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WELDED JOINTS
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The possibility of using a special type of Friction Stir Welding (FSW) — Friction Hydro Pillar Processing
(FHPP) to manufacture a joining between dissimilar materials (high-carbon ductile iron FE55006 and
low-carbon steel SAE 8620) is studied. The macrostructure, microstructure, microhardness and residual
stresses of the welded joint are determined. The efficiency of using the FHPP technology for obtaining
high-quality joints from dissimilar iron-based alloys is demonstrated. It is established that such joints have a
high hardness due to the formation of a martensitic structure in the alloys during their processing by the FHPP

method.
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INTRODUCTION

Ductile cast irons (DCI) are characterized by presence of
nodular or spheroidal graphite inclusions, which make them
more ductile as compared to white cast irons. Ductile cast
irons are used in the automotive industry to make crank-
shafts, gearboxes, wheel hubs, disk brake calipers, engine
connecting rids, structural turbine parts etc. [1]. In accor-
dance with [2], a wind turbine employs from 15 to 25 tons
DCI due to the suitable mechanical properties. In some
cases, the combination of the ductility, impact toughness,
strength, and hot deformability makes the DCI comparable to
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steels at a lower cost and density [2 —4]. For this reason,
some authors have considered the possibility of joining cast
irons to other alloys.

Arc welding of cast irons is a challenge due to their high
carbon equivalent (C®?), which usually amounts to from 3.5
to 5.0% [5]. In this case, the structure of the DCI can acquire
brittle phases and transform into a white iron depending on
the temperature and the cooling rate under the welding [5]. In
addition, different alloys have different meting temperatures
and properties, which makes any welding process hard to
conduct. Some researchers [6] have studied the weldability
of vermicular cast iron using various electrodes. After such
welding, the structure in the heat-affected zone (HAZ) may
contain hard phases and cracks depending on the electrode
used. Difficulties with fusion welding of high-strength DCI
(o, =700 MPa) have been reported in [7]. Nondestructive in-
spection of these welded joints shows presence of porous re-
gions, undercuts and small cracks, and they are rejected. The
post-weld heat treatment provides in such joints a
G, =399 MPa. In [8], diffusion welding is applied to obtain a
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TABLE 1. Chemical Compositions of Materials Studied

Content of chemical elements, wt.%

Alloy
C Si Mn S Cr Ni Cu Mg Al Fe
DCI FE55006 >2.100 0.690 0.045 0.119 0.009 <0.005 <0.010 0.006 0.006 Base
Steel SAE 8620 0.175 0.221 0.805 0.010 0.455 0.400 0.214 <0.010 0.023 Base

welded joint of a DCI and a martensitic stainless steel. The
mechanical properties of the joint are optimized by raising
the temperature of the process to 1100°C.

With allowance for the problems arising in arc welding
of cast irons, it is expedient to study the possibility of friction
welding for these materials due to the solid-phase nature of
the process and reduced heat input. In addition, friction
welding can be used for forming welded joints of dissimilar
materials, which is hard or impossible in arc welding [9].
The friction welding process is based on the heat generated
by the friction, which creates a hot plasticized state, which
makes it possible to join and mix the alloys [10, 11]. Since
the process is conducted at a temperature below the melting
point, it is possible to provide lower changes in the micro-
structure and elevation of the mechanical properties. In [3],
friction welding has been used to obtain a joint between a
DCI and stainless steel AISI 321. The process was accompa-
nied by interdiffusion of the alloys, enrichment of the iron
with Cr and Ni, and migration of carbon from the DCI into
the stainless steel. These processes produced chromium car-
bides on grain boundaries [3]. The microstructure of a joint
of a DCI and carbon steel has been studied in [12]. The
microstructure of the interface had four different-nature re-
gions containing (i) inclusions of spheroidal graphite with
the same diameter as in the original iron, (i1) ferrite, pearlite
and refined graphite inclusions, (iii) only pearlite, and (iv)
pearlite and ferrite resembling those contained in the original
steel. The microstructure of a 12-mm plate from pure ductile
iron has been analyzed in [13] after friction stir processing.
The changes in the microstructure of the joint consisted
mainly in disintegration of the grains. In [14], rods with di-
ameter 20 mm from aluminum alloy AA1050 have been
welded to DCI by rotary friction welding, and the interface
was analyzed. The periphery of the rod acquired a high con-
tent of Fe Al, intermetallic, which reduced the o, .

The aim of the present work was to assess the possibility
of the use of friction hydro-pillar processing (FHPP), which
a variant of friction stir welding, for creating a joint between
dissimilar materials, i.e., high-carbon ductile cast iron FE55006
(KCh55-4) and low-carbon steel SAE 8620 (20KhGNM),
and to study the structure and the properties of the welded
joint obtained.

METHODS OF STUDY

We studied ductile cast iron FE55006 and steel SAE
8620 subjected to friction hydro-pillar processing (FHPP) in

an MPF 1000 facility (developed by LAMEF/UFRGS). The
chemical compositions of the alloys, i.c., of the consumable
rods (the cast iron) and the base material (the steel), deter-
mined with the help of an optical emission spectrometer are
presented in Table 1. It should be noted that the difference in
the carbon contents of the materials was considerable (the
DCI contained 12 times more carbon than the steel). The
sizes of the parts were taken from [15].

