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Abstract

In the present investigation, dissimilar materials such as AA6063 and SS304L having pipe dimensions of 60.33 mm outer
diameter and 3.9 mm wall thickness were friction-welded with different conditions of process parameters. Nondestructive
tests such as radiography test (RT) and liquid penetration test (LPT) were carried out on the welded pipes in order to qualify
weld joint. Thermal shock test and helium leak tests were performed on the successful welded samples in order to check its
ability to work with cryogenic application. The results revealed that the pipe-to-pipe configuration of dissimilar Al-SS joints
was produced successfully by friction welding using continuous drive. There were no defects presented in the joint area
as revealed by RT and LPT. Thermal shock test and helium leak tests have also confirmed the soundness of joints. Higher
deformation of Al base material results in the huge flash formation of Al that results in the sleeve formation of Al pipe on
SS pipe. The helium leak test has confirmed the soundness of joints without any defects after its testing at 1.2 psi pressure.
More than 60% of joint efficiency was obtained from Al-SS friction-welded joints.

Keywords Cryogenic dissimilar joints - Friction welding - SS to al joint - Thermal shock test

1 Introduction Aluminum (Al) and stainless steel (SS) dissimilar joints are

very much in demand for the industries such as cryogenics,

Dissimilar metal joints have attained fame in recent years
because of its cost- and weight-effective benefits [1-6]. How-
ever, it is a challenging task to obtain dissimilar joints due
to differences in physical, chemical and mechanical proper-
ties of both the base materials. In order to provide unique
solutions, dissimilar joints are the requirement of different
engineering fields [1-9]. While referring dissimilar joints,
the advantages like high functionality and low cost of pro-
ductivity are obtained for different industrial applications.
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spacecraft, defense, high pressurized pipelines, chemical
and high vacuum systems. In the case of AI-SS dissimilar
system, SS has high-temperature strength, toughness, cor-
rosion resistance and very much suitable for use in various
structures, whereas Al has lightweight, low melting tempera-
ture, superior corrosion resistance and electrical and thermal
conductivities. Joining of Al-SS materials leads to the ben-
efits of these combined properties in addition to aforemen-
tioned cost and weight advantages [1, 2]. The fusion weld-
ing methods are not effective in the case of Al-SS joints as
they form amount of brittle intermetallic compounds (IMCs)
at the joint area and result in lower tensile strength, which
may easily break any time during the service. Therefore, the
solid-state welding processes are suggested, wherein joining
occurs below the melting point of the base material. Friction
welding is one of the solid-state processes that has proved
its suitability on the formation of dissimilar joints with the
limiting formation of IMCs [10, 11].

Joining of Al-SS friction welding is reported in different
literature. Taban et al. [8] described the inertia drive fric-
tion welding method in which the base materials such as
12.5 mm round bar of AA6061-T6 and AISI 1018 steel were
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friction-welded with acquired joint strength of 250 MPa.
Kimura et al. [9] studied continuous drive friction welding
process with a diameter of 16 mm round solid rod work
pieces of AA6063 and 304 austenitic stainless steel by keep-
ing Al at the fixed side and SS at the rotated end in the
spindle. They investigated forge pressure and forge time dur-
ing the friction welding process and observed that the joint
efficiency was increased with an increase in friction time and
forge pressure. Fukumoto et al. [12] observed that increase
in friction time improves the tensile strength, but decreases
the hardness of the joint. Meshram et al. [10] performed
experiments on dissimilar AIST 4340 to A16061-T6 friction
welding having 15 mm solid rod diameter, with an inter-
layer of sliver material pre-applied by electroplating on AISI
4340 side. The tensile strength and elongation to fracture
were improved with an interlayer coated joints compared
to without interlayered joints. Additionally, Fe-Al IMCs
were experimentally restored by Al-Ag based compounds
which in turn resulted in improved ductility of the joint.
Sahin et al. [13] studied dissimilar friction welding wherein
10 mm diameter of solid round bar with AISI 304 austenitic
stainless steel and commercially pure aluminum materi-
als were considered. Fukumoto et al. [14] used continuous
drive friction welding process for solid bar base materials of
AAS5052 and austenitic SS304 having 19 mm diameter. They
investigated the electrical resistmetry measurement of Al to
SS joint for evaluating soft or hard metal bonding between
Al-SS during the friction welding process. They also inves-
tigated friction time effects on joint area and concluded that
longer friction time generated thick layer of IMCs. Ashfaq
et al. [15] studied modification in edge preparation of work
pieces subjected to friction welding for 18 mm diameter of
solid round bar AISI 304 SS and AA6061. They observed
external edge with 15° angle on the SS side with flat edge
of the Al side revealed higher joint efficiency as compared
to internal taper and the flat edges on the SS side. Yilmaz
et al. [16] studied the effect different process parameters
such as friction time and rotational speed, friction pressure,
upsetting pressure and upsetting time for AISI 304 stainless
steel and pure aluminum cylindrical rod of 9.5 mm diameter.
They observed that the thickness of IMCs was governed by
these parameters.

