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Abstract—The purpose of the present study was to fulfill the knowledge gap concerning the residual stress dis-
tribution in dissimilar medium carbon steels welded by a rotary friction technique. For this purpose, residual
stresses were evaluated by X-ray diffraction. Microstructure observations, microhardness measurements and
tensile tests were performed to couple all information. In addition, the distribution of residual stresses was
evaluated in welded samples heat treated at 300 and 600°C. We have found that the residual stress distribution is in
the high compression in thermomechanical affected zones, due to the microstructural changes during the welding
process. Two subzones form the thermomechanical affected zone. However, the heat treatments caused a relax-
ation phenomenon in the weld region which is due to the recrystallisation during the heat treatments.
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INTRODUCTION

Rotary friction welding (RFW) is one of the solid
state joining techniques which is applied to assemble
similar and/or dissimilar materials. This technology
has a lot of advantages over other welding processes.
These advantages are no melting, high reproducibility,
short production time, low energy input, limited heat
affected zone, avoidance of porosity formation, no
grain growth and the use of non-shielding gasses
during the welding process [1—3]. In the process of
RFW, two components with circular cross section are
welded together. One part is held stationary and forced
to come into contact with the other, which is rotating
under normal pressure. The parts which are to be
assembled are brought together for some time with a
specified pressure, causing friction to be produced
between the parts, and they undergo plastic deforma-
tion. Then the rotated part is suddenly stopped and
pressure is applied until they produce a weld or joint.

During welding by RFW, rapid heating and cooling
takes place which produces a severe thermal cycle near
the weld line. This affected zone of the base metal is
called the Thermomechanical Affected Zone
(TMAZ). The TMAZ is the zone where heat transfers
from the weld metal to the base metal. As a result, the
welded joint obtained by RFW is a structurally inho-
mogeneous zone, characterised by a wide spectrum of

formed structures and stresses. The phenomenon of
residual stress can occur due to two factors: the
mechanical deformation factor and the temperature
gradient factor [4]. Although a large amount of previ-
ous studies [5—11] on the friction welding of similar
and dissimilar materials has been conducted, limited
studies have investigated the impact of friction welding
on the residual stress distribution in the welded joint
[12—25]. Similar studies can be found for friction stir
welding [4, 14—19] and linear friction welding
[20—24], which is the most similar to the formation
mechanism of rotary friction welding, and RFW [25].

For example, Gan et al. [25] found that relatively
high tensile residual stresses were observed near the
bond line on the AA7020-T6 side, welded to 316L steel
by RFW. They found a heterogeneous distribution of
residual stresses from the perimeter to the rod centre,
while high compressive residual stresses were found in
the sample centre at the bond line in the 316L steel.
Delijaicov et al. [4] studied the effect of the welding
parameter variations on residual stresses of dissimilar
butt joints of AA2024-T3 and AA7475-T761 joined by
friction stir welding. They found that the increase of
longitudinal and transverse residual stresses starts at
the TMAZ due to shoulder pressure at the joint.

Investigation of RFW of two dissimilar steels,
32-2Mn and 40-Cr—Ni, is important, because these
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Table 1. The chemical composition of the welded materials

PRIYMAK et al.

Material C Mn Si S P Cr Ni Cu Mo
32-2Mn 0.32 1.07 0.18 0.002 0.006 0.09 0.10 0.17 0.02
40-Cr—Ni 0.31 0.53 0.32 0.006 0.004 0.51 1.06 — 0.09

two steels are used for the production of geological
exploration drill pipes [26]. A previous investigation
[26] focussed on the post-weld tempering effect on the
mechanism of fracture of welded joints of these
medium alloy steels. However, an investigation of the
residual stresses in rotary friction welded joints from
these dissimilar materials has not been reported up-to-
date. Thus, the main objective of this research is
directed to the establishment of the residual stress dis-
tribution in medium carbon steel welded joints made
by rotary friction welding, and also after the applica-
tion of post-weld heat treatment.

MATERIALS AND METHODS

Medium carbon steels 32-2Mn and 40-Cr—Ni,
were chosen to be welded by a friction rotary tech-
nique. The chemical composition of the welded mate-
rials is shown in Table 1.

The friction welding of pipe billets with a diameter
of 63.5 mm and a wall thickness of 4.5 mm is shown in
Fig. 1. The experimental samples were produced on a
Thompson-60 friction welding machine. The welding
process is carried out in several stages. The welded
blanks are installed in stationary clamps and one of
them is rotated. The blanks are held together and
heated up to a temperature necessary for the formation
of a welded joint (1000—1300°C). Then the rotation is
quickly stopped, and an axial forging force is applied
to the blanks. In this investigation, the welding param-
eters were as follows: friction force 50 kN, forging
force 130 kN, friction time 5.86 s, burn-off length
8 mm, and rotation speed 800 rpm. Figure 1 shows the
welding of 32-2Mn steel to 40-Cr—Ni steel.

