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In this study, N80-42CrMo4 dissimilar drill pipes were welded by a roto-friction welding machine.
A set of welded samples were tested as-welded condition. Another set of welded samples were post
weld heat treated (stress relief annealing) at the temperature of 600 °C, for 20 min. and then tested. The
microstructures of the as-welded and stress relief annealed samples were examined by optical microscope
and SEM. The properties of the all welded samples were determined by hardness measurement, tension
and V notch-impact tests. The high hardness especially in the weld interface resulted in low toughness.
As a conclusion, the stress relief annealing treatment caused a little decrease in yield strength and
ultimate tensile strength, but increase in the elongation. The ductility of samples also increased after
annealing treatment which is very important for static and dynamic loads.
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1. Introduction

Drill pipes are produced, classified and standardized
by API (American Petroleum Institute) with different
code numbers such as J55, K55, N80, C75, C95, H40, and
P 110" The pipes used for vertical drilling are manufactured
as seamless in steel grade N80. These kinds of pipes are
relatively cheap and widely used in oilfields. The other one
which is used in directional drilling is low alloyed medium
carbon steel grade 42CrMo4*#. These kinds of pipes are
made up of hardened and tempered high quality steel bars
and have friction welded tool joints.

The drilling pipes are usually welded by using GMAW
(gas metal arc welding) method. Because of welding defects
such as, gas porosity, bubble, distortions due to thermal effects
of welding, the GMAW method does not prefer by industry.
The friction welding process is one of the most economical
and highly productive methods of joining dissimilar metals
and alloys, in the tool industry>®. This process utilizes the
frictional heat and pressure generated between a stationary
and rotating work piece to form a metallurgical bond’®. In
most cases, the friction welding process is automated and
a highly qualified personal is not required for operating
welding machines.

The joined drill pipes are used to transmit drill torque and
pull back force during the directional drilling project. They
are under the bear twist, pull back, friction and vibration
during the course of drilling. When rotating the drill string,
the bending stress values change, modifying the tensile stress
values, basically in a pulsation mode. Pulsating compressive
stresses appear only in the shoulder front zones in the API
tool joints, where the compressive stresses are evoked by
the assembling make-up of threaded connections. Bending
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stresses exerted by bending moment from curvature of the
hole and helical buckling of drill pipes are significantly
magnified by tool joint stand-off *'°.

Therefore, the extensive literature survey was carried
out about friction weldability of dissimilar drill pipes. The
effect of stress relief annealing on the properties of friction
welded dissimilar drill pipes was also investigated. There
isn’t conclusive study about friction weldadability of similar
or dissimilar drilling pipes and an effect of stress relief heat
treatment applied for friction welded N80-42CrMo4 couple.
For this reason, the dissimilar drill pipes (N80-42CrMo4)
were welded by friction welding method. The mechanical
properties of weldment were determined and the microstructural
examinations were carried out on the welded sample. In
addition, an effect of stress relief annealing on the properties
of friction welded dissimilar drill pipes was also investigated.

2. Experimental
2.1. Materials

The materials used in this study were N80 grade steel
and 42CrMo4 grade medium-carbon steel. The chemical
compositions of steels are given in Table 1. The dimensions
of pipes are © 88 diameter, 9 x 100 mm length and 9 mm
wall thickness.

2.2. Welding parameters

Dissimilar drill pipes were joined using a continuous
drive Roto-friction welding machine (Figure 1). Welding
parameters were set up according to pre-experimental
studies. The applied friction and forge pressures were 50 bar
(5 MPa) and 143 bar (14.3 MPa) while the chosen friction and
upsetting times were 10 s and 9 s respectively. The rotating
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speed of 1200 rpm was kept constant under the specified
friction upset distance during the joining.

2.3. Mechanical tests and metallurgical
evaluation

The structures and fracture surfaces of all the welded
samples were evaluated by optic microscope and JEOL JSM
6335F type SEM (Scanning Electron Microscope). The
samples were prepared according to classical metallographic
method. They were etched with 2% nitric acid etchant.

The mechanical properties of welded samples were
determined through hardness measurement, tensile and impact
tests. Hardness profile was carried out in a line across the
welded region under 200 g load and a dwell time of 15 s,
using a Vickers microhardness testing machine.

