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1. Introduction

This Friction welding is a solid state welding method. This type of welding in-
volves the union between a stationary and a rotating member, due to the friction
heat generated while undergoing high normal forces at the interface, below the
melting temperature, the welded joint is achieved [1] [2]. In the case of joining
circular bars, including pipes, the rotary friction welding (RFW) method is used.

This technology has a lot of advantages over other welding processes. These ad-

DOI: 10.4236/wjcmp.2020.104011 Nov. 18, 2020 178 World Journal of Condensed Matter Physics


https://www.scirp.org/journal/wjcmp
https://doi.org/10.4236/wjcmp.2020.104011
https://www.scirp.org/
https://doi.org/10.4236/wjcmp.2020.104011
http://creativecommons.org/licenses/by/4.0/

Z. Boumerzoug et al.

vantages are; no melting, high reproducibility, short production time, low energy
input, limited heat affected zone, avoidance of porosity formation, and no grain
growth and the use of non-shielding gasses during welding process [3] [4] [5].

During welding by RFW, rapid heating and cooling take place, which
produces severe thermal cycle near weld line. Along the axial direction, three
main zones can be observed from the line contact: Welding zone (WZ), thermal
mechanical affected zone (TMAZ) and heat affected zone (HAZ). 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 inhomogeneous zone, char-
acterized by a wide spectrum of formed structures and stresses [6].

Friction welding (FW) is an economical and environmental friendly solid
state joining process which is applied to join similar as well as dissimilar ferrous
and nonferrous materials [7]. Literature shows that RFW technique has been ef-
fectively applied to join dissimilar steels, such as carbon steel AISI 1020 and duc-
tile iron ASTM A536 [8], AISI 304 austenitic stainless steel and AISI D3 tool
steel [9]. In the most published works, the main objective was focused on
investigation of the effects of process parameters such as rotational speed and
friction time on the microstructure and mechanical properties of the friction
welded. For example, Zdemira et al [10] have investigated the influence of rota-
tional speed on the mechanical and structural properties of the plastically de-
formed zone at the interface of the weld during friction welding of two different
steels (AISI 304L to AISI 4340 alloy steel). It was found that the tensile strength
increases with increasing the rotational speed. Radostaw et al. [8] studied the ef-
fect of RFW parameters on tensile strength and microstructural properties of
dissimilar joints in carbon steel AISI 1020 and ductile iron ASTM A536. It was
found that as the friction force and the friction time increase, the tensile strength
also increases. Haribabu ef al [9] investigated the weldability in the different
combinations of AISI 304 austenitic stainless steel and AISI D3 tool steel using
the RFW welding technique. The results showed that the tensile strength of the
joints increases with the increase of the upsetting and friction force initially, and
decreases after reaching the maximum value of 388 MPa.

However, crystallographic aspect of the welded joint remains a research ques-
tion knowing that limited researches have been reported about the texture dis-
tribution in welded dissimilar joints by RFW [11] [12] but no investigation of
texture in welded dissimilar steels joined by RFW process. For example, Gaik-
wad et al. [11] studied the texture of friction welded carbon steel (EN24) and
nickel based superalloy (IN718). Electron Back Scattered Diffraction (EBSD)
analysis showed substantial changes in high angle grain boundaries, low angle
grain boundaries and twin boundaries in TMAZ and HAZ areas. Also significant
refinement in grain size was observed at TMAZ with reference to base metals.
Gan et al [12] investigated by neutron diffraction the texture gradient around
the weld line in RFW dissimilar metals of AA7020 Aluminium Alloy with 316L

steel. The texture analysis showed a weak rotated Cube near the bond line of
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AA7020-T6 side which indicated a plastic deformation of AA7020-T6 during
welding. However, two very weak Cube and Goss components have been identi-
fied in the 316 L steel pole figures.

In the present study, investigation of RFW of the two dissimilar steels 32-2Mn
and 40-Cr-Ni is important, because these two steels were used for the produc-
tion of geological exploration drill pipes [13]. In previous investigations [13]
[14], analysis was focused on the post-weld tempering effect on the mechanism
of fracture of welded joints of these medium alloy steels [13], and the residual
stress distribution [14]. Stress distribution in welded joint is characterized by
high compressive stresses in thermomechanical affected zone, due to the micro-
structural changes present in the cross-section of the welds. However, the post
heat treatments caused a relaxation phenomenon in weld region which is due to
the recovery and recrystallization reactions [14].