In the case of friction welding of AI-SS system, major-
ity of previously published articles are on cylindrical rod
configurations. To the best of authors’ view, there is only
one article available for pipe-to-pipe configuration for Al-SS
system, wherein continuous drive friction welding process
was used for AA6063-T6 and AISI 304 stainless steel mate-
rials having 1.5 mm wall thickness, 16 mm outer diameter
and 13 mm inner diameter. They obtained 65% of the joint
efficiency of the Al base material at maximum when flash
was removed at the time of testing. Considering the interest-
ing joint configuration, joint properties improvement and
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cryogenic-based specific application, it is worth to perform
investigations on Al-SS pipe-to-pipe configuration. The
present article investigates joining of dissimilar Al 6063-T6
pipe and SS304L combination for pipe-to-pipe configuration
that has a wall thickness-to-outer diameter ratio of 0.064,
wherein the diameter of pipe was as high as 60.33 mm. In
addition to DT and NDT, the vacuum test and thermal shock
test were developed and performed for aforementioned dis-
similar friction-welded joints.

2 Materials and methods

SS 304 L and Al 6063-T6 having 60.33 mm pipe outer diam-
eter with 3.9 mm wall thickness were used as workpiece
materials. Pipe-to-pipe configuration was attempted for the
present investigation as shown in Fig. 1a, which was hav-
ing a wall thickness-to-outer diameter ratio of 0.064. As the
wall thickness-to-outer diameter ratio was below 0.1, the
joint configuration was very different and challenging, also
reported by Ashfaq et al. [15]. The chemical compositions
and mechanical properties of the base metals are given in
Tables 1 and 2, respectively.

Welding was performed on a fully automatic continuous
drive friction welding machine of 150 T capacity, as shown
in Fig. 1b. Four different combinations of process param-
eters were considered during experimentation, based on past
investigations. Table 3 describes the welding parameters for
each trial. In all these cases, SS 304 L pipe was fixed in the
rotating chuck, while Al 6063-T6 was kept stationary on the
other side. Each mating surface of Al-SS joints was prop-
erly cleaned with the help of acetone in order to remove dirt
impurities from the surfaces.

