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a b s t r a c t

Tube-to-tubesheet joints play a crucial role in providing structural integrity to the shell and

tube heat exchangers. This research investigated the combined effect of roller expansion

percentages and grooves on the performance of expanded and welded-expanded tube-to-

tubesheet joints. The results indicated that the joint strength of welded-expanded (except

for 6% tube expansion and 2 grooves) and welded joints exceeded the nominal axial strength

of the tube, 404.90 MPa. The highest tube pull-out strength of 290.77 MPa in the expanded

only joint (10% tube expansion and 2 grooves), lesser than the axial strength of the tube by

28.25%, suggested avoiding the expansion process alone for 23 mm thick tubesheets. High

dilution and inadequate minimum leak path (<1.78 mm) result in the failure of the welded-

expanded joint. The highest hardness of 216 HV is formed at the weld zone comprising of a

ferrite and widmanstatten ferrite. From 4% to 10% tube expansion percentages, the grains at

the inner tube edges were refined from 8.33 mm to 6.25 mm at the expanded zone and from

9.09 mm to 6.66 mm at the transition zone due to intensive plastic deformation caused by the

rollers. Grain refinement by expansion process resulted in high hardness of 182.3 HV and

156.1 HV at the inner tube edges of the expanded and transition zone, respectively. The

grains were coarser, and hardness was less at the outer tube edges of expanded and tran-

sition zone. This study is promising for selecting the appropriate manufacturing process

and conditions for the optimum performance of tube-to-tubesheet joints.
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Fig. 1 e Tube-to-tubesheet weld separating the tube-side

and shell-side fluids in shell and tube heat exchanger.

Fig. 2 e Tube expansion process: (a) Before expansion, (b)

After expansion showing the wall tube thinning.
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1. Introduction

The strength of tube-to-tubesheet joints is vital for providing

structural integrity to the shell and tube heat exchangers [1].

The quality of tube-to-tubesheet joints based on their me-

chanical and metallurgical properties depends on the

manufacturing processes, process parameters and design

configurations. The welding and tube expansion process are

commercialized techniques for producing tube-to-tubesheet

joints. Tungsten inert gas (TIG) welding is the most

commonly used welding operation whereas either the roller

expansion or hydraulic expansion processes are most

prominent for the tube expansion process. In the case of TIG

welding, the deposited weld electrode joins the tube and

tubesheet forming a weld fusion zone. This weldment or

weld bead acts as a sealant separating the tube-side and

shell-side transfer fluids in shell and tube heat exchangers

(See Fig. 1). In addition, tungsten inert gas welded coupons

generally exhibit high strength with the optimum welding

parameters [2]. Therefore, the exhibition of high joint

strength and leak tightness are the major advantages of

tube-to-tubesheet welds. On the other side, the residual

stresses due to welding and weld brittleness have been re-

ported previously as the main causes of the failure of the

heat exchanger [3,4]. A high weld hardness as a result of

inappropriate weld electrode and welding parameters also

causes weld rupture [5]. Retubing for replacing the damaged

welded tubes from the tubesheet is mandatory and rigorous

[6]. This indicates that there are pros and cons to the welding

of tube-to-tubesheet joints. In the case of tube expansion,

the roller or hydraulic expansion exerts pressure on the

inner tube surface radially outwards and this causes wall

thinning of the tubes once the tubes come in contact with

the tubesheet. As illustrated in Fig. 2, the wall thinning of

tubes causes a reduction in the tube thickness. Therefore,

the extent of tube wall thinning is expressed as tube wall

reduction percentage or expansion percentage. As a result of

tube expansion and subsequent contact of the tube with the

tubesheet, the developed contact pressure between the tube

and tubesheet provides strength to the tube-to-tubesheet

joint. The residual contact pressure at the tube-to-

tubesheet interface is directly proportional to the expan-

sion percentage and tube pull-out strength [7]. The required

expansion percentages vary depending on the tube and

tubesheet materials. The range of expansion percentages

recommended for the carbon steel is 5%e8% [8]. The tubes

undergo intensive plastic deformation during the tube

expansion process [9]. The major demerit of the tube

expansion process is the absence of leak proof joint. Each of

the manufacturing processes for tube-to-tubesheet joint has

merits and demerits. Heat exchanger industries give wide

attention for avoiding tube-to-tubesheet defects and on the

other side, plant shutdowns are immediately called for the

maintenance operation in case of any leakage encountered

[10]. Furthermore, the manufacturing processes exhibit an

unique impact to the mechanical and metallurgical charac-

teristics of the joint. Therefore, the right selection of the

manufacturing process requires a good understanding of the

process, process parameters and their effects on the
mechanical and metallurgical properties of tube-to-

tubesheet joints.

The welding parameters and expansion percentages are

found to influence the tube pull-out strength of tube-to-

tubesheet joints. Apart from the above factors, the design

engineers consider the inclusion of grooves on the inner

tubesheet holes for enhancing the pull-out strength. How-

ever, the number of grooves is uncertain for the optimum

tube pull-out strength. In the hydraulic expansion process,

the strength of the joints was found to increase with both the

number of grooves and expansion pressure, but it was

concluded only from simulation [11]. Ma et al. confirmed

experimentally that both pull-out force and push-out force

increase with the hydraulic expansion pressures, however

after a certain expansion pressure, the strength decreases

https://doi.org/10.1016/j.jmrt.2022.12.045
https://doi.org/10.1016/j.jmrt.2022.12.045


Fig. 3 e Schematic diagram showing the expanded zone, transition zone and unexpanded zone in the expanded tube using

roller expansion process.
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due to over-expansion [12]. An experimental study by Wang

and Sang has illustrated that the groove width is the signif-

icant factor affecting joint strength over groove spacing and

location [13]. The work of Qian et al. also ascertained that the

pull-out force increases with the increase in the groovewidth

[14]. According to Yoganathan et al., evenly thick tubes

throughout the circumference are required for optimal tube

pull-out strength, however, any thickness offset causes

strength loss [15]. In another case, the protruded welded

joints exhibit higher pull-out force and fatigue strength

compared to flush joint and flush joints with U groove and

45� V groove [16]. Increased friction between the tube and

tubesheet enhances the strength of the tube and tubesheet

joints [17]. The joint strength and leak tightness of the tube

and tubesheet joints are ensured by the sufficient contact

pressure between the tube and tubesheet [18]. The Bau-

schinger effect, according to Bouzid et al. has a considerable

impact on the lowering of residual contact pressure [19].