Tensile tests were performed using a tensile testing
machine R-50 with a constant strain rate of 0.021 m s~
Tensile test specimens were prepared according to
ASTM ES8. Tensile strength, yield strength and elonga-
tion of the welded specimens were determined. Hard-

40-Cr-Ni

f

ness values (HV) were measured by using an
HVS-1000 device with a load of 2 N for 10 s. The pre-
cision of measuring the diagonal of the print was *
0.2 um. For the tensile strength, three specimens were
used. The microstructure was investigated using a
Nikon ECLIPSE 10 optical microscope. The Micro-
structure of the different zones of the weld material,
i.e. the weld seam, thermomechanical affected zone
(TMAZ), and the base metal were revealed after etch-
ing by Nital.

X-ray stress measurements were carried out using
SET-X equipment. CrKo radiation (wavelength =
0.229 nm) and {211} reflections (Bragg angle = 156.3°)
were used to study the residual stress distribution in
the weld region of the welded samples. Stress mea-
surements were made in the longitudinal and trans-
verse directions (parallel and perpendicular to the
weld joint, respectively). The X-ray diffraction depth
is about 6 microns from sample surface. The stress
analysis was carried out according to European stan-
dard EN 15305 (Test Method for Residual Stress anal-
ysis by X-ray Diffraction, April 2009). The Sin’y
method was used for stress evaluation. For each stress
determination, 13 different Psi angles (variant from
—37° to +37°) were used.

The radiocrystallographic constants used 1/2 S,,;, and
Sipn> are 5.83 x 1076 and —1.28 x10-® MPa~!, respec-
tively. To study the effect of post-weld heat treatment
on the distribution of residual stresses in the friction
welded joints, heat treatment of the welds was carried
out in an induction heating unit. The heating tempera-
tures were 300 and 600°C for a duration of 60 s.

RESULTS AND DISCUSSION
Microstructural Observations

Base metals. The microstructure of the two dissim-
ilar base metals is shown in Fig. 2. In the 32-2Mn steel

32-2Mn

Weld

Fig. 1. The welding of 32-2Mn steel to 40-Cr—Ni steel by RFW process.
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Fig. 2. Microstructure of the base metals: (a) 32-2Mn, and
(b) 40-Cr—Ni.

the main phases are fine bainite with a mixture of fer-
rite and cementite. In the 40-Cr—Ni steel the main
phases are a fine martensite structure.

Welded dissimilar steels. The macrostructure for
the cross-section of the rotary friction welded joint is
presented in Fig. 3. First of all, the weld interface
clearly shows the line of the joint. In both sides, the

1341

main observed zones of the welded joint are the base
metal and the thermomechanical affected zone
(zone I + II), separated by the contact line. In the
TMAZ, two main sub-zones can be distinguished in
the two sides of the welded joint:

—sub-zone (I) is due to deformations and tempera-
tures exceeding the critical point of A;.

—sub-zone (II) is due to local deformations.

The macrostructure of sub-zone I in the 32-2-Mn
side is different to the 40-Cr—Ni side. This subzone I
is the area of the dynamic recrystallisation reaction.
However, the macrostructure of the subzone II in both
sides of the welded joint seems similar. This subzone I1
reflects the high plastic deformation effect on both
base metals.

Figure 4 presents the microstructure of the welded
joint at the contact line which shows more details. The
contact line is a boundary oriented in the contact
plane. In some parts of the contact line, the formation
of common grains is visible. This suggests that during
rotational welding the interaction in the junction zone
at some sites is not limited to the formation of inter-
atomic bonds, but also to the mutual bulk recrystalli-
sation.

Near the contact line in both steels the microstruc-
ture is complex, consisting mainly of ferrite (F), mar-
tensite (M) and bainite (B). The main observed fer-
rites are intergranular polygonal ferrite (PF), grain
boundary ferrite (GF) and acicular ferrite (AF). There
is a difference of the grain size due to the abnormal
growth of some grains, which implies a consistent
development of dynamic recrystallisation during the
welding process.

