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Abstract: Welded API-5L steel pipes have been extensively used in the oil industry. One of the major parameters
affecting the mechanical properties is the grain size, which is altered with the joining method. In this paper
microstructural evolution in the friction stir welded APl 5L-X52 steel pipes has been investigated.Specimens were cut
from a 2mm thick API 5L-X52 steel pipe. The steel sheets were then joined by friction stir welding process; at a linear
speed of 100 mm/min. The tool rotational speed was varied from 400 to 800 rpm. Samples were then evaluated using
tensile test, metallographic and hardness measurements. Microstructural investigations revealed the stir zone, heat
affected zone and thermo mechanically affected zones. Heat input in the stir zone led to the formation of elongated
austenite grains which were transformed to fine ferrite and pearlite grains and widmanstatten ferrite in certain regions.
Plastic deformation and recrystallization enhanced the hardness and tensile strength as well as toughness of the welded

joint in the API 5L-X52 steel.
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I. INTRODUCTION

Friction stir welding (FSW) has been well established for
low melting point metals and alloys. Recently,
applications have been extended to high temperature
materials such as stainless steel, titanium and nickel alloys
[1-8].

Public concern on the utilization of renewable energy has
had its impact on welding technology in the oil industry
[9]. API-5L pipes have been used to transfer petroleum
products [10]. Conventional welding techniques normally
generate changes in physical and mechanical properties of
the pipes which can raise maintenance costs. Recent
researches reveal that friction stir welding (FSW) method
can compensate for the shortcomings of the conventional
processes. However, a clear understanding of the effect of
processing parameters in ferrous alloys has been a matter
of conjecture [11, 12-13].

Sato et al [11], welded high carbon steel pipes by FSW,
and observed twin ferrite — cementite and martensite in the
stir zone. Cho et al [12] joined 409 stainless steel
specimens and reported that severe plastic deformation led
to the generation of fine grains, low angle grain
boundaries, and high hardness in the weld metal. In
another research Sato [14] found that the grain size of the
stir zone of SAF 2507 was smaller than that of the base
metal. He concluded that dynamic recrystallization can
readily occur in austenitic stainless steel, whereas this
phenomenon is not the case in ferritic steels. The
dominating mechanism depends on the strain rate and
stacking fault energy (SFE). Materials with a low SFE,
such as austenitic stainless steel, experience a
discontinuous recrystallization since dislocations may
hinder the recovery procedure. On the other hand materials
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with high SFE, such as ferritic stainless steel undergo
extensive recrystallization.

Ozekchin [15] carried out extensive research on FSWed
API-5LX80 steel and reported the grain size about 5 and
30 microns in HAZ and TMAZ respectively, in the form
of bainite together with martensite. It has also been
illustrated that promising results can be obtained for
stainless steel [16, 17-18] and carbon steels [19- 20].

Nowadays, APl 5L-52X steel pipes has gained
considerable applications due to their high strength and
toughness at low temperatures. Moreover, their good
weldability has made it a suitable candidate for FSW
process. However, the investigation of microstructural
evolution, strength and grain refinement after FSW has
still been a challenge.

The main objective of this paper is to deal with the effect
of processing parameters on the microstructure of API 5L-
52X steel after FSW process.

Il. EXPERIMENTAL PROCEDURE

FSW process was carried out on APl 5L-X52 steel
specimens; chemical composition and mechanical
properties of which are given in Tables 1 and 2.
Specimens were cut and polished to 300 x 50 x 2 mm
before being FSWed using a WC-3Co tool. Shoulder size,
pin diameter and height were 16, 4 and 1.8 mm
respectively (Figure 1). Specimens were firmly clamped in
a fixture. The linear speed of the tool was kept constant at
100 mm/min but the tool rotational speed was in the range
of 400-800 rpm. Three specimens were prepared for each
processing conditions. The welding tools were trimmed
after travelling distance of 270 mm.
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Table 1. Chemical composition of API 5L- X52 steel. 8 3
Chenica composiion . . S L
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Table 2. Mechanical properties of API 5L- X52 steel. - 100 -
- - Figure 3. Dimensions of specimens for mechanical testing.
Yield strength(MPa) mm; me[;;]gmyh Flongations (All dimensions are in 'mm’)
Mechanial propetcs T m 06 1§ Figure 4 presents a schematic of the impact test specimens

as stated by standard ASTM E23-06 [25].
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Figure 1. Schematic representation of welding tool. dimensions are in ‘mm’)