Also, the residual contact pressure decreases with the

expansion of the neighbour adjacent tubes in the tubesheet

[20]. The ligament efficiency and expansion sequence order,

in addition to neighbour tube expansion, have a substantial

impact on residual contact pressure [20]. The tube pull-out

strength at the tube-to-tubesheet interface increases with

the increase in the residual contact pressure. Literature in-

dicates that the possible ways of enhancing the tube-to-

tubesheet joint strength using the design configurations,

material properties, process and process parameters are

highly demanded topics of interest. It is worth noting that

most of the above-mentioned findings were concluded only

from numerical and analytical investigations. The experi-

mental investigation of tube-to-tubesheet joints is less

compared to the numerical and analytical studies. The

experimentation in this research area is less because the

expense incurred is huge and there are requirements for

expensive manufacturing tools and expert operators.
Table 1 e Chemical composition of ASTM A179 Tube from opt

Element C Mn Si S P

% 0.112 0.473 0.217 0.0029 0.008

Element N Mo V Nb W

% 0.0094 0.0046 <0.0005 0.0025 0.007

Element Ca Sb Se Te Ta

% 0.0015 0.0396 0.0042 0.0182 <0.0
Moreover, most of the studies are restricted to the hydraulic

expansion process and therefore, experimental studies on

the roller expansion process are highly demanded.

Uniform pressure is exerted in the hydraulic expansion

process, whereas localized pressure is applied by the rollers in

the rolling expansion process. The expansion process by

either hydraulic or roller expansion divides the tube zone into

expanded zone, an unexpanded zone and, a transition zone

between the expanded and unexpanded zone as shown in

Fig. 3. The expanded zone in the tube is formed as a result of

rigorous pressure being exerted on the inner tube surface [21].

The transition zone, close to the expanded zone, has exhibited

high residual stresses [22,23]. The residual stress at the tran-

sition zone has been identified as one of the main reasons for

the crack initiation at this zone in industrial-operated heat

exchangers [24e26]. The intense plastic deformation in the

expanded zone and the effect extended to the transition zone

demands metallurgical investigation. However, the metallur-

gical investigation especially on the expanded zone and

transition zone is lacking in the literature.

Based on the research gaps mentioned at the end of the

above paragraphs, the main objective of the current work is to

investigate the mechanical and metallurgical properties of

tube-to-tubesheet heat exchanger joints produced using three

kinds of fabrication methods such as expansion, welding and

hybrid welding-expansion. The combined effect of tube

expansion percentages and number of grooves on the me-

chanical and metallurgical properties of tube-to-tubesheet

joints, lacking in the literatures, is investigated from the

expanded and hybrid welded-expanded joints. Finally, the

influence of the expansion percentages on the mechanical

and metallurgical properties at the expanded zone and tran-

sition zone of tubes are evaluated. This research is expected to

be very promising for researchers and professionals working

in the area of metallurgy, joining, materials and heat

exchangers.
ical emission spectroscopy.

Cr Ni Cu Ti Al

9 0.0664 0.0213 0.0206 0.0022 0.0240

Pb Sn As Zr Bi

1 0.0166 0.0042 0.0036 <0.0010 0.0069

N Zn Co Fe CEV

07 0.0094 <0.001 <0.001 98.9 0.208
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Table 2 e Chemical composition of SA 516 Gr.70 tubesheet.

Element C Mn Si S P Cr Ni Cu

% 0.18 1.185 0.22 0.012 0.018 0.025 0.02 0.02

Element Ti Al N Mo V Nb Fe CEV

% 0.0135 0.025 0.005 0.003 0.003 0.0315 97.847 0.385
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2. Materials and methods

ASTM A179 tube and SA 516 Gr. 70 tubesheet, widely used for

many heat exchanger applications, were chosen as parent

materials. Table 1 and Table 2 provided the chemical com-

positions of ASTM A179 and SA 516 Gr. 70 materials, respec-

tively. ASTM A179 seamless tubes were having 19.1 mm outer

diameter and 2.67 mm tube wall thickness. Individual square

tubesheet mock-up blocks with 50 mm � 50 mm X 23 mm

dimensions with a drilled tube hole of 19.30 mm diameter at

the centre weremanufactured. Based on the outer diameter of

the tube and diameter of hole cut in the tubesheet, the radial

clearance was 0.1 mm. Tubesheets with one groove, two

grooves and without any grooves on the inner surface of

tubesheet hole were prepared for investigating the effect of

grooves on the pull-out strength at various expansion per-

centages (See Fig. 4). The groove width and groove depth were

3 mm and 1 mm, respectively. The manufacturing processes

of tube-to-tubesheet such as expansion, welding and hybrid

welded-expansion were performed. The tungsten inert gas

welding was performed using JASIC TIG 200 Pulse AC/DC Mini

Inverter Welder powersource and ER AWS A5.18: ER70S-6

(Bohler S EMK 6) filler rod. Chemical composition of ER70S-6

is provided in Table 3. The welding was performed with a

single weld pass at ambient atmospheric temperature. The

welding parameters were set to 2.40 mm diameter consum-

able rod, direct current electrode negative (DCEN) configura-

tion, uphill progression and pure Argon shielding gas with a

flow rate of 30 cfh. The rolling expansion process was per-

formed using Elliott expansion equipment comprising of an

electronic expansion control unit, expander and three rollers.