Tensile test samples (Figure 2) were prepared according
to ISO 4136: 2012 standard". The samples were tested in
tension, using a 100 KN load capacity Schimadzu tensile
testing machine, at room temperature and a crosshead speed
of 5 mm.min"". In order to minimize the statically error, a
set of three samples was tested for each condition.

The toughness of welded samples in different temperature
conditions (50 °C, 25 °C and 100 °C) were determined by
Charpy V-notch impact test. Test samples were prepared
according to the ISO 9016: 2012 standard'?. They were
tested by using a 300kJ load capacity MOHR&FEDERAF
AG PSW 13/15 Charpy impact testing machine. The location
of notch was positioned at the centre of the weld. A set of
three test samples having 10 x5 x 55 mm dimensions was
used for each condition.

2.4. Heat treatment process of friction welded
samples

Before determining the mechanical properties and the
metallographic examination, the stress relief annealing
treatment was applied to a group of welded samples for a
period of 20 minutes at a temperature of 600 °C in a furnace.

3. Result and Discussion

3.1. Microstructure

The microstructures of the samples, as-welded and
annealed condition are shown in Figure 3a and b respectively.
Three distinct zones across the weldment were identified as
fully plastically deformed zone (FPDZ), partially deformed
zone (PDZ) and undeformed base metal (BM). FPDZ was
observed on both sides of the weld interface region, which
contains small recrystallized grains.

As it can be seen from Figure 3 that the microstructure
of N80 BM consists of ferrite and pearlite and the structure
of 42CrMo4 BM comprises of tempered martensite. The
FPDZ of welded specimen consists of fine grains due to
dynamic recrystallization and it has slightly coarser grain
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than FPDZ. However, FPDZ zone has finer grains than
BM (Figure 3). In other words, the effect of deformation in
the PDZ is less than FPDZ, so the heat caused by friction
is not enough for dynamic recrystallization to take place.
Despite the coarse grain structure of PDZ, the overall bond
region remains stronger than BM as proved by the plain
tensile test results's.

Because of high carbon content and sufficient friction
heating followed by high cooling, the 42CrMo4 side of
weldment adjacent to the weld interface are decorated with
martensite phases. The martensite formation in the friction
welded 42CrMo4 steel was also reported elsewhere!*!5.
Moreover, the prominent deformation bands caused by
frictional force were observed in 42CrMo4 zone of the
weldment.

The elemental mapping results for as-welded and annealed
samples are shown in Figure 4a and b. The mapping results
show that the chromium diffuses towards N80 steel from
42CrMo4 steel, while the manganese diffuses from N80 steel
side towards 42CrMo4 grade steel. It has been reported that
the elemental distribution across the interface, inter-diffusion
of elements lead to formation of low ductility quasi-cleavage
fracture in friction welding!'®!7'®, The extent of diffusion is
found slightly homogenous in annealed samples as compared
with as-welded samples. The distribution of Cr, Mn, and Ni
in weld interface almost exist in similar quantities.

Figure 1. Friction welding machine.

Figure 2. Tensile test sample.

Table 1. The chemical composition of the N80 and 42CrMo4 steel (%owt.).

Quality % C Si Mn P S Cr Mo Ni \4 Co W
N80 0.35 0.27 1.43 <0.001 0.01 0.09 0.007 0.05 0.06 0.01 0.01
42CrMo4 0.41 0.23 0.68 0.01 <0.002 0.96 0.15 0.027  <0.001 0.006 0.01
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Figure 3. Microstructure of friction welded N80-42CrMo4 sample
N80-42CrMo4 sample a) As-welded, b) Stress relief annealed (TM:
Tempered martensite, M: Martensite, P: Perlite, F: Ferrite).

3.2. Mechanical test result

The tensile test results are shown graphically in Figure 5.

According to the Figure 5, there is a little decrease in
yield and ultimate tensile strengths but slight increase in the
elongation after annealing treatment. The maximum tensile
and yield strength of as-welded and stress relief annealed
samples were determined as 872 N/mm?, 851 N/mm? and
570 N/mm?, 508 N/mm?, respectively. The elongation was
also increased from 14% to %15. The failure of tensile test
samples takes place on N80 BM side of the weldment. In
other words, all friction welded samples are acceptable,
because none of the welded samples were ruptured from
the weld region. The failure occurred in the weakest part
of the weldment where the strength of BM is normally low
in dissimilar applications.