The temperature of the weld was monitored using a K type I11I.RESULTS AND DISCUSSION
thermocouple (Figure 2). i

A. Thermal History

Paying careful attention to the amount of heat input has a
great impact on microstructure, phase transformation, and
distortions. Schmidt et al. [26] suggested the following
relationship to determine the amount of heat generated
during FSW process.

P | 2
??Egggggfﬁf Qtotal = gﬂrcontact Wy (7'53 + 3T'szp) ®
— ‘ —  Where Q (W) is the heat input, w, is the angular velocity

Z2mm _ | | ] of the tool (%), r (m) is the radius, T, pptac: 1S the shear

4mm stress (Pa), and da is the surface area (m?). Other

- - researches have made a more detailed study on the heat

Figure 2.Schematic of location of thermocouples input in which r, r, and H, is shoulder radius, pin radius
and pin height [26, 27] as follows:

In order to obtain precise results the thermocouples were
placed as close to the welding zone as possible.

The microstructure of the welded zone was investigated

using optical and scanning electron microscopes. q, = QQl = (r;f;i = 0.959 2)
The specimens were etched in 2% Nital after being total TR

polished, to facilitate grain and phase investigations [21, Gy = QR _ 315 Hy = 0.023 ©)
22]. Optical microscope Nikon Stereo Zoom and SEM 27 Quotar  @343rEHy) T

3
Q3 ™

type PHILIPS XL30 were used in the study. The Clemex
software was used for image analysis. Phase investigations B = et G3+370H) 0.0189 (4)

were carried out using Bruker-D8 advance defractometer Where gy, q, and g are the heat input due to shoulder, pin

in the range of 10 to 90 degrees. tip and the pin root respectively. As can be seen in the
Brinnel hardness testing was performed under a load of above calculations, heat generated from the shoulder has a
100 kilograms to extract hardness profiles [23]. Yield and greater magnitude compared with that of other sources.
ultimate tensile strengths together with the elongation of Similar analogy has been reported by researchers [28, 29].
the welded joints were also studied with due attention to Figure 5, illustrates the temperature variations along a
their corresponding heat affected zone (HAZ), stir zone welded metal. It can be observed that the temperature of
(SZ) and thermomechanically affected zone (TMAZ), the process is related to the rotational speed (w) and the
according to ASTM standard E8 [24]. (Figure 3) linear velocity (V) of the tool.
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Figure 5.Thermal profiles measured at the rotation speed
of 400rpm, 630 rpm and 800rpm with welding speed of
100 mm/min in 2mm distance from centreline.

Arbegast [30] concentrated on the welding temperature
and proposed the following formula;

L]

T

()

Where (T) is the welding temperature, (T, the melting
point of the alloy, (o) and (K) are constants. The amount
of a and K have been reported in the range of 0.04-0.06
and 0.65 — 0.75 respectively.

Arbegast’s Equation can be used to predict a favourable
condition for a sound defect free weld. The role of process
parameters on heat input has been investigated by Frigaard
et al [31].

—4/3—7'[ uP—R3 (6)
Where Q is the heat input per unit length of the weld, p the
friction coefficient, P the pressure, o the rotational speed,
V the linear velocity, and R is the shoulder radius. It can
be deduced from the formula that at low linear velocity the
heat input increases. Moreover, there is a direct
relationship between the rotational speed of the tool and
heat input. The maximum temperature of the workpieces
after FSW was measured 1250C in the nugget zone.