The tubes were expanded using tube wall reduction percent-

ages or expansion percentages of 4%, 6%, 8% and 10% in single

grooved, double grooved and without grooved tube-to-

tubesheet joints. The initial inner diameter of the tube,

13.76 mm, was expanded to 14.07 mm, 14.19 mm, 14.28 mm

and 14.37 mm using 4%, 6%, 8% and 10% expansion percent-

ages respectively. In the case of expanded joints, the tubes are

expanded throughout the tubesheet thickness. The expansion
Fig. 4 e Tubesheet blocks with and without grooves.
length or roller length in expanded joints was 23 mm. For the

hybrid welded and expanded joints, the welding was per-

formed first which was followed by expansion. For the case of

expansion after welding, the expansion over the entire tube-

sheet thickness is inappropriate as it would cause damage to

the weld. Therefore, rolling expansion was performedwith an

expansion length of 15 mm and 3 mm away from the weld in

hybrid welded-expanded joints. The liquid penetration test,

macro examination, micro examination, minimum leak path,

pull-out test and hardness test were conducted for the quali-

fication of tube-to-tubesheet joints. The tube pull-out test was

performed using a universal testing machine with a capacity

of 1000 kN as shown in Fig. 5 in accordance with ASME SEC.

VIII DIV. I ED. 2019 - Appendix A. The tube end opposite to the

tube-to-tubesheet joint is plugged with a cylindrical rod for

preventing tube deformation or tube rupture while gripping in

the upper jaw of the universal testingmachine. The toughness

of the tube subjected to tube pull-out load and those fractured

at the tube were estimated using the area under the stress-

strain curve. The macro examination was performed in

accordance with the standard ASME SEC IX Ed. 2019. The

minimum leak path was measured from the macroscopic

image at 10X. The quality assessment of tube-to-tubesheet

weld joints based on minimum leak path was evaluated

using ASME SEC. IX Ed. 2019-QW-193.1.3 standard. Vickers

hardness was measured at the base material, weld zone, and

heat affected zones on the tube side and tubesheet side with a

test load of 10 kgf using Wilson UH250 Universal Hardness

Tester. The qualification of the hardness was verified using

NACE MR0175. The hardness at the expanded and transition

zones was tested by applying 1 kgf load. The samples were

grinded using 120, 180, and 240 grid waterproof silicon carbide

paper, then cloth polished for optical macroscopic examina-

tions. For optical microscopy using Panthera TEC MAT, the

samples were ground with P120, P240, P320, P600, P1000, and

P1200 grid silicon carbide sheets, then cloth polished with

6 mm and 3 mm diamond particles for optical microscopic

examination. After washing with pure ethanol, the polished

mirror-like samples were etched for 45 s with 2.5% Nital

(97.5 ml ethanolþ 2.5 nitric acid). The grain size is determined

using Heyn intercept method. A SHIMADZU Lab X-XRD-6100

X-ray diffractometer with a CueK X-ray line (¼1.5418) oper-

ating at 40 kV with a current of 30 mA was used to analyze X-

ray diffraction (XRD) of the weld metal for phase identifica-

tion. With a 0.02�/min step size, the spectra were captured

from 20� to 100�. For phase identification, the XRD profiles

were compared to the PDF-2 database.
Table 3eChemical composition of ER 70S-6 filler rod from
the specification sheet.

Element C Mn Si P S

% 0.07 1.48 0.85 0.02 0.015

https://doi.org/10.1016/j.jmrt.2022.12.045
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Fig. 5 e Tube pull-out test setup using universal testing

machine.
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3. Results and discussion

3.1. Liquid penetration test

The liquid penetration test is the preliminary non-destructive

quality inspection technique for assessing the quality of the
Fig. 6 e Liquid penetrant testing of hybrid we
tube-to-tubesheet welds [27,28]. The quality of weldments in

hybrid welded-expanded tube-to-tubesheet joints was

examined with a liquid penetration test in accordance with

ASME Sec V, Article 6. Fig. 6 shows the hybrid welded-

expanded specimens inspected using liquid penetrant test.

The results show that the welded specimens were free from

any of the linear and rounded red indications. In the presence

of surface flaws, the penetrant entering into the fissures is

absorbed by the coated developer, forming the visible red in-

dicator once the developer sets. The absence of visible red

indication proved that the welds were free of surface defects.

The quality of welded tube-to-tubesheet joints is assured as

superior before evaluating the mechanical and metallurgical

investigations of tube-to-tubesheet joints.

3.2. Tube pull-out load

The strength of welded, expanded and welded-expanded

tube-to-tubesheet joints are evaluated from the load versus

displacement using tube pull-out tests. The tube pull-out

loads of tube-to-tubesheet joints are inspected based on

ASME Sec VIII, DIV-1 for the qualification of the joints. Ac-

cording to the ASME Sec VIII, DIV-1, the tube and tubesheet

joints are qualified if the joint strength is greater than the axial

strength of the tubes [29]. The tube and tubesheet joints, on

the other hand, are disqualified if the fracture occurs at the

joint or the tube slips out from the tubesheet under the action

of tensile force during the tube pull-out test.

3.2.1. Hybrid welded-expanded tube-to-tubesheet joints
The specimens of the hybrid welded-expanded tube and

tubesheet joints subjected to tube pull-out tests are shown in

Fig. 7. Fig. 8 shows the three fractured tubes of welded tube-to-

tubesheet joints. After the tube pull-out test, all the hybrid

welded-expanded tube and tubesheet samples were fractured
lded-expanded tube-to-tubesheet joints.