After performing welding on the mentioned parameters,
the welded samples were subjected to testing and charac-
terizations. Initially, the visual inspection was carried out to
observe the flash effect. After the visual inspection, the flash
was removed from each sample with the help of machin-
ing such as turning and boring. The liquid penetration test
was performed to check the surface defect in the weld area.
Further, the radiography test was performed to check the
soundness of the joint. There were three films produced from
each welded joint in order to cover the higher diameter of
the pipe. The samples were prepared for helium leak test
performed on helium leak detection machine. The thermal
shock test was carried out by dipping in liquid nitrogen to
see the behavior of joint at 77 K. The tensile properties
of the welds were assessed according to standard ASME
SEC IX, wherein the specimens were sectioned across
the welded joint as shown in Fig. 2. These tensile samples
were sectioned with the help of wire-cut electric discharge
machining.
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Fixed Side

Rotated Side

Fig.1 a Schematic of design in base material pipes (all the dimensions are in mm). b Horizontal friction welding machine

Table 1 Chemical compositions  §g3041 element c Mn  Si Cr Ni P S Fe
of base metals in wt.%
wt.% 0.03 2.0 0.75 18.30 8.0 0.042 0.03 Balance
Al 6063-T6 element Mg Si Cu Fe Mn Cr Zn Al
wt.% 0.90 0.50 0.10 0.32 0.10 0.10 0.08 Balance
Table 2 Mechanical Properties of Base Metals 3 Results and discussion
Yield strength  Ultimate tensile % Elongation . . .
(YS) N/mm?)  strength (UTS) (N/ 3.1 Visual inspection
mmz)
SS304L 210 578 76.56 The visual inspection of flash geometry is shown in Fig. 3.
Al 6063.T6 208 260 2318 Figure 3a shows flash effect on external surface of the

pipes, whereas Fig. 3b presents flash effect inside the
pipes. All the joints were flashed from the Al side, due
to the high amount of deformation of the Al side that was
caused because of differences in deformation behavior and
flow strength between Al and SS. The authors reported
that the length of the Al pipe was decreased to approx.

@ Springer
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Table 3 Welding process parameters

Parameters Sample Ids

A B C D
Spindle speed (RPM) 350 350 350 350
Soft force (tones) 0.5 1 1 0.5
Soft force time (s) 20 20 20 20
Friction force (tones) 434 434 3 3
Friction burn-off displacement (mm) 6.5 6 4
Upset force (tones) 6 6 5 5
Upset burn off (mm) 16 12 6.5 13
Burn-off high displacement (mm) 12 12 12 12
Total burn off (mm) 22.53 1753 11.36 17.05
Burn-off low displacement (mm) 6 6 6 6
Upset time (s) 5 5 5 5

10-12 mm, besides SS pipe length remained the same. It
was also observed that large flash formation of sample A
was also covering SS materials and seemed like sleeve of
Al on SS for 10-12 mm. This was due to quick deforma-
tion of Al as compared to SS. Additionally, high-pressure
application leads to forming process and subsequently led
it to form sleeve of Al (soft material) on SS (hard mate-
rial) [8]. Moreover, the differences in the flash formation
of the Al side can be seen from Fig. 3 relative to each
condition. The welded joint of sample A was having a
large flash formation, while the welded joint of sample D
was flashed less among all. This was due to differences in
the process parameters such as friction force and friction

13

|

st\
f

I —

burn-off displacement. In the case of sample A, both of
these parameters were higher values relative to other sam-
ples and hence resulted in such high flash effect.

3.2 Nondestructive tests
3.2.1 Liquid penetrant test

Liquid penetrant test was performed on all the samples after
removing flash from both the sides. The results of liquid
penetrant tests are presented in Fig. 4. No major imperfec-
tions were observed on the surface of the welds that in turn
confirms the soundness of the joints.

3.2.2 Radiography test

The X-ray radiography was performed to confirm the sound-
ness of the weld joints. Radiography test was carried out
as per ASTM standards for all the samples. The following
conditions were used during radiography testing, as shown
in Table 4.

Radiography test results are presented in Table 5. Fig-
ure 5 shows the radiography film reports of friction-welded
samples. It was observed that the welds were defect-free
from the weld zone based on acceptable film results of radi-
ography. This confirms the soundness of the joints, and fur-
ther these samples were subjected for the rest of the testing
and characterizations.