However, investigation of the texture in rotary friction welded joints from
these dissimilar materials has never been reported up-to-date. Furthermore,
study and controlling texture are necessary because it affects mechanical proper-
ties. The nature of the texture developed in a particular specimen depends on the
material and on the mechanical and thermal treatments [15].

In this context, the main objective of this research is to investigate the texture
in dissimilar steels welded joint made by rotary friction welding and also to un-
derstand the heat treatment effect on the crystallographic texture which has not

been studied before.

2. Experimental Procedure

2.1. Materials and Welding Process

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

Rotary friction welding was performed on pipe billets with a diameter of 63.5
mm and a wall thickness of 4.5 mm. Experimental samples were welded on a
Thompson-60 friction welding machine in several stages. A rotary tube with a
constant speed is pressed onto a stationary tube and the relative movement
creates heat by friction. When the temperature necessary for formation of
welded joint is reached at the interface, the two tubes start to deform plastically.
After a certain short time, the forging phase begins, where the motion is stopped
rapidly and the axial pressure is increased until the plastic deformation ceases.

In this investigation, the welding parameters were as follows: friction force 50

kN, forging force 130 kN, friction time 5.86 s, and rotation speed 800 rpm which

Table 1. The chemical composition of the welded materials.

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
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are chosen according to the previous works [13] [14]. As the melting tempera-
ture is not reached, this welding technique does not produce typical welding de-

fects known from fusion welding [16].

2.2. Microstructure and Texture Analysis

The purpose of the EBSD experiments was to determine the texture before and
after heat treatment at 600°C for 1 min of the welded joint. Specimens were
prepared for EBSD analysis in a standard manner (mechanical polishing with
SiC paper and electro polishing with the A2 Struers solution during 12 s in 40 V
flux 12). A Zeiss Sigma HD FEG-SEM operating at 20 kV coupled with the auto-
matic OIM™ (Orientation Imaging Microscopy) software from TSL-EDAX
Company was used for the sample cross section EBSD analyses. Figure 1 presents
the schematic illustration of the studied area. The pole figures were calculated, us-
ing the harmonic series expansion method (series rank L = 34), from the orienta-
tions measured by EBSD. Each orientation was modeled by a gaussian function
with a 5° half width. The EBSD maps are measured in the (A1, A2) plane.

3. Results and Discussion

Figure 2 shows EBSD map of welded of 32-2Mn steel to 40-Cr-Ni steel by REW
process, before (Figure 2(a)) and after post-weld heat treatment at 600°C
(Figure 2(b)). The welded joint obtained by RFW is a structurally inhomoge-
neous zone. From this general view, weldment can be divided broadly into two
zones, (1) Weld interface (WI) and/or thermo mechanically affected zone
(TMAZ) on both sides. However, the HAZ cannot be distinguished from the
BM. Based on the scale in Figure 2(a), the thickness of WI is less than 500 um.
The microstructure in this region consists of fine grains with. The TMAZ is
characterized by spiral lines. It has been reported that in RFW, the rotation and
the axial force govern the plastic material flow that results in shear as well as
compressive deformation. Therefore, the flow lines have a spiral shape [17].

As mentioned in our previous paper [14], the microstructure observations re-

vealed the intensive development of dynamic recrystallization processes in the

Figure 1. Schematic illustration of the EBSD studied area (A1-A2 plane in white) of sam-
ples with the coordinate system.
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(b)

Figure 2. EBSD maps (QI and A3-IPF) of welded of 32-2Mn steel to 40-Cr-Ni steel by
RFW process, (a) before and (b) after post-weld heat treatment at 600°C. The color code
is given on the standard triangle. (QI: The image quality parameter or IQ describes the
quality of an electron backscatter diffraction pattern).