https://doi.org/10.1016/j.jmrt.2022.12.045
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Fig. 7 e Fractured hybrid welded-expanded tube and

tubesheet joints after tube pull-out test.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 2 : 2 0 7 8e2 0 9 2 2083
at the tubes, with the exception for the combination of 6%

tube wall reduction and two grooved (2G) tubesheet where the

failure was at the weld joint. Fig. 9 illustrates the pull-out load

of tube-to-tubesheet joints for welded, expanded and hybrid

welded-expanded conditions. The tube pull-out force of tube

fractured hybrid welded-expanded samples was constant

with an average of 56.50 kN. The axial tube strength corre-

sponding to the 56.50 kN is 409.98 MPa. The fracture at the

tubes in tube pull-out tests demonstrated that the strength of

tube-to-tubesheet joints for specimens ruptured at the tube

was certainly greater than 409.98MPa. i.e., the strength of tube

and tubesheet joints clearly exceeded the axial strength of the

tubes. Thesewelded-expanded joints having pull-out strength

greater than the axial tube strength are qualified, according to

ASME Sec-VIII, DIV-1, Non-Mandatory Appendix A, Basis for

Establishing Allowable Loads for Tube To-Tube-Sheet Joints

[30]. On the contrary, there is a slight depreciation of the tube

pull-out force in hybridwelded and 6% expanded for 2 grooved

configuration joint resulting in only 53.52 kN tube pull-out
Fig. 8 e Fractured welded tube and tubesheet joints after

tube pull-out test.
force. The corresponding joint failed at the tube-to-

tubesheet weld joint without causing any fracture to the

tubes. As a result, this tube and tubesheet joint is disqualified

because the strength of the tube-to-tubesheet joint for the

hybrid welding and 6% expansion case is less than the axial

tube strength. The defective welds and inappropriate weld

parameters are known to significantly degrade the strength of

the joints [31,32]. Partial penetration tube-to-tubesheet welds

as a result of inadequate arc heat input and bad welding pa-

rameters are found to reduce the load-bearing capacity of

joints considerably [33]. The reasons for the failure of hybrid

welded-6% expanded two grooved joint are anticipated due to

the inappropriate weld bead characteristics, lack of weld

penetration to the tube and tubesheet materials, low expan-

sion percentage and lack of adequate contact pressures or

expansion percentage. For the cases where tubes were frac-

tured, toughness was measured using the area under the

stress-strain curve considering the original cross-sectional

area and elongation of the tube [34,35]. The qualified tube-

to-tubesheet joints exhibited high capability to absorb the

energy during the tube pull-out test. The material toughness

of the tubes that were subjected to tensile load during tube

pull-out test were 77.40 kJ/m3 (4% NG), 86.13 kJ/m3 (4% 1G),

76.30 kJ/m3 (4% 2G), 84.49 kJ/m3 (6% NG), 77.13 kJ/m3 (6% 1G),

87.26 kJ/m3 (8% NG), 79.00 kJ/m3 (8% 1G), 84.49 kJ/m3 (8% 2G),

77.69 kJ/m3 (10%NG), 75.07 kJ/m3 (10% 1G) and 76.83 kJ/m3 (10%

2G). In all the cases of expanded joints and welded-expanded

joint (6% tube expansion and 2 grooves) where failure

occurred at the joints, the stress-strain were unable to plot for

measuring the toughness due to uncertainty in the cross-

sectional area and elongation.

3.2.2. Expanded tube-to-tubesheet joints
In the absence of welding and for the case of the expanded

tube and tubesheet jointswith expansion percentages ranging

from 6% to 10%, the tube pull-out force increased with the

presence of grooves at specific expansion percentages. From

6% to 10% expansion percentages, the maximum load bearing

capacity increased from 8.3 kN to 14.8 kN for non-grooved

condition, 9.25 kNe25.2 kN for one grooved condition and

12.35 kNe39.95 kN for two grooved condition. Therefore, the

presence of grooves of up to two is found efficient in

increasing the tube pull-out force by allowing the tube to bulge

inwards to the groove, providing an interlocking mechanism.

It is worth to note that the higher the expansion percentages,

the greater the marginal difference in the tube pull-out force

and the higher the effect of grooves. However, the tube pull-

out force decreased in the presence and increasing the num-

ber of grooves for 4% expanded tube-to-tubesheet joints. Lack

of sufficient expansion percentage for causing bulging of the

tube is themajor reason for the ineffectiveness of grooves [11].

Furthermore, the contact surface area between the tube and

tubesheet is also a significant factor affecting the tube pull-out

force. The theoretical pull-out force is directly proportional to

the contact stress, outer tube radius, coefficient of friction and

effective expansion length [36]. In the absence of tube bulging

at low expansion percentages, the presence of grooves

significantly reduced the contact surface area of the tube and

tubesheet. In 4% expanded samples, the least pull-out force is

obtained for two grooved joints (0.9 kN) and the highest for the

https://doi.org/10.1016/j.jmrt.2022.12.045
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Fig. 9 e Tube pull-out force of welded, expanded and welded-expanded specimens.
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joint without grooves (6.55 kN). For a certain expansion per-

centage, the contact stress and presence of grooves are

concluded to act as superior factors affecting the tube pull-out

force.

When each of the tube-to-tubesheet with specific groove

categories is considered, the pull-out force increased with the

increase in the expansion percentages. All twelve tubes were

pulled out from the tubesheet during the tube pull-out test

and the tubes were not fractured. Themaximum tube pull-out

force is obtained for 10% expanded two grooved joint with a

value of 39.95 kN. None of the joint loads has exceeded 56.5 kN

load which corresponds to the maximum load-bearing ca-

pacity of the tubes. As a result, all the expanded tube and

tubesheet joints were disqualified since the joint strength was

less than the axial tube strength. The major factor that

changes the pull-out force for a fixed expansion percentage,

according to the theoretical pull-out force calculations, is

effective expansion length. I.e., the strength of the joint in-

creases with the rise in the effective expansion length and

viceversa. Therefore, the effective expansion length and

thickness of the tubesheet affect the tightness of tube-to-

tubesheet joints and the effective expansion length depends

on the thickness of the tubesheet [37]. In this study, the

thickness of the tubesheet is 23 mm and the maximum roller

expansion effective length is limited to 23 mm. Heavy

expansion with a 10% expansion percentage has not resulted

in tube pull-out strength exceeding the axial tube strength of

409.98 MPa. The study clearly indicated that a 23 mm thick

carbon steel tubesheet was inappropriate for the heat

exchanger tube-to-tubesheet joint depending solely on the

tube expansion process. The findings strongly advise using

thicker tubesheet and the use of longer expansion length to

achieve high tube-to-tubesheet joint strength.