The stress relief annealing treatment was resulted in
minimizing the residual stresses as well as the hardness of
martensite phase in the FPDZ and PDZ of weldment. The
annealing process generally leads to a decrease in residual
stress, depends on the temperature and the annealing time'*.

In order to understand the fracture behaviour of tensile
test samples, the fractured surfaces were analysed by SEM.
The fractured surfaces are shown in Figures 6a-d

The surface slip and necking region of test samples were
evaluated. All the test samples exhibited a predominantly
ductile fracture mode, since the failure was located in the
N8O steel side of the weldment. Higher dimple density and
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Figure 5. The tensile test result of friction welded dissimilar pipe.
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reduction areas were observed in annealed samples. Test
samples exhibited typical characteristic of cup—cone shaped
fracture mode (Figure 6¢). However, the annealed samples
exhibited higher ductility than as-welded samples, Figures
6a and c. The relatively small size dimples which were
surrounded by large coarse dimples and a small quantity
of tearing ridge was observed in the structure of as-welded
sample (Figure 6b). There was a notable difference observed
in the appearance of dimples in the annealed samples. These
samples were consisted of fine and uniform dimples, which
indicate that the specimens failed in ductile manner under
the tensile loading.

Hardness measurement was carried out on the cross
section of the weldment, in the axial direction. The hardness
profiles are shown in Figure 7.

As can be seen from Figure 7 that the hardness of the
42CrMo4 BM was measured to be 280 HV ,. The maximum
hardness of PDZ was 357 HV , (max), whereas the measured
maximum hardness of FPDZ was 488 HV .. The results
indicated that the hardness of 42CrMo4 weldment notably
increased from base metal towards weld interface, due possibly
to the fine grains resulted from dynamic recrystallization
and martensite formation. The results also showed that the
FPDZ hardness was much higher than 350 HV ,, which is
not acceptable in the HAZ of C-Mn steel for fusion welding
methods. Because of this, pre and post weld heat treatments
are generally recommended for recovering the ductility as
well as the toughness of the HAZ.

However, the hardness values of FPDZ and PDZ decreased
to almost the same level as that of the base metals after stress
relief annealing treatment (Figure 7). The hardness value for
FPDZ of 42CrMo4 sample was measured as 295 HV , (max),
whereas for PDZ as 270 HV , (max). The BM hardness of
42CrMo4 did not change and it was 278 HV  , (max). The
decrease in the hardness could be either due to the tempering
effects of stress relief annealing treatment on martensite phase
or due to the minimized residual stress or due to the loss of
work hardening effects in the weldment. The mechanical
properties of friction welding processed low alloy steels are
highly sensitive to the process parameters used during joining.
Phase transformations resulting in metastable microstructures
such as martensite and retained austenite can generally be

Figure 6. The fractured surface of N80-42CrMo4 tensile test sample;
a and b) As-welded, ¢ and d) Stress relief annealed.
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reverted to the more desirable fine ferrite carbide structure
through stress relief annealing treatments'**.

The toughness of the dissimilar welded samples was
also investigated by using V-notch impact test at the
temperatures of =50 °C, 25 °C, and 100 °C. The results are
shown in Figure 8.

It was noted that the toughness of the weldment was
found to be lower than those of both base metals due to
thermo-mechanical effects of friction welding such as sensitivity
to phase transformation and work hardening effects. The
results also indicated that the toughness of as-welded samples
increase by raising the test temperature. For instance, the
toughness of weldment was determined 9 J/em?, 16 J/cm?,
and 19 J/em?, for —50 °C, 25 °C, and 100 °C temperatures,
respectively. Low toughness values can be either attributed
to the formation of martensite phase at the weld interface
or to the tendency of formation of second phase particles
in the weld region of the as-welded samples. The carbon
diffusion from 42CrMo4 to the N80 steel in weld interface
may lead to the formation of hard and brittle carbide phases,
which is also supported by Lippold & Odegard?'. The low
toughness can also be attributed to the inclusions at the
weld interface. The small amount of porosity can even be
responsible for low toughness.

