for copper and stainless-steel [2,16]. Cu foil
was located adjacent to the SS layer, while the Nb foil was located adjacent to the Ti layer.
Before the welding process, the joining materials were subjected to grinding to properly
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prepare their surfaces. The spark emission spectroscopy method [17] was used to confirm
the chemical compositions of the basic components of the joining materials.

The GTAW machine (Lincoln Invertec Tig V-270T, Cleveland, OH, USA) was used to
conduct the welding process, which has a current range of 5 to 270 amperes. The welding
setup consisted of a vertical milling machine that has a self-design clamping system that
held the GTAW torch as depicted in Figure 1a. The milling bed slid in a linear manner,
and its speed was controlled through a microcontroller. This setup ensured accurate and
consistent creation of the welding bead, as demonstrated in Figure 1b. Titanium, a highly
reactive metal, undergoes a process of collecting O2 and N2 gases from the surrounding
environment when exposed to a welding temperature exceeding 300 ◦C. This absorption
negatively impacts the quality of welded joints, leading to reduced ductility [2,18]. Con-
sequently, during the welding process, shielding was implemented both behind the weld
(trailing) and underneath the weld (bottom) to safeguard the weld from the oxide layer.
This shielding was achieved by employing pure argon (Ar) gas with a composition of 99%.
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Figure 1. (a) GTAW setup; (b) specimen welded using GTAW; (c) tensile specimen for UTS.

Following the preparation of materials and experimental setup, the process parameters
and their ranges were chosen based on a thorough review of the literature and trial runs.
The current study is not a statistical study that focuses on analyzing large data to understand
relationships or trends, but it is a comparative study in which experiments were performed
under two conditions. Therefore, two specimens (A1 and A2) were prepared at welding
currents of 40 and 60 amperes, respectively. The gas flow rate was considered to be
20 lit/min, and the welding speed was taken as 150 mm/min for both specimens. After
the completion of the welding process, specimens were cut cross-sectionally from the
welded plate and mounted in conductive resin for microstructure observations. The
specimen was ground through sandpapers of grit sizes 300–3000 and then polished using a
diamond-pasted micro-cloth. Finally, etching was performed by applying Kroll solution for
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Ti-5Al-2.5Sn, FeCl3 solution (5 g in water) for copper, Glycerin solution for SS 304 and 20
mL H2O + 20 mL HNO3 + 10 mL HF solution for niobium. The microstructure observations
were carried out on an optical microscope (Olympus, model = CX33, Tokyo, Japan) with a
magnification range of 50–1000 X. For tensile testing, the tensile specimen was extracted
from the welded plate using a wire electrical discharge machine as per the ASTM standard
E8M-04 [19]. Three samples were extracted from base plates and their mean was taken as
the final value for accuracy. The standard deviation (SD) for each sample was calculated to
check the consistency of the data. The mean and standard deviation values of both samples
have been written in Table 1. The UTS was measured by conducting a tensile test on Instron
UTM, Norwood, MA, USA of a 30 kN capacity using a 0.5 mm/min strain rate.

Table 1. Mean and SD of UTS.

Welded
Samples UTS (Value 1) UTS

(Value 2) UTS (Value 3) Mean SD

Sample A1 249 253 243 248.2992 4.109609

Sample A2 158 162 161 160.3243 1.699673

3. Results and Discussion

Digital radiographic testing was performed using conventional mobile film-based
X-ray equipment. From the X-ray radiographs, it was observed that A1 specimen welding
flaws such as incomplete fusion and wormhole defect led to form voids at a welding current
of 60 amperes, as shown in Figure 2a. These defects appeared due to differences in the weld
thermal cycles and dilution of dissimilar joints [13]. On the other hand, there were no such
flaws that appeared in the welded region of the A2 specimen weld, as shown in Figure 2b.
This was due to the reduction in void frequency with the decrement in the welding current
from 60 to 40 amperes [1].
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Figure 2. Radiographic testing at (a) 60-ampere welding current (A2) and (b) 40-ampere welding
current (A1).