TMAZ of the both sides of the welded joint. This dynamic recrystallization reac-
tion is due to heating and deformation during friction process. The color of in-
dividual grains in EBSD maps describes the {hkl} crystallographic plane parallel
to the observation plane (Figure 2(a) and Figure 2(b)). These EBSD maps give a
general idea about the grain morphology and orientation along the welded joint.
From the EBSD maps of Figure 2, the microstructure of the center of the welded
joint is characterized by coarse grains and the other zones (HAZ, BM) are com-
posed of finer equiaxed-grains. The colored inverse pole figure (IPF) map of the
welded joint is also presented in Figure 2. The color of each grain indicates its
crystallographic direction parallel to A3 (red for {001}, blue for {111}, and green
for {101}), as shown in the stereographic triangle.

For clarity, seven distinct sub-zones were considered in all welded joint
(sub-zones a, b, ¢, d, e, f, and g) (Figure 3). The sub-zones (a) and (g) corres-
pond to the two base metals which are not affected by the RFW process. The
sub-zone (d) is the common zone (WI) of the dissimilar steels, and it is a mix-
ture zone as shown in EDS profile of the welded joint (Figure 4), the chemical
profiles of the two selected elements (Cr and Mn) change along this sub-zone
WI. The sub-zones (c) and (e) are the adjacent zones to the mixture zone (d).
From the EBSD maps, these sub-zones are different from the base metals and
mixture zone. Besides, the (b) and (f) sub-zones are characterized by spiral lines.

Figure 5 presents the grain size distribution along welded joint before and af-
ter heat treatment at 600°C. Grain size increases in the two sub-zones (c) and (e)
and in the weld (sub-zone d). This is probably due to a dynamic recrystallization
effect during welding. As observed in other materials welded by RFW, such as
molybdenum [16]. It is well established in the literature that dynamic recrystal-
lization occurs during FW [11] [18] [19]. In addition, there is a slight difference
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Figure 3. EBSD map of different sub-zones welded of 32-2Mn steel to 40-Cr-Ni steel by
RFW process.

1.5 —\‘W% , W LC\/Irn
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Figure 4. EDS profile along the common zone (WI) of the welded joint 32-2Mn steel/
40-Cr-Ni steel by REW process.
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Figure 5. Grain size distribution along welded joint before and after heat treatment at
600°C.
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between the welded dissimilar steels before and after heat treatment at 600°C,
because the remaining time at 600°C is very short (60 s). From mechanical as-
pect, this result is important, because this treatment did not cause any grain
growth but it reduced the residual stresses as mentioned in our previous pub-
lished work [14]. The stresses are less relaxed in the different zones (in the center
of the welded and the TMAZ).

Besides, the fraction of high angle grain boundaries (HAGB) (>15°) decreases
in the two sub-zones (c) and (e) and in the weld (sub-zone d) (Figure 6) down
to 75%. It is to be linked with the texture that shows up more grains in the same
orientation (Figure 3) and therefore the misorientation between these grains is
low. In comparison, with a random texture distribution of MacKenzie, the
HAGB percentage is approximately 98%. More, Stiitz et al. [16], found that due
to the higher strain rates achieved in the contact zone, the production of disloca-
tions was higher than in all other zones. Consequently, the magnitude of dy-
namic recrystallization was also higher and the formation of low angle grain
boundaries was enhanced. For this reason, the percentage of HAGB in the con-
tact zone (the center of the weld) is lower than in other zones of the welded
joint.

In the welded zone, the grain size and percentage of HAGB are similar before
and after heat treatment. On the contrary, the percentage of HAGB in base metal
was observed to be 88% before heat treatment and 96% after heat treatment.

Figure 7 presents the pole figures of welded joint before heat treatment. It is
necessary to mention that the maximum intensity of the pole figures was meas-
ured in the two sub-zones (c) and (e) and in the weld (sub-zone d) which con-
firms the crystallographic difference between the center of the welded joint and
the other zones. The development of different texture in the welded joint is due
to the microstructural heterogeneity of the welded joint. This heterogeneity can
be explained by the welding of dissimilar steels and also by the formation of dif-
ferent sub-zones from the contact zone which is highly recrystallized to the base

metal.