The observed complex microstructure found in
both steels was according to the nomenclature from
the “Compendium of weld metal microstructures and
properties” work from TWI [27]. Cheng et al. [28]
indicated that when the peak temperature was higher

Contact line

TMAZ

TMAZ

Fig. 3. Macrostructure of the rotary friction welded joint and the distinct sub-zones I, 11, on both sides of the contact line: 32-2-

Mn/40-Cr—Ni.
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Fig. 4. Microstructure of the welded joint at the contact
line. (GF: grain boundary ferrite, PF: polygonal ferrite,
AF: acicular ferrite, M: martensite, B: bainite.)

than the eutectoid temperature (A;), the microstruc-
ture of high carbon steel due to the friction welding
process consisted mainly of martensite. However,
when the welding was performed below A,, no trans-
formation occurred and no martensite was formed [29].

Sub-zone |

PRIYMAK et al.

Figure 5 shows the microstructure of each sub-
zone I and II in both sides of the welded joint. Con-
cerning the TMAZ in 40-Cr—Ni steel, in the sub-zone I,
which is the area adjacent to the welded joint, coarse
grains were formed with a complex mixed microstruc-
ture consisting mainly of ferrite, martensite and bain-
ite. The sub-zone II is formed with finer grains which
indicates the intensive development of the recrystalli-
sation processes in this zone. This recrystallisation
reaction was due to heating and deformation during
the friction process. The microstructure of the two
sub-zones in TMAZ of 32-2-Mn steel are similar to
those observed previously in TMAZ of 40-Cr—Ni
steel, i.e., the subzone I formed with coarse grains and
sub-zone Il contains finer grains.

Heat treatment of the welded steels. By increasing
the heating temperature from 300 to 600°C, the mac-
rostructure of the TMAZ in both sides of the welded
joint becomes more homogeneous, and the two dis-
tinct sub-zones disappear in the dissimilar steels. In
addition, the welded joint becomes homogeneous
with the base metal.

Microstructural observations of the different sub-
zones in the welded joints of dissimilar steels after heat

Sub-zone 11

Fig. 5. Microstructures of the two sub-zones I and II of the TMAZ in (a) 32-2-Mn steel and (b) 40-Cr—Ni steel.
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Sub-zone I (a)
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Sub-zone 11
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Fig. 6. Microstructure of the rotary friction welded joint after post-heat treatment 600°C during 60 s in (a) 32-2-Mn and

(b) 40-Cr—Ni.

treatment at 600°C (Fig. 6) reveal that the post-weld-
ing heat treatment leads to a homogenisation of the
microstructure in TMAZ, and there is only a slight
difference between the two sub-zones in both sides of
the welded joint. This transformation is mainly due to
the recrystallisation reaction.

Microhardness Measurements

Hardness measurements were performed on the
welded joint before and after isothermal heat treat-
ment at 300 and 600°C. Concerning the weld joint
before heat treatment, the microhardness results indi-
cate that the nature of the change in microhardness
over the length of the TMAZ corresponds to the struc-
tural changes caused by the thermal deformation
effect of the welding process (Fig. 7).

However, hardness values of the two base metals
were unchanged because they are not affected by the
heat generated while welding. The formation of both
hardened and weakened areas can be seen in TMAZ,
which is probably due to the existence of two distinct
sub-zones in TMAZ. In addition to these sub-zones,
the different phases formed in TMAZ, such as the

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 121

presence of the martensitic and bainite phases,
explains the high hardness in sub-zone I adjacent to
the contact line. Values measured in this area ranged
from 267 to 323 HV. However, with increasing dis-
tance from the contact line, the microhardness values
decreased smoothly, reaching a minimum in the
recrystallisation development zone.

630 | 32-2Mn 40-Cr—Ni
o 280 -
>
s
—— Base
230 —= 300
—— 600
180 1 1 1 1 1 1
-20 —15 —-10 =5 O 5 10 15 20

Distance, mm

Fig. 7. Hardness measurement profiles of weld joint 32-
2Mn/ 40-Cr-Ni, before and after post-weld heat treatment
at 300 and 600°C.
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Table 2. Tensile tests properties of the joint weld 32-2Mn
and 40-Cr—Ni before and after heat treatment at 300 and

600°C

. Yield strength 6 ,, | Tensile strength
Type of joint weld MPa G,, MPa
After welding 843+/-8.4 892+/-8.9
300°C 834+/-8.3 887+/—-8.9
600°C 734+/-7.3 808+/-8.1

The post-weld heat treatment at 300°C had practi-
cally no effect on the level of microhardness values.
With an increase in the heating temperature up to
600°C, the microhardness profile remained the same,
but there was a decrease in the microhardness values in
all TMAZ zones, and in the centre of the welded joint,