50

(@)

200

(©

Fig.2 a Tensile specimen preparation as per ASME Section IX (all the dimensions are in mm). b Welded pipe after extraction of tensile speci-

mens. ¢ Extracted tensile specimens

@ Springer
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Fig. 3 Flash shape for different
parameters. a Outside flash. b
Inside flash
Out Side Flash

Fig.4 Liquid penetrant test samples

Table 4 Radiography Testing Conditions

Radiation:- X-ray Kv  Exposure: 0.3 mA.min Processing:- 05 min

150

Screen:- lead Front:- 0.10 mm

Back:- 0.10 mm

Technique—DWSI (double wall, single image)

Formation

Formation.

Table 5 Radiography test results of full pipe diameter

Inside Flash

Sample Ids Thick-  Full size Position Observa- Remarks
ness (inch) tion
(mm)
A 3.9 4x5 A N.S.D Accept
B
C
B 3.9 4x5 A N.S.D Accept
B
C
C 3.9 4x5 A N.S.D Accept
B
C
D 3.9 4x5 A N.S.D Accept
B
C

N.S.D* No significant defect

3.2.3 Vacuum and thermal shock test

Vacuum test and thermal shock tests were performed to
ensure the working of weld in cryogenic temperature and
pressurized liquid flow. The preparation of welded joints for
vacuum test is shown in Fig. 6, wherein SS reducer and vac-
uum coupling were attached to SS pipe, while Al flat plate
was connected to Al pipe using gas tungsten arc welding.
These prepared chambers were mounted on vacuum testing
machine as shown in Fig. 7, and the helium was sprayed

&
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Fig.5 Radiography images

Section A

inside the joint area in order to confirm the leak-proof behav-
ior of the joint. Table 6 shows the results of this vacuum test
at room temperature. There was no leakage observed during
this testing when helium-sprayed at 1.2 psi.

In the case of thermal shock test, the welded samples
were dipped in liquid nitrogen at 77 K (—195.79 °C) tem-
perature for 5 min and then pulled out of the liquid and kept
aside in the atmosphere in order to allow it to reach the room
temperature, i.e. 300 K (27 °C). This was repeated for three
times. The reason for doing this exercise was allowing a joint
area for free expansion and compression when subjected
to cryogenic temperature to room temperature. The differ-
ences in compression and expansion ratio of Al and SS base
material lead to leakage when subjected to liquid nitrogen

@ Springer

Section B Section C

) 02B11 ¥
B '.

or helium fluid. As both of the pipe materials have different
expansion and compression ratios, the joint area must be
evaluated for thermal shock test. The results show that the
joints have successfully undergone thermal shock test, con-
firmed through helium leak tests performed after the thermal
shock test. The results of a thermal shock test and vacuum
test are shown in Fig. 8 and Table 7, respectively.

Figure 9 shows the results of the vacuum leak test before
and after the thermal shock test. It can be seen that the vac-
uum condition was improved drastically after thermal shock
test compared to before condition of thermal shock test.
The primary reason for this is a low-temperature strength-
ening effect, which can occur when material experiences
a thermal cycle from high temperature to low temperature
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Fig.6 Samples are prepared for vacuum and thermal shock test

[12]. In the case of present investigation, the welds have
experienced thermal shock test from room temperature to
very low temperature of helium such as 77 K. There were
leak proof joints witnessed even after thermal shocks. The
vacuum pressure inside the welds was sustained at applied
helium spray at 1.2 psi pressure. The strong bonding had

Welded Sample

resulted in leak proof joints. The leak proof joints after ther-
mal shock test have resulted in better vacuum conditions
compared to room temperature because of aforementioned
low, strengthening effects and possible grain refining effects
due to plastic strain [17] on the Al side due to thermal shock
test from room temperature to cryogenic temperature. Cai
et al. [18] noted that vacuum test results were improved with
improvements in strength and micro-hardness due to grain
refinement caused by the cryogenic treatment.