3.2.3. Welded tube-to-tubesheet joints
If the manufacturing process chosen is welding alone without

being expanded, the grooves on the tube hole have no role in

enhancing the strength and therefore, only three welded

joints in non-grooved condition were inspected. The welded
tube-to-tubesheet joints were fractured at the tubes away

from the joint. Therefore, the welded joint also exhibited a

high weld strength greater than the axial tube strength. The

maximum load-bearing capacity of the weld joint has excee-

ded 55 kN, 56.06 kN and 56 kN for the three cases. It is worth to

note that themaximum load bearing capacity or joint strength

of these three welded joints and eleven hybrid welded-

expanded joints were not possible to estimate due to the

fracture at the tubes. Also, nearly the same strength close to

56 kN represented only themaximum load-bearing capacity of

tubes. It was anticipated that there would have been consid-

erable differences in the joint strength for all those specimens

fractured at tubes but it was not possible to evaluate unless

the fracture occur at the joint. However these joints, welded-

expanded and welded, are qualified based on ASME VIII. Div

1 since the joint strength exceeded the axial tube strength. In

terms of tube pull-out strength, the tube fracture of welded-

expanded (except for 6% tube expansion and 2 grooves spec-

imen) and welded joints indicated that welding without roller

expansion was sufficient for the qualification of tube-to-

tubesheet joints based on tube pull-out test. By using the

sole welding process for the production of tube-to-tubesheet

joints, the cost is estimated to reduce considerably by avoid-

ing both the use of roller expansion process in hybrid joining

technique and manufacturing operation for cutting grooves

inside the tubesheet hole. Therefore, the optimum

manufacturing process for producing tube-to-tubesheet joint

with adequate strength for 23mm thick tubesheet is to the use

of sole tungsten inert gas welding process.

3.3. Minimum leak path

The minimum leak path is the least distance needed by the

transfer fluid to leak from the weld root to the exposed

opposite side. The weldment acts as a barrier between the

tube-side and shell-side fluids. For this reason, the minimum

leak path is measured from the macrostructures. The mac-

rostructures of twelve tube-to-tubesheetweld sectioned joints

at 10� magnification are shown in Fig. 10. The welds were
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Fig. 10 e Minimum leak path of welded-expanded joints from the macroscopic image at 10X: (a) 4%-NG, (b) 4%-1G, (c) 4%-2G,

(d) 6%-NG, (e) 6%-1G, (f) 6%-2G, (g) 8%-NG, (h) 8%-1G, (i) 8%-2G, (j) 10%-NG, (k) 10%-1G and (l) 10%-2G.
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found free of porosities, blow holes and slag impurities.

Furthermore, the weld materials were observed to have

excellent penetration and sidewall fusion to the base mate-

rials. Two measurements of the leak path evaluated for each

of the ten welds magnified at 10� are provided in Table 4. The

least of the leak path, minimum leak path, is used for the

qualification of welds in hybrid welded-expanded joints.

Clause QW-193.1.3 (a) and (e) (Acceptance Criteria d Macro-

Examination, Tube-to-tubesheet tests) in ASME SEC IX, 2004

edition is used for qualifying the tube-to-tubesheet joints [38].

The welds withminimumweld throat greater than two-thirds

of tube thickness are considered qualified based on ASME SEC

IX standard [39]. The tube thickness is 2.67mmand two-thirds

of the tube thickness is 1.78 mm. The minimum leak path for

each of the twelve welds except for the case of welded fol-

lowed by 8% tube expansion and 1 groove has exceeded

1.78 mm satisfying the qualification criteria. The welded-
expanded specimen with 8% tube expansion and 1 groove

condition is disqualified based on QW-193.1.3, ASME SEC IX

due to minimum leak path of 1.33 less than the required

1.78 mm. The measurement of minimum leak path is a

destructive technique where the specimens had to be

sectioned and the sectioned surface had to be examined for

the measurement of minimum leak path. Therefore, the

minimum leak path measurements were not estimated for

the specimens that were undergone tube pull-out tests. The

bad welding, inappropriate weld bead characteristics and

inadequate minimum leak path were concluded as the main

reason for the failure of the joint for the tube pull-out spec-

imenwith conditions such as 6% tube expansion and 2 groove.

In certain cases, the manufacturers set an optional non-

standard stringent criterion for the qualification of mini-

mum leak path where the minimum leak path should be

greater than the tube thickness. The twelve tube-to-tubesheet
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Table 4 e Minimum leak path measurements.

Tube wall reduction
percentage

Groove
condition

Dilution Leak path Minimum Leak
Path, MLP

Qualification criteria

Length,
L1

Length,
L2

Minimum of L1
and L2

Tube thickness
(Non-standard)

Two-thirds of tube
thickness (Standard)

% e % mm mm mm mm mm

4 NG 59.57 2.547 2.289 2.289 <2.67 (DQ) >1.78 (Q)

4 1G 44.16 2.555 2.423 2.423 <2.67 (DQ) >1.78 (Q)

4 2G 62.17 2.573 2.631 2.573 <2.67 (DQ) >1.78 (Q)

6 NG 48.22 2.782 2.546 2.546 <2.67 (DQ) >1.78 (Q)

6 1G 53.35 2.756 2.394 2.394 <2.67 (DQ) >1.78 (Q)

6 2G 68.39 2.384 2.361 2.361 <2.67 (DQ) >1.78 (Q)

8 NG 67.28 2.190 2.041 2.041 <2.67 (DQ) >1.78 (Q)

8 1G 59.12 1.860 1.337 1.337 <2.67 (DQ) <1.78 (DQ)

8 2G 57.84 2.441 2.486 2.441 <2.67 (DQ) >1.78 (Q)

10 NG 54.55 2.577 2.479 2.479 <2.67 (DQ) >1.78 (Q)

10 1G 56.41 2.610 2.377 2.377 <2.67 (DQ) >1.78 (Q)

10 2G 67.08 2.138 2.118 2.118 <2.67 (DQ) >1.78 (Q)

Note: ‘Q’ stands for qualified and ‘DQ’ stands for disqualified; NG: No groove; 1G: one groove; 2G: two grooves.
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welds were considered as disqualified having the minimum

leak path less than the tube wall thickness of 2.67 mm.