The toughness of the dissimilar weld metals was recovered
by annealing heat treatment. The impact values obtained
after heat treatment are 11 J/cm?, 55 J/cm?, and 63 J/cm?,
for temperatures —50 °C, 25 °C, and 100 °C, respectively.
An increase in toughness values can be either due to the
tempering effects of martensite or due to the minimized
residual stress, resulting from stress relief annealing. The
annealing of metastable structures such as martensite and
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Figure 7. The hardness profile of friction welded N80-42CrMo4
couple.
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Figure 9. The fracture surface of N80-42CrMo4 Charpy V-notch test sample tested at the temperature of —50 °C, 20 °C, and

100 °C. a, b and c) As-welded, d, e, and f) Stress relief annealed.

retained austenite may be reverted to the more desirable fine
ferrite carbides, which can also be responsible for increase
in toughness.

The fracture surfaces of the test samples were evaluated
and fractographs are shown in Figure 9.

Figures 9a, b, d show that the quasi-cleavage is the
dominant fracture mode in as-welded samples tested at the
temperature of 20 °C as well as of —50 °C. This fracture
mode can be due to the martensite phase formed in FPDZ
and weld interface, or the elemental distribution across the
weld interface. The interdiffusion of alloying elements has
lead to formation of low ductility and predominantly quasi
cleavage fracture (Figures 4a and b).

The ductile fracture mode was also observed in
the samples which were tested at 100 °C temperature
(Figures 9c and f). On the other hand, quasi-cleavage and
ductile fracture mode are observed in the annealed samples
tested at room temperatures (Figure 9¢). The annealing
process at the temperature of 600 °C caused a remarkable
decrease in the cleavage facets. Figure 9 e and f show that
the individual bright facets on the impact fracture surface in
N80-42CrMo4 weldment are noticeably smaller than those
in the Figure 9a and d. This result is attributed to the high
concentration of ferrite/bainite and ferrite/tempered martensite
interphase boundaries which can be the preferential sites for
crack nucleation and propagation®?*.

Figure 9 ¢ and f also show a large amount of dimples on
the impact fracture surface of annealed N80-42CrMo4 couple,
indicating a ductile fracture mechanism as well as a higher
impact energy value. The reason is that the microstructure
of N80-42CrMo4 weld interface comprises tempered
martensite. The ferrite matrix includes significant amount
of dislocation in addition to a large number of fine carbide
particles in tempered martensite, which form dimples because
of the manner of growth of grains in addition to micro void
coalescence. This dislocation leads to the formation of a large

number of smaller dimples on the impact fracture surface
N80-42CrMo4 weldment®*,

4. Conclusions

In the present study, the friction weldability of dissimilar
drill pipes is investigated. The effect of stress relief annealing
process in microstructure evaluation and on mechanical
properties is also determined. The obtained results are
given below:

» The microstructure of the N80 base metal consists of
ferrite and pearlite while the structure of 42CrMo4 base
metal comprise of tempered martensite phase. The fully
plastically deformed region of dissimilar welded sample
consists of fine grains due to dynamic recrystallization.
The 42CrMo4 side of weldment adjacent to the weld
interface are decorated with martensite phases.

¢ The elemental mapping result indicate that the chromium
diffuses towards N8O steel from the 42CrMo4 steel
while the manganese diffuses towards 42CrMo4 steel
side from N80 steel. The extent of diffusion is almost
found homogenous in annealed sample.

o The stress relief treatment is responsible for small amount
of decreasing in the yield and ultimate tensile strength.
The annealing process produced an acceptable strength
and ductility for friction welded N80-42CrMo4 couple.
Test sample ruptured in a ductile manner under the
action of tensile loading.

* The hardness is determined to be much higher than
350 HV in the joint interface and PDZ of 42CrMo4 side
of weldment. The annealing at 600 °C for 20 minutes
drastically decreased the hardness below the critical
level of 350HV.

* The toughness of the weldment found to be slightly
low at all test temperatures due to the martensite
formation in the weld interface or the tendency of
carbide precipitation in the weld region. The stress
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relief annealing applied for welded sample improves
to the toughness.

* The quasi-cleavage is the dominant fracture mode in
as-welded samples tested at the temperature of 20 °C
as well as of =50 °C, The annealing process caused a
remarkable decrease in the cleavage facets and recovery
in toughness of friction welded sample.
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