B. Microstructure

A typical FSW specimen exhibits four distinct zones,
namely the stir zone (SZ), thermo mechanically affected
zone (TMAZ), and heat affected zone (HAZ) and the base
metal (BM) (Figure 6).

According to Equation 1, the temperature at 800 rpm can
reach 1150 degrees Celsius, which is below the melting
point of steel. The etched microstructure revealed
elongated grains in the base metal. The grain size was in
the order of 40 microns consisting mainly ferrite with
about 10 percent pearlite. The heat affected zone can
clearly be seen with rather coarse grains adjacent to
TMAZ.

Stir Zone

Figure 6. Schematlc of mlcrostructure of weld region (630
rpm-100mm/min)
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The low heat input in the FSW process compared to other
conventional welding processes results in smaller HAZ
(Figure 6).

S &
s o @mé*«: %’%w Rty o
Flgure 7. OM mlcrographs of the API 5L-X52 steel HAZ.
a) Partial grain refined HAZ. b) Fully grain refined HAZ.
(630 rpm-100 mm/min)

According to Fe-C phase diagram, the HAZ temperature
constitutes A; and A critical lines having ferrite and
austenite dual phase. It has been reported that the as FSW
proceeds, the pearlite islands transform to austenite which
extend into the primary ferrite above the Al critical line.
The net effect is formation of fine pearlite during cooling.
However, ferrite mean grain size remained constant at 16
micron (Figure 7a).

Figure 7b illustrates that fine grains have developed in the
HAZ, which comprise small ferrite and austenite grains.
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Figure 8.Fe-C phase diagram and various transformations
with temperature.

The average grain size was about 9 microns in this region
(Table 3). This phenomenon might stem from the fact that
the peak temperature has passed beyond the As critical
line, accelerating the nucleation of austenite grains, which
in turn transform to ferrite and pearlite phases during
cooling (Figure 8).

Table 3.Grain size variations in fully and partial grain

refined HAZ.
. . Mean grain size Mean grain size
Welding condition S .

g (partial grain refinement) um (full grain refinement) yum
100mm/min-400zpm 16.9 174
100mm/min-630rpm 17.6 9.91
100mm/mm-§00rpm 209 10.79

Low cooling rate at 800 rpm may have provided more
time for grain growth of austenite grains above A; critical
line. The net result is growth of ferrite and pearlite grains.
However it is difficult to differentiate between the grains
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due to low variations in the heat input. Thus TMAZ could
not be clearly seen in the low carbon steels (Figure 9).
While the HAZ experiences a heating cycle, the SZ
undergoes both thermal cycle and severe plastic
deformation simultaneously. The peak temperature in SZ
was around 1050 degrees Celsius, which is the austenite
phase in API-5L steels.
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Figure 9.TMAZ microstructure (630 rpm-100 mm/min)

It has been reported that total strain in carbon steels during
FSW process is more than 10° and the strain rate is 10 per
second [32]. Under such circumstances, recovery in SZ
can occur. It appears that recrystallization takes place in
API-5L steels at high strain rates. Materials with low
stacking fault energy normally undergo discontinuous
dynamic recrystallization (DDRX) [33]. Fine austenite
grains begin to sprout leaving the matrix with two distinct
microstructures after allotropic transformation during
cooling, hence, DDRX disappears.

X-ray diffraction patterns of the specimens after FSW are
shown in Figure 10. The major peak is related to the ferrite
phase. The cementite peak is invisible since the major
ferrite overlaps the minor cementite phase. The more
welding speed the greater the amount of ferrite due to
extensive strain and grain refinement in the SZ.

The white lines in the microstructure are generated as a
result of the formation of onion rings in the SZ and depend
on the material flow pattern (Fig.11).

Past investigations suggest that onion rings can occur after
instantaneous change in the grain size and distribution
after severe plastic deformation.

Later investigations revealed that onion rings contain
boundaries separating the fine grains from the coarse ones
[34, 35].