However, this non-standard approach is rarely used as qual-

ification criteria for qualifying the tube-to-tubesheet welds.

The factors determining the minimum leak path, barrier be-

tween the tube and shell side fluids, are the weld penetration

and dilution. The lesser the minimum leak path, the lesser is

the weld penetration. High dilution causes an abrupt reduc-

tion in the corrosion resistance, hot-cracking resistance and

mechanical properties such as strength and toughness [40].

The range of dilution in TIGwelding lies between 10% and 70%

[41]. The highest dilution in the welded-expanded joints was

68.39% and lowest dilution was 44.16%. Furthermore, the

dilution of most of the welded-expanded joints higher than

50%, suggest that the quality of the welds is inappropriate.

High dilution is formed by themelting of the tubes rather than

the fusion of the filler material to the tubesheet. To prevent

the high dilution in this case, it is recommended to use less

heat input, thinwelding electrodes and optimumweld passes.

Therefore, the causes for the failure of hybrid welded and 6%

expanded joint failure were concluded to be mainly due to the

lack of weld penetration and high dilution.

3.4. Weld metallurgy

Themicrostructures at the different zones of welded tube and

tubesheet joints at 200 X and 500 X are shown in Fig. 11. The

basematerial of the ASTMA179 tube exhibited the presence of

pearlite colonies across the polygonal ferrite. The pearlite

bands and equiaxed ferrite constituted the microstructure of

SA 516 Gr. 70 tubesheet. The peculiar behaviour of low-carbon

steels is the excessive presence of the ferritic phase compared

to the pearlite [42]. The elemental percentage of carbon from

the optical emission spectroscopy lying below 0.3% further

validated that the materials are of low-carbon steels. The

tensile strength and hardness decrease with higher presence

of ferrite in low carbon steels [43]. It was observed that the

seamless A 179 tube has less strength and hardness due to the

high presence of ferrite compared to SA 516 Gr. 70 tubesheet.
The grain size of ASTM A179 tube base material was 14.2 mm

(ASTM 9.5) whereas the grain size of SA 516 Gr. 70 tubesheet

base material was 10.0 mm (ASTM 10). The grain size evalua-

tion using Heyn intercept method lacks accuracy in general,

however the measured grain sizes represent the near actual

value. Due to the action of welding arc heat dissipation and

subsequent cooling, heat affected zones are present at the

adjacent region in tube and tubesheet joining to the weld

zone. Fine grains are formed at the tube-side heat affected

zone and tubesheet-side heat affected zones. These adjacent

regions closer to the weld zone is subjected to heat dissipa-

tion. Zhao et al. stated that the temperature margin above the

recrystallization temperature is narrower, limiting grain

growth and enlargement in heat-affected zones [44].

Furthermore, shorter recrystallization time at the heat

affected zones resulted in smaller grains compared to the

adjacent base materials. Enlarged austenite grains usually

form at the coarse-grained heat affected zones of heat treated

plain carbon steels and low alloy steels that were subjected to

isothermal heat treatments and forced cooling [45]. In this

case, the slow cooling of tube-to-tubesheet welds exposed to

environmental temperature and lack of isothermal heat

treatments of the weld joints limited the formation of unusual

enlarged sized austenite grains at the heat affected zones. In

addition, lath martensite, forming as a result of high under-

coolings in low carbon steels [46], were absent at the HAZ due

to slow cooling of the tube-to-tubesheet weld joints. The weld

zone is comprised of polygonal ferrite along with wid-

manst€atten ferrite (WF). The widmanstatten ferrite is the saw

tooth needle-shaped morphological form of ferrite emanating

from the grain boundaries.

The Xray diffraction pattern analysis was conducted for

analysing the ferrite phases at the ASTM A179 tube base ma-

terial, SA 516 Gr. 70 tubesheet base material and weld zone

(Fig. 12). The low carbon steel tube and tubesheet materials

exhibited the presence of alpha ferrite whereas the austenite

and delta ferrite were absent in these base materials. Simi-

larly, the existence of ICDD 98-006-0826 coded a ferrite was

confirmed at the weld zone by the three distinct peaks at
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Fig. 11 e Optical microstructures: 200X (a) Base material-

ASTM A179 M tube, (b) Base material-SA 516 Gr. 70

tubesheet, (c) HAZ at tube side, (d) HAZ at tubesheet side

and (e) Weld zone; 500X (f) Base material-ASTM A179 M

tube, (g) Base material-SA 516 Gr. 70 tubesheet, (h) HAZ at

tube side, (i) HAZ at tubesheet side and (j) Weld zone.

Fig. 12 e XRD analysis of Tube, tubesheet and tube-to-

tubesheet weld zone.
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2q¼ 44.47� (Ref: 44.68�), 2q¼ 64.69� (Ref: 65.03�) and 2q¼ 82.06�

(Ref: 82.34�). The delta and austenitic ferrite phases were ab-

sent at the weld zone in the XRD plot. The lower percentage of

carbon in low carbon steel-based base materials and slow

cooling process caused the absence of the austenitic ferrite

phase at the weld zone [47].

3.5. Weld hardness

The hardness of the tube-to-tubesheet joints in heat ex-

changers must be within an acceptable limit. There are
several consequences resulting in the failure of heat ex-