The visual testing method was performed at the external surface of welded joints
using magnifying lenses of a digital microscope to analyze the distribution of the weld and
slag at the interface region of the welded joints. This is a method of examining a material,
either with or without the use of tools, to identify any flaws or imperfections [12]. The
digital microscope has been widely used to analyze the surface defects of aerospace parts at
the industrial level, and measurements of defects such as excessive bead absorption, single
pore, and excessive penetration have been carried out through calipers and measuring
scales [20]. Upon visual examination of the different GTAW joints between titanium (Ti)
and stainless steel (SS), it was observed that specimen A1 exhibited excess bead absorption
ranging from 5 to 30 mm. Additionally, a single spattered pore measuring 50 mm was
absorbed, along with flaws in the form of a single pore ranging from 0 to 5 mm. These
observations are depicted in Figure 3a. On the other hand, it was noted that there was
excessive penetration of 10 to 40 mm at the root site, faults at a single pore of 120 to 140 mm,
and visual cracks of 5 to 10 mm at specimen A2, as depicted in Figure 3b.
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Microstructural evaluation was performed using an optical microscope. It was ob-
served that proper fusion was achieved on the Cu/SS side whereas a brazed type of joint
was obtained at the Nb/Cu side for both specimens. The specimen A1 welded joint at
a 40-ampere current was free from defects due to the formation of a recrystallized and
dendritic structure at the welded region and the appropriate fusion of Cu filler with SS
and Nb with Ti, as shown in Figure 3c. However, a large crack was observed on the Ti-Cu
side at a higher current of 60 amperes (specimen A2). Moreover, high current resulted in
an excessive dilution of filler metal and caused brittle cracks due to differences in thermal
coefficients and the incompatibility of base metals.

Lastly, tensile tests were conducted using a universal testing machine for both speci-
mens. Results indicated that a UTS of 248 MPa was obtained for the A1 joint welded at
a current of 40 amperes whereas the A2 specimen welded at a current of 60 amperes had
a UTS of 160 MPa. Jawad et al. [1] reported that a ductile fracture surface formed at a
welding current of 40 amperes, which allowed the appropriate mixing of the SS and Ti solid
solution. Resultantly, higher tensile strength of the specimen was achieved in the welded
region. Conversely, brittle fracture surface was found at a 60-amperewelding current due
to the higher Cu content and formation of a TiCu compound, which resulted in the low
UTS of SS and Ti welded joints.

4. Conclusions

In this research work, the performance of Ti and SS GTAW-welded joints was analyzed
through three non-destructive testing methods via X-ray radiography, visual analysis,
and microstructural analysis methods. The mechanical and microstructural properties of
joints were evaluated at the two different welding currents of 40 and 60 amperes. It can
be concluded that incomplete fusion and voids were observed at a low current through
radiography testing, whereas no such flaws were detected at a higher current. From the
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visual method, excess bead absorption ranging from 5 to 30 mm was observed in the
specimen welded at a lower current, while an excessive penetration of 10 to 40 mm at the
root site, faults at a single pore of 120 to 140 mm, and a visual crack of 5 to 10 mm were
found at a high current. Microstructure results revealed that a dendritic structure was
achieved at the fusion zone at a low current, which improved the joining, whereas brittle
cracks were observed on the Ti-Cu side at higher currents. Tensile test results depict that
UTSs of 248 MPa and 160 MPa were achieved at 40- and 60-ampere of welding currents,
respectively, because at a 40-ampere welding current, defect-free welded joints led to the
good metallurgical bonding of dissimilar metals.

The utilization of non-destructive techniques in this study will benefit researchers
who wish to guarantee material quality during the fabrication, in-service, and raw material
phases. It guarantees that the material will not degrade before the anticipated amount of
time. Moreover, hybrid joining of Ti-SS enables professionals in the oil and gas, petrochem-
ical, and aerospace industries to collaborate to create affordable, high-quality hybrid Ti and
SS products.
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