(a)
200
32-2Mn 40-Cr—Ni
0 T 1
—200 -
—400 |
—600 1 1 1 1 1 1
—-20 —15 —-10 =5 0 5 100 15 20
(b)
200 -
& 32-2Mn x 40-Cr—Ni
= 0
£ 200+
=
=]
S —400 |
]
a7
_600 1 1 1 1 1
-20 —15 =10 =5 0 5 100 15 20
(c)
200
32-2Mn 40-Cr—Ni
0 FE— Tl ‘H}PH\P//%
R
—400 |
_600 1 1 1 1 1

=20 —15 =10 =5 O 5 10 15 20
Distance, mm

—— Axial stress —=— Transversal stress

Fig. 8. Residual stress in the rotary friction weld from
medium carbon steels: (a) after welding; (b) after post-
weld heat treatment at 300°C; (c) after post-weld heat
treatment at 600°C.
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which corresponds to the zones adjacent to the contact
line as mentioned in the microstructure observation.
This decrease of hardness values in the welded joint
corresponds to a softening phenomenon after heat
treatment at 600°C which can be attributed to the
martensite transformation to a softer phase, and also
to the recrystallisation reaction.

Tensile Tests

Friction welding enables the joining of materials
giving a weld of high strength with many advantages
over the other welding processes. Table 2 presents the
results of tensile tests performed on welded samples
before and after heat treatment at 300 and 600°C.

Based on these results, the welded sample has the
highest tensile strength (892 MPa) and highest yield
strength (892 MPa) with a slight decrease of these val-
ues after heat treatment at 300°C. However, the heat
treatment at 600°C decreases the tensile strength to
808 MPa and also the yield strength to 734 MPa. This
decrease of the mechanical properties after heat treat-
ment at 600°C confirms the softening phenomenon.
As mentioned above, this softening phenomenon is
due to the recrystallisation reaction developed in the
welded joint at this high temperature and also to the
occurrence of new soft phases.

Residual Stress Distribution

Longitudinal and transverse residual stress distri-
butions in the rotary friction welded joint, before and
after heat treatment at 300 and 600°C, are shown in
Fig. 8. Concerning the weld joint before heat treat-
ment, we can deduce from Fig. 8a that the residual
stress distribution in the welded joint is opposed to the
hardness profile.

As presented in Fig. 8a, the lowest values of resid-
ual stresses are measured in the contact line. These
hard zones are subjected to a temperature gradient
imposed by the welding thermal cycle.

Compressive residual stresses in two directions
were observed in TMAZ and the base metal. The
results indicate that in the contact line the value of
stress is —360 MPa in the longitudinal direction, and
—160 MPa in the transverse direction. The maximum
compressive residual stresses are at 1 mm from the
contact line in 40-Cr—Ni (—515 MPa) in the longitu-
dinal direction (Fig. 8a). Moreover, the residual stress
profile across the welded joint displays an ‘M’ trend
with varied degrees of intensity, which is characteristic
of friction stir joints [ 13—16].

After tempering at 300°C, the axial stresses are lit-
tle changed. On the other hand, in the transverse
direction, the residual stresses in the TMAZ have been
relaxed and are close to zero (Fig. 8b). After tempering
at 600°C, the stresses are more or less relaxed in both
directions and in the different zones (in the centre of
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the welded and the TMAZ) (Fig. 8c). Igbal et al. [30]
found that the residual stresses in post-weld heat
treated friction welded nickel-based superalloys were
about 35% less than for the as-welded condition. This
result confirms the softening phenomenon in the
welded joint after heat treatment at 600°C.

CONCLUSIONS

Our investigation represents a contribution to the
study of the distribution of residual stresses in the
rotary friction welding of dissimilar metallic materials.
Two different medium carbon steels were welded by
the rotary friction welding process and submitted to
post-welding heat treatment at 300 and 600°C. The
characterisation of the welded joint before and after
heat treatment has revealed the following conclusions:

—The thermomechanical affected zone is divided
into two sub-zones in both sides of the welded joint.

—These two subzones have an effect on the hard-
ness profile across the welded joint.

—A softening phenomenon was developed in the
welded joint after heat treatment at high temperature
(600°C).

—The macrostructural and microstructural obser-
vations revealed that the heat treatment at 600°C for
60 seconds was sufficient to obtain a homogeneous
welded joint with the base metal.

—Stress distribution in the welded joint is charac-
terised by high compressive stresses in the thermome-
chanical affected zone due to the microstructural
changes present in the cross-section of the welds.
However, the heat treatments caused a relaxation phe-
nomenon in the weld region which is due to the recrys-
tallisation reaction caused by the heat treatment.
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