changers after exceeding the hardness beyond a particular

level. For tube and tubesheet materials made of carbon steels,

the acceptable limit according to NACE MR0175 is 250 HV. A

high weld hardness was known to induce sulphide stress

corrosion, stress-oriented hydrogen-induced cracking and

soft zone cracking at the heat exchanger tube and tubesheet

joints [4,48]. SA 516 Gr. 70 carbon steel, currently investigated

in this study, was reported to have cracks after exposing

317 HV SA 516 Gr.70 weld to an H2S environment [49]. Fig. 13

illustrates the hardness of the tube, tubesheet, heat affected

zones of tube and tubesheet and weld zone. According to

NACEMR0175, themaximumhardness at theweld zone in the

current study is 218 HV, which is less than the critical hard-

ness limit of 250 HV for carbon steel welds joints. The highest

hardness is observed at the weld zone with a mean value of

215.5 HV. Several additives in the weld electrode that are

intended for enhancing the mechanical and metallurgical

properties of the weld are the reason for the exhibition of high

hardness at the weld zone. The alloying elements such as

manganese, chromium and vanadium in electrodes tend to

increase the hardness at the weld zone [50]. In terms of pro-

ducing high hardness at the weld zone, carbon content has

less of an impact than alloying components in low carbon

steels. On the other side, it was also known that the

morphological widmanst€atten ferrite formed at the weld zone

as a result of the cooling process after welding exhibited

higher hardness than polygonal ferrite [51]. The tube and

tubesheet base materials have an average hardness of 139.6

and 153.6 HV, respectively. SA 516 Gr.70 tubesheet has a

higher carbon equivalent and pearlite content than A179

tubes, which contributes to its high hardness. The hardness in

the heat affected zone was found to be greater than that of the

corresponding tube and tubesheet base materials. The mean

hardness at the tube heat affected zone and the tubesheet

heat affected zone is 157.3 HV and 165 HV, respectively. Fine

grains exhibit high hardness compared to coarsened base

materials. Heat affected zones are fine grain sized. In heat-

affected zones, the duration of temperature above the

recrystallization temperature is limited, restricting grain

coarsening [44].
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Fig. 13 e Vickers hardness at parent materials, heat

affected zones and weld zone [TS: Tubesheet; HAZ: Heat

affected zone].
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3.6. Tube expansion metallurgy and hardness

The tubes are expanded by the roller expansion process at 4%,

6%,8% and 10% expansion percentages. In the expansion

process, three zones are developed on the tube such as
Fig. 14 e Microstructures at the outer tube edge of the expande

percentage, (c) 8% expansion percentage and (d) 10% expansion

expanded zone: (e) 4% expansion percentage, (f) 6% expansion

expansion percentage.
expansion zone, transition zone and unexpanded zone. The

inner surface of the expanded tube was expanded by direct

contact with the expander rollers while the outer surface of

the expanded tube was contacted with the tubesheet during

the expansion process. The transition zone with a slope was

developed in the tube between the expanded zone and the

unexpanded tube zone. Fig. 14 shows the microstructures of

the outer and inner edges of the expanded tube zone. The

grain sizes are evaluated using Heyn intercept method, how-

ever themeasured grain sizes represent the close actual value.

The grain sizes at the outer edge of the expanded tube zone for

4% and 6% are 10 mmand 9.09 mm respectively. The grain sizes

were reduced to 7.69 mm by 8% and 10% tube expansion per-

centages. The tube strength at 4% expanded is only 6.55 kN for

non-grooved condition. The lowest tube pull-out strength in-

dicates that the tube has only come in slight contact with the

tubesheet. At the lowest expansion percentages, contact

pressure at the outer tube surface is inadequate. Therefore,

the compressive stress on the outer tube by the tubesheet is

less at lower expansion percentages. On the other side, the

strength increased up to 14.8 kN using 10% expansion per-

centage. An adequate wall thinning, and high strength indi-

cated the presence of considerable contact pressure. This

intensive deformation at a 10% expansion percentage on the
d zone: (a) 4% expansion percentage, (b) 6% expansion

percentage. Microstructures at the inner tube edge of the

percentage, (g) 8% expansion percentage and (h) 10%
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Fig. 15 e Hardness at the inner and outer tube edges of

expanded zone.
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outer tube surface has resulted in exhibiting a smaller grain

size of 7.69 mm. Fig. 15 shows the hardnesswith standard error

at the inner tube edge and outer edge of the expanded zone.

The hardness at the outer tube edge at 4%, 6%, 8% and 10%

expansion percentages were 137.7 HV, 137.1 HV, 141.4 HV and
Fig. 16 e Microstructures at the outer tube edge of the transitio

percentage, (c) 8% expansion percentage and (d) 10% expansion

transition zone: (e) 4% expansion percentage, (f) 6% expansion

expansion percentage.
137.3 HV respectively. The hardness at the outer tube edge at

four expansion percentages was nearly the same. The tube is

subjected to compression during the wall thinning of the

tubes. The compressive force is exerted on the inner tube

surface by the rollers whereas the compression of the tube

against the tubesheet imparts compressive stress on the outer

tube surface. However, it is found that the grains at the outer

tube surface are not intensively refined. This may be due to

the pressure exerted at the tube-to-tubesheet interface being

uniform once all the outer tube surface comes in contact with

the tubesheet. At the same time, the inner tube surface was

expanded using rollers in the form of cyclic loads. The rolling

action was proved to increase the hardness by the degree of

cold work and strain hardening [52]. The compressive residual

stress during work hardening is known for the increase in the

hardness [53]. However, the exhibition of low hardness at the

outer tube edge and high hardness at the inner tube edge is

concluded to be mainly due to the type of loading conditions.

The inner tube surface was rolled radially outwards using

rollers in the roller expansion process. The grain size at the

inner tube edge for the cases of 4%, 6%, 8% and 10% expanded

conditions was 8.33 mm, 7.14 mm, 6.66 mm and 6.25 mm

respectively. It is noticed that the grain size was reduced with
n zone: (a) 4% expansion percentage, (b) 6% expansion

percentage. Microstructures at the inner tube edge of the

percentage, (g) 8% expansion percentage and (h) 10%
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Fig. 17 e Hardness at the inner and outer edges of the

transition zone.
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the increase in the roller expansion percentage. There is a

clear reduction in the grain sizes at higher expansion pres-

sures. On the other hand, the hardness was also increased

with the reduction in the grain size and increase in the

expansion percentage at the inner tube edges. In this case, the

relationship between the hardness and grain size proved that

the grain size is inversely proportional to hardness [54]. The

hardness at the inner tube edge increased only slightly from

157.8 HV to 163.8 HV for the expansion percentage from 4% to

8%whereas the hardness abruptly increased up to 182.3 HV at

a 10% expansion percentage. The high hardness at 10%

expansion is due to high grain dislocation density and grain

refinement as a result of the severe wall thinning phenome-

non [55]. The comparison of the grain sizes at the inner and

outer tube edges indicated that the grain size reduction is

predominant at the inner tube edge rather than at the outer

tube edge. The influence of the roller expansion effect is

greater than the contact stress at the tube-to-tubesheet

interface.