To make the samples for the macro- and microstructural
analysis, the weld was cut; the sections were prepared by the
standard metallographic procedures and etched with 10%
nital. The local mechanical properties were determined by
measuring the microhardness at a load of 300 g; the distance
between the indents was 0.2 mm. The macro- and micro-
structures of different parts of the joint were compared
with allowance for the corresponding values of the micro-
hardness.

The residual stresses in the FHPP joint were assessed by
drilling holes. The procedure was taken from the ASTM
E837 [16]. The residual stresses were calculated by the
method of Kockkelmann [17]. We made three measurements
in each region, i.e., in the base metal from steel SAE 8620, in
the pin (rod) from iron FE55006 and at their interface. Thus,
the residual stresses were determined over cross sections of
the joint at a distance of 0.08 — 0.80 mm from the weld. The
scheme of the determination of the residual stresses is pre-
sented in Fig. 1.

RESULTS AND DISCUSSION

The microstructures of the welded cast iron and steel in
the initial condition are presented in Fig. 2. The microstruc-
ture of the rod (FE550006) is represented by spheroidal gra-
phite inclusions of different sizes and pearlite islands in a fer-
rite matrix. The microstructure of the base metal (SAE 8620)
consists of proeutectiod ferrite and pearlite.

Figure 3 presents the results of the measurement of the
microhardness over cross section of the welded joint and the
macrostructure of joint. The location of the regions studied in
the welded joint is given in Fig. 3a; Fig. 3b — f give their
microstructure at a higher magnification. The darker areas of
the microstructure correspond to the DCI and the lighter ones
correspond to SAE 8620.

The microstructure in Fig. 3b contains acicular ferrite
(AF), ferrite (F) and bainite (B); its microhardness attains
about 257 HV. Figure 3¢ presents the microstructure contain-
ing B, AF, and Widmanstatten ferrite (W) with microhard-
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Fig. 1. Method of assessment of residual stresses: a) device for drilling holes; b ) scheme of location
of measured regions; / ) base metal (steel SAE 8620); 2) pin (cast iron FE55006); 3 ) interface.

Fig. 2. Microstructures of welded alloys in initial condition: @) steel SAE 8620; b) cast iron
FE55006.

ness about 300 HV. The microstructure of the interface
(Fig. 3d) consists primarily of martensite (M), W, and B. In
this zone, the thermomechanical impact has produced a thin
white layer with a hardness of about 700 HV, which may be
associated with the presence of martensite and its high hard-
ness. The intense plastic deformation gives rise to high fric-
tion and local superheating of the metal above Ar,,, (the criti-
cal value for the transformation in cooling). When the FHPP
is stopped, the high rate of cooling below M (the tempera-
ture of the start of martensitic transformation) causes forma-
tion of martensite. Figure 3e presents the microstructure con-
taining M, B, P (pearlite) and G (graphite) and having a
microhardness of 400 HV. Closer to the center of the pin
(Fig. 3f) the microstructure is represented by B, P, F, and G.
The results of the measurement of residual stresses in
different regions of the FHPP joint are presented in Fig. 4.
The figure gives maximum and minimum stresses in the base
material (steel SAE 8620), in the pin material (cast iron
FE55006) and at their interface. Near the surface (at distance
h=0.08 mm) the maximum residual stresses in SAE 8629
are close to 50 MPa, i.e., are low tensile stresses. At the in-
terface, the maximum residual stresses vary from —25 to
—48 MPa depending on the distance 4. In the pin material

(FES5006) the maximum residual stresses vary from 25 to
140 MPa, which is explainable by their correlation with the
microhardness of the metal [18].

The values of the minimum residual compressive
stresses at the interface attain —128 MPa. In the base metal
(SAE 8620) the minimum residual stresses remain virtually
invariable over the thickness (25 MPa). Moreover, the ma-
terial of the pin (FE55006) also acquires residual compres-
sive stresses of up to —70 MPa. Consequently, the assessment
of the residual stresses shows that the transition region of the
interface undergoes the highest residual compressive stresses
(up to —128 MPa), which agrees with the data of other
authors calculated by the finite-element method [19, 20].

CONCLUSIONS

We have performed experimental studies of the structure
and properties of a welded joint of high-carbon ductile cast
iron FE55006 and low-carbon steel SAE 8620 created by
friction hydro-pillar processing (FHPP). It has been shown
that it is possible in principle to use friction hydrostatic pro-
cessing for joining dissimilar materials. The welded joint ob-
tained is characterized by inhomogeneous microstructure,
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Fig. 3. General view and microhardness HV, s of FHPP welded joint of cast iron FE55006 and steel SAE9620 (a) and microstructure
(b—f) of its regions (their location is presented in Fig. 3a ): /) distance from the start of microhardness measurement (in the base
metal); AF) acicular ferrite; F) ferrite; B) bainite; W) Widmanstatten ferrite; M) martensite; P) pearlite.
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Fig. 4. Variation of tensile () and compressive (b ) residual stresses over the depth D of different regions in welded
joint of cast iron FE55006 and steel SAE 8620 formed by FHPP: /) base material SAE 8620; 2) pin material
FE55006; 3) interface.
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microhardness, and level of residual stresses in different re-
gions. A thin white layer with the highest microhardness
(about 700 HV') containing martensite produced by severe
plastic deformation is formed at the interface of the base
metal (the steel) and the pin (the ductile cast iron). This re-
gion also exhibits maximum residual compressive stresses
(up to —128 MPa).
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