3.3 Destructive test
3.3.1 Tensile test

Table 8 and Fig. 10 show tensile testing results of dis-
similar Al-SS welds. The ultimate tensile strength was
reported more than 60% of the Al base material, which
confirms the soundness of the joint for the dissimilar
materials. Similar results were obtained by Kimura et al.
[11] in the case of thin-walled pipe-to-pipe configuration.
The yield strength and % elongation were reported low as
compared to base materials. Formation of the IMCs may
be the reason for this low values of specimens fractured
from the Al-SS welded interface. This is may be due to
the presence of large and thick IMCs layer at the interface.
The formation of IMCs at the interface was reported in

Welded Sample

Mass Spectroscopic
Leak Detection

Fig. 7 Vacuum test with mass spectroscopic leak detection machine and welded samples

Table 6 Vacuum test reading at
room temperature

Machine
Sample Ids A B C D
Background reading in m bar /s 4x10710 4x10710 6.5x 10710 8.5x 10710
Helium spray time reading in m bar 1/s 4x10710 6.7x 10710 6.4x10710 8.0x 10710
Helium spray pressure in psi 1.2 1.2 1.2 1.2
Results Pass Pass Pass Pass

@ Springer



96 Page 8 of 12

Journal of the Brazilian Society of Mechanical Sciences and Engineering

(2020) 42:96

Fig.8 Thermal shock test at liquid nitrogen temperature (77 K)

many studies [7-16]. The maximum elongation of 15.18%
for sample D was reported wherein the fracture location
was also observed from the Al base material, as shown
in Fig. 11. It was also observed that no major variations
in tensile strength were noted that was because of similar
heat input conditions that were caused by rotational speed
and friction time as largely as compared with the rest of
the parameters. These two parameters were not having

major variations and hence may have resulted in similar
heat input conditions.

3.3.2 Macrograph and microstructure

Figure 12 shows macro-photograph and micro-photographs
of dissimilar friction weld between Al6063-T6 and SS304L
for pipe-to-pipe configuration for sample B. From the mac-
rograph (Fig. 12a), it can be seen that there were no major
variations observed in the SS side in terms of deformation,
while massive deformation can be observed on the Al side.
This was due to the differences in the deformation behavior
of Al and SS that in turn resulted in interface line between
Al and SS. On the Al side near to the interface, different
zones were observed such as plastic deformation zone, fully
recrystallized zone, partially recrystallized zone and solid
solution zone as can be seen from Fig. 12b—g. Besides, no
major grain deformation or refinement was observed on
the SS side (Fig. 12b). Figure 12d shows that the Al mate-
rial stretches in the direction of forging movement. This in
turn resulted in a deformed zone with elongated grains. The
plastic deformation zone was found near to interface et al.
side as shown in Fig. 12e. It can be also seen from Fig. 12e
that equally distributed recrystallized zone was found on the
top side of the pipe. Recrystallization was occurred after
sever plastic deformation that was caused due to frictional
heat and large forging force. Partial secondary recrystal-
lization was observed toward base material as shown in
Fig. 12g, where the combined effects of sever deformation
and high temperature were experienced. Figure 12f shows

Table 7 Vacuum test reading
after thermal shock test at room

temperature

Sample Ids A B C D
Background reading in m bar I/s 1.5x1071° 22x1071° 1.7x1071° 1.6x1071°
Helium spray time reading in m bar I/s 1.7x10710 2.5x 10710 1.8x 10710 1.6x10710
Helium spray pressure in psi 12 1.2 1.2 1.2
Results Pass Pass Pass Pass

Fig.9 Comparison between

before and after thermal shock ?\3
test at room temperature oy 1E09
2 3 r 9E-10
= 5| se1w0
< 3 7e10
g 8 g
téﬂ ! 6E-10 46-10
T g | 5E10 _
o
OE" ‘g_ 4E-10
§ I|sew
3 5| 26-10
T 3 J
> RV 1E-10
= 0

1.7E-10

A

Vacuum Test Results before and after thermal shock test (1.2 psi Helium Pressure).