100
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HAGB (%)
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—o— Welding
—e—Welding +600 °C
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-6000  -4000  -2000 0 2000 4000 6000
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Figure 6. Fraction of HAGB distribution along welded joint before and after heat treat-
ment at 600°C.
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Figure 7. {001}, {011} and {111} pole figures in different sub-zones ((a)-(g)) of the dissi-

milar welded joint.
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The pole figures are rotated with respect to both Al and A3 axes. The rotation
with respect to Al is constant for all sub-zones which suggests that this rotation
is linked to an experimental problem. The rotation relative to A3 increases from
the base metal (about 0° or a few degrees) to the center of the welded joint
(about 10°). This rotation is related to the production of spiral lines observed in
Figure 4 which indicates the plastic material flow during REW process [17].

Calculation of the ODF (Figure 8) has needed rotations relative to Al and A3
in order to force texture symmetry and consequently to be able to identify the
three main texture components. The texture is essentially composed of the
components: Goss {110} <001>, Rotated Cube {100} <110> and Rotated Goss
{110} <110>. We consider that the first component (Rotated Cube {100} <110>)
is related to the plastic deformation during RFW, because it has been reported
that the rotated Cube orientation is important for the development of shear tex-
ture components [20]. It has been reported that Rotated cube is stable orienta-

tion after cold rolling [21].

Constant Angle: 92
01 (0.0° - 360.0°)

@ (0.0° - 90.0°)

B
®

Figure 8. ODF in the welded joint of dissimilar steels (after rotation).
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It has been indicted that during subsequent plastic deformation, the crystals
rotate toward certain stable orientations. However, Goss {110} <001> and Ro-
tated Goss {110} <110> components are the components of recrystallization. In
bcc metals or alloys, the recrystallization textures are largely similar, although
the relative prominence of the various texture components may differ to some
extent, because of material or processing variations [15]. Our results are in
agreement with the finding of Rahimi et a/ [22]. They found shear deformation
with textures ferritic steel side of the two investigated in friction stir welded
microalloyed steel. For these reasons cited above, two types of textures were de-
veloped in welded joint by FRW; shear (Rotated Cube {100} <110>) and recrys-
tallization textures (Goss {110} <001> and Rotated Goss {110} <110>).

The relative strength of the crystallographic texture was quantified as texture
index, a scalar parameter indicating relative anisotropy Engler [23], with a high-
er value of it signifying strong texture and lower value signifying a random tex-
ture.

Figure 9 presents the texture index along the welded joint of dissimilar steels
before and after heat treatment at 600°C (after rotation).The main point is that
texture index is higher in the central zone of the welded joint than in the base
materials. It is known that the texture gets strengthened when recrystallization
occurs. Besides, there is not a significant difference in terms of texture index be-
fore and after the heat treatment (Figure 10).

Figure 10 presents the texture component fractions in the welded joint of dis-
similar steels before after heat treatment at 600°C (after symmetry correction)
with dispersion of 15° on the Euler angles. As it is presented in Figure 10, there
is an increase in the fraction of the components in the two sub-zones (c) and (e)
and in the weld (sub-zone d). The Goss fraction is greater than that of the Ro-
tated Cube which is itself greater than that of the Rotated Goss {110} <110>
component, while they have similar fractions in the base materials.

14
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Figure 9. Texture index in the welded joint of dissimilar steels before after heat treatment
at 600°C (after rotation).
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Figure 10. Texture component fraction in the welded joint of dissimilar steels: (a) before
and (b) after heat treatment at 600°C (after rotation).

4. Conclusions

Following conclusions can be drawn from the present work of dissimilar me-

dium carbon steels welded by rotary friction technique.

The welded joint obtained by RFW is not homogeneous from the micro-
structural aspect.

EBSD results revealed that seventh subzones in welded joint and the central
zone are different to other zones in terms of texture. The texture in the weld
is essentially composed of three components: Goss {110} <001>, Rotated
Cube {100} <110>, and Rotated Goss {110} <110> orientation. Rotated Cube
{100} <110> is a shear texture; however, Goss {110} <001> and Rotated Goss
{110} <110> are recrystallization textures.

There is not a significant difference between before and after heat treatment
at 600°C in terms of microstructure, texture intensity and texture compo-

nents whatever the welded zone is studied.
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