Figs. 16 and 17 show microstructure at the transition zone

and, mean hardness with standard error at the transition

zone. In the transition zone and outer tube edges, the grain

sizes for 4% and 6% expanded conditions are 10 mm. However,

there is an abrupt reduction of grain size at 10% expanded

condition to 6.66 mm. The hardness at 4%, 6%, 8% and 10%

expansion percentages were 124 HV, 131.7 HV, 117.9 HV and

122.3 HV respectively. It is to be noted that the hardness for all

conditions was within 132 HV. The reduction of hardness at

the transition zone at the outer tube edge compared to the

expanded zone is due to the absence of tube contact with the

tubesheet and thereby lacking the compressive stress at the

outer edge. In the transition zone and inner tube edges, the

grain size is lesser at the inner tube edges compared to outer

tube edges at lower expansion percentages of 4% and 6%. The

grain sizes at 4% and 6% are 9.09 mmand 8.33 mm, respectively.

But at higher expansion percentages of 8% and 10%, grain

sizes of 8.33 mm and 6.66 mm at the inner tube edge of the

transition zone were slightly higher than at the outer tube

edges of the transition zone. The hardness at the inner tube

edge of the transition zone was 151.7 HV, 156.1 HV, 144.7 HV

and 155.7 HV for 4%, 6%, 8% and 10% expansion percentage

conditions. The hardness at the inner tube edge of the
transition zone is high compared to the hardness of base

materials, but the hardness at this transition zone is slightly

lesser than at the expanded zone in the inner tube edges. It is

noted that there is a significant difference in the hardness

between the inner tube edge and the outer tube edge at the

transition zone.
4. Conclusion

The research investigated the mutual effect of expansion

percentages (4%, 6%, 8% and 10%) and groove conditions

(without groove, one groove and two grooves) on the me-

chanical and metallurgical properties of mainly the expanded

and hybrid welded-expanded tube-to-tubesheet joints. The

welded tube-to-tubesheet joints are produced to compare the

tube pull-out load with the expanded and hybrid welded-

expanded tube-to-tubesheet joints. The major findings are

provided as following bullet points.

� The failure of hybrid welded-expanded joint with 6%

expansion percentages and two grooves' conditions indi-

cated that poor weld workmanship, high dilution, lack of

weld penetration or lack of minimum leak path reduce the

joint strength significantly.

� In the absence of welding and for the expanded only joints,

the tubes slipped out from the tubesheet during the tube

pull-out test for all conditions with expansion percentage

ranging from 4% to 10% and all groove conditions. The

expanded joints were disqualified as a result of the joint

strength lesser than the axial tube strength.

� The expansion length of 23 mm over the entire tubesheet

thickness was insufficient for achieving quality expanded

only joints. Therefore, tubesheet thickness and expansion

length were found as important factors significantly

affecting the strength of expanded shell and tube heat

exchanger tube-to-tubesheet joints. It is recommended to

use thick tubesheet greater than 23 mm for the heat ex-

changers that are explicitlymanufactured using expansion

process alone.

� The welded tube-to-tubesheet joints exhibited joint

strength greater than the axial tube strength. The tube

fracture rather than joint fracture indicated the presence of

sufficient joint strength. Welding as a stand-alone opera-

tion for shell and tube heat exchanger tube-to-tubesheet

joints is the optimum manufacturing process compared

to hybrid welded-expanded and expanded processes.

� The welds, except for the condition of 8% tube expansion

and 1 groove, in hybrid welded and expanded joints were

qualified with minimum leak path greater than two-thirds

of tubesheet thickness (1.78 mm) as per ASME SEC IX -

Clause QW-193.1.3. High dilution and lack of sufficient

minimum leak path for welded-expanded 6%-2G condition

is anticipated for the weld joint rupture in the tube pull-out

test.

� The microstructure of ASTM A179 tubes constituted

pearlite colonies in ferrite microstructure whereas the

microstructure of SA 517 Gr. 70 comprised of equiaxed

ferrite and banded pearlite. The weld zone was comprised

of polygonal ferrite, pearlite and widmanst€atten ferrite
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(WF). The a-ferrite (ICDD 98-006-0826) was present in the

weld zone whereas the d-ferrite and g-ferrite were not

formed at the weld zone.

� The presence of widmanst€atten ferrite and alloying ele-

ments from the electrode at the weld zone contributed for

the exhibition of high weld hardness of 218 HV.

� In the expanded and transition zone, the intensity of grain

refinement was severe at the inner tube edges by the action

of rollers than at the outer tube edges that eventually comes

in contact with the tubesheet during expansion process.

� The coarser grain sizes of 10 mm and 9.09 mm at the outer

edge of the expanded tube zone at 4% and 6% expansion

percentages are considered as an indication of insufficient

contact pressure between tube and tubesheet in the

expansion process.

� The hardness of the tube at the expanded zone at the inner

tube edges increased with the expansion percentage while

the hardness was nearly constant at the outer tube edges.

� The reduction of hardness at the transition zone at the

outer tube edge compared to the expanded zone is due to

the absence of tube contact with the tubesheet and thereby

lacking the compressive stress at the outer edge.

� The hardness at the inner tube edge of transition zone is

high compared to the hardness of base materials, but the

hardness at this transition zone is slightly lesser than at

the expanded zone in the inner tube edges.

The future scopes of the work are to conduct experimental

investigations for evaluating the influence of tubesheet

thickness, expansion roller length, the comparison between

the roller expansion process and hydraulic expansion process,

the impact of hybrid welding-hydraulic expansion process on

tube-to-tubesheet characteristics and estimating the perfor-

mance of high pressure-high temperature operating shell and

tube heat exchanger tube-to-tubesheet joints using inconel

alloys and titanium alloys.
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