Figures 12 illustrate the microstructure of the SZ of API
5L-X52 steel, which comprises ferrite and pearlite grains.
It has been well established that ferrite grains appear in the
vicinity of austenite grain boundaries below the A; line.
As the temperature drops below the A, line, pearlite grains
are formed from the retained austenite in the shape of
successive ferrite and cementite layers [36]. Since the
temperature in the centre of SZ is higher than that of the
edges, pearlite grains begin to nucleate in the centre.
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Figure 10. X-ray diffractograms of samples in different
welding speeds.
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Figure 12. OM and SEM micrographs of the stir zon
rpm-100 mm/min)

(630
Figure 13 depicts a micrograph taken from the edge of SZ
showing grain boundary ferrite (PF), widmanstatten-ferrite

(WN) and ferrite-cementite (FC) phases.
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Normally, allotromorphic ferrite grains are formed at the
austenite grain boundaries at temperatures below As
critical line, known as grain boundary ferrite. Moreover,
widmanstatten ferrite begins to appear as a result of rapid
diffusion of carbon atoms across the austenite grain
boundaries (Figure 13).

& WO 0% -

b 4

l-" w2 o .
Figure 13. The stir zone in the API 5L-X52 steel showing grain
boundary ferrite (PF), widmanstatten ferrite (WN) and ferrite +
carbide (FC) microstructure (800 rpm - 100mm/min)

The M temperature is about 500 degrees Celsius in low
carbon steels. Thus, very fine cementite begins to
precipitate from the primary cementite grains.

The Zenner-Hollman parameter which describes strain rate
and temperature is given as follows:

7 = éexpit?/pp) W

Where Q and R are the activation energy and gas constant
respectively.

The final grain size of the recrystallized grains is given by
Equation 8.

d=(a+blnz)? ®)

Where ‘a’ and ‘b’ are constants and depend on the
material [36]. It is clear that strain rate is directly
proportional to rotational speed of the tool. The net effect
of the involved parameters may lead to increased ‘Z’. The
grain size variation in the SZ is shown in Table 4
suggesting no dramatic change in the grain size. The grain
size number ‘n’ was calculated according to ASTM E112-
96. [37]

Table 4. Grain size variations in stir zone

welding condition mean grain size (um)

400 rpm - 100 mm/min 8.89
630 rpm - 100 mm/min 6.54
800 rpm — 100 mm/min 10.04

N =2n1 9)

Where N is the number of grains at the magnification of
100 in one square inch and ‘n’ is the grain size number.
Figure 14 illustrates the grain size number in the SZ at
different rotational speeds of the tool.

It can be seen that by changing the rotational speed from
400 to 630 rpm, the corresponding grain size umber was
raised from 6.54 to 7.18. However the grain size number
dropped to 6.76 at 800 rpm. This phenomenon may be
attributed to the Zener parameter (Equation 8).
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Figure 14.Comparison of the grain size number in the SZ
a) 100mm/min- 400rpm. b) 1200mm/min-630 rpm.
¢) 100mm/min-800 rpm.

The dynamic nature of FSW leads to a temperature
gradient overcoming the strain rate and thus, lowering the
Zener value. Variations in grain number and grain area at
different rotational speeds of the tool are presented in
Table 5.

Table 5. Variations in grain number and grain area in SZ.

100mm/min- 400rpm 92 7248 64 1808

100mm/min-630rpm 144 4788 4 893
100mm/min-800pm 107 5124 116 1243
C. Hardness

Figure 15 shows a schematic hardness test specimen
which were cut to 10x80 mm in 2.5 mm increments
summing to a total of 29 measurements per specimen.

Figure 15. Schematic of specimens for hardness test.
The hardness profile of the weld zone is illustrated in
Figure 16, which can be roughly categorized to 4 sections.

The base metal had the least average hardness of 68.2 HB
d“.f‘; to the existence of ferrite and nearlite nhases.
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Figure 16.The hardness profile in the cross — section of the
welds.

The HAZ was the next which comprised inconsistent grain

sizes and an average hardness of 72 HB.

The hardness value in the SZ was 93 HB indicating the
existence of a great number of dislocations produced due
to severe plastic deformation. Comparatively, the hardness
of TMAZ was 89 HB being lower than that of SZ, and was
in the shape of a narrow band.