8E-10

6.7E-10 6.4E-10

2.5E-10

B

C
Welded samples

1.8E-10

1.6E-10

D

H Before themal shock test M After thermal shock test
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Table 8 Tensile testing results

Sample Ids Average yield Average tensile Average % Remarks on fracture Joint efficiency % as

stress N/mm?  strength N/mm?  elongation compared to Al 6063
SS304L 210 578 76.56 Fractured with necking 100
Al6063-T6 208.05 260.7 23.18 Fractured with necking 100
A 99.57 165.3 10.9 Failed from joint area  61.16
B 134.105 167.68 6.66 Failed from joint area ~ 66.55
C 119.1 165.85 11.26 Failed from joint area  65.93
D 98.4 160.8 15.18 Failed from joint area ~ 64.46

Failed from Al side

Fig. 10 Effect of parameters on

yield strength, tensile strength rél 900 2656
and % elongation IS )

< 800

=

£ 700

[ 578
2 600

L

& 500

9

@ 400

2

& 300

=

=

oo

c

[J]

3

°

2

>

Yield, Tensile and % Elongation

70
50
f
o
30 'r:cuo
23.18 5
15.18 w
260.7 0.9 11.26 10

666

21
200 208.05 165.3 167.68 165.85 160.8
99.57 134.105 -10
100
. -30

SS304L Al6063-T6

Base Metal and Sample

mmm Average Yield stress N/mm2 s Average Tensile stress N/mm?2 Average % Elongation

solid solution zone near the interface area. This region was
developed because of adequate precipitation produce by fast
cooling rate and higher temperature experiences. The rea-
sons for the formation of different microstructures can be
summarized as uneven friction heat distribution and differ-
ences in deformation behavior of Al and SS materials [1].

4 Conclusions

e Dissimilar friction welding of A16063 and SS304L for
pipe-to-pipe configuration having an outer diameter of
60.33 mm and a wall thickness of 3.9 mm was success-
fully obtained.

e Higher deformation of Al base material results in the
huge flash formation of Al in the case of Al-SS friction
welding. Higher level of frictional deformation results

in sleeve formation of Al on SS base material of pipe-to-
pipe configuration.

There were no defects presented in the joint area as
revealed by radiography test and liquid penetrant test.
The welded joints have successfully experienced vacuum
test at room temperature and cryogenic temperature after
the thermal shock test. The helium leak test confirmed the
soundness of joints without any defects after its testing
at 1.2 psi pressure. After thermal shock test, the vacuum
results of welded joints were improved because of the low-
temperature strengthening effect.

More than 60% of joint efficiency was obtained from Al-
SS friction-welded samples.

Microstructural variations on the Al side with a distinct
interface of Al-SS having different zones such as plas-
tic deformation zone, fully recrystallized zone, partially
recrystallized zone and solid solution zone were observed.

@ Springer
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Fig. 11 Fracture location of Weld Interface Weld Interface

tensile tested specimens |
> 4—P|
| SS304L Side | Al6063 Side | SS304L Side Al6063 Side i

B,

L

A il ”"m e

(a) Weld Interface Fracture (b) Weld Interface Fracture
Weld Interface Weld Interface

IA i LI
| SS304LSide | Al6063 Side | SS304L Side | Al6063 Side

(¢) Weld Interface Fracture (d) Weld Interface Fracture
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Fig. 12 Optical macrograph
and microstructure features

of dissimilar Al-SS friction-
welded joint of sample B a
macro-photograph, b steel base
material microstructure—region
B of a, ¢ aluminum base mate-
rial microstructure—region

C of a, d Al-steel interface
area—region D of a, e different
zones at Al side—region E of a,
f solid solution zone at interface
area—region F of a, g partial
secondary recrystallized zone at
Al—region G of a
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