The hardness varies with grain size according to Hall-
Petch relationship[38]:

H =Hy+KD™'/? ©9)

Where H is hardness, Hq relates to the materials hardness
with infinite grain size, K is proportionality constant and
D is grain size, representing the grain boundary as an
obstacle to the propagation of deformation.

There was a concurrent increase in the rotational speed
and the hardness (630 rpm); however a reverse trend was
noticed at a certain point (800 rpm). It appears that at a
critical heat input, the predominating mechanism changes
from grain refining to grain growth due to low heat loss.

D. Tensile Strength

The mechanical properties of the specimens are illustrated
in Table 6.

Table 6. Tensile properties of specimens.

100mm/min-400 rpm 357 403 8
100mm/min-630 rpm 402 485 12.2
100mm/min-800 rpm 384 458 10.8

It can be seen that the mechanical properties of the
FSWed specimens are higher than that of the base
metal. Reduction of grain size in the stir zone (S2)
may have been responsible according to hall petch
Equation [39].

0g = 0O; + kD_l/Z (10)

Where o is the yield stress, o; is a materials constant
for the starting stress for dislocation movement (or
the resistance of the lattice to dislocation motion), k
is the strengthening coefficient (a constant specific
to each material), and D is the average grain
diameter.

Since the grain size in the SZ is smaller the yield and
UTS in the SZ are high. In the case of low grain size,
the mean path movement of the dislocations are
reduced leading to greater dislocation pile up behind
the grain boundaries. The net effect would be higher
strength and lower elongation in the FSWed
specimens.

The tensile properties of the specimens are exhibited
in Figure 17. There is a clear jump in strength where
the tool rotational speed is raised from 400 to 630
rpm. On the other hand, there is a reduction in
strength again at high rotational speed of 800 rpm,
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which can be attributed to the grain coarsening effect
at high heat input.
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Figure 17.Stress-strain curve at the rotation speed of 400rpm,
630 rpm and 800rpm with welding speed of 100 mm/min

Moreover, there are favourable conditions for
impurities to be introduced from the pin itself.
Besides, the turbulent material flow might lead to
porosity in the specimens, which themselves act as
crack initiation and growth sites (figure 18).
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Figure 18. The XRD results from particle at 800rpm

E. Toughness

Fracture toughness of the specimens was determined from
SZ and HAZ and is presented in Figure 19.

BImpact energy (SZ)
®Impact energy (HAZ)

Energy Absorb (j)

400-100 630-100

v(mm/min)-e (Rad/s)

800-100

Figure 19. Absorbed charpy impact energy for SZ and HAZ.

Fracture
fracture
20).The
dropped

surfaces of SZ shows facets of cleavage
and ductile dimples in the HAZ (Figure
impact energy of the samples in the SZ
from 19 to 17 Joules at 800 rpm. The same
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trend was observed in the HAZ. Greater heat input is
considered to be responsible for this phenomenon.
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Figure 20. Fraéture sﬁrface of SZ and HAZ.
a)SZ-100mm/min,400rpm b)HAZ-100mm/min,400rpm

Rl

IV.CONCLUSION

1-1t can be concluded from this study that, increasing the
rotational speed of the tool from 400 rpm to 630 rpm
raised the temperature of the stir zone from 480 to 600
degrees. This can be due to the friction at the tool
specimen interface, which elevates the heat input and
spreads the stir zone.

2-The mean grain size increased from 7.1 (400 rpm), to
8.83 microns (800 rpm) in the stir zone.

3-High rotational speed of the tool led to high hardness
values, from 400 to 630 rpm, however it dropped to
lower values if rotational speed is raised to 800 rpm.

4-Friction stir welding can successfully be applied on API
5L-X52 steel. The base metal contained large ferrite and
pearlite grains. Hot working led to recrystallization in
SZ which upon cooling transformed to widmanstatten
ferrite matrix containing martensite islands.
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