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Dual phase (DP) steels have been widely used in the automotive industry due to the excellent engineering properties such as
high strength and good formability. However, attempts have recently been ongoing to improve their mechanical and formability
properties in order to achieve further weight savings. Mechanical and microstructural properties of DP steel can be improved by
severe plastic deformation (SPD) techniques without changing their chemical compositions. Among SPD methods, friction stir
processing (FSP) is a new method used to enhance the properties of plate and/or sheet types of metals. Therefore, the effect of
multi-pass FSP (M-FSP) on the microstructure and mechanical performance of a DP steel (i.e., DP600) was investigated in the
current study. M-FSP was applied to dual phase steel at the 4mm steps. FSP resulted in a refined microstructure which brought
about a considerable increase in both hardness and strength values. After FSP, islands of martensite as the secondary phase in
the microstructure have been broken and disturbed by the rotational pin. The processed region consists of ferrite, bainite and
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martensite. The hardness value increased from 210 HV0.2 to about 360 HV0.2 after M-FSP. 36 Ref., 1 Tabl., 4 Fig.
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Introduction

Dual Phase (DP) steels are widely used in the
automotive industry due to their excellent mechanical
properties such as high strength and good formability
[1-3]. However, numerous studies have recently been
conducted to improve the strength and ductility of
these steels which in turn further reduce the weight
and ensure safety [4-6]. The mechanical properties
of DP steels can be improved by severe plastic
deformation (SPD) techniques without changing their
chemical compositions [7,8]. Friction stir processing
(FSP) is a novel SPD method which can be used for
the improvement of properties. It can even be said
that friction stir process is the most ideal method
among the SPD methods when considering the
processing of large scale plate or sheet type materials
[9].

FSP is based on the basic principles of friction stir
welding (FSW) [10], which is originally developed
for joining difficult-to-weld Al-alloys [11-14].
FSP is a method of improvement of the properties
of a material by way of severe, localized plastic
deformation which is produced by immersing a non-
consumable tool into the work piece, and rotating
and traveling the tool in a stirring motion [15]. Many
review papers on this process have been published
until now, and thus detailed information on its
principles can be obtained in Refs. [16-19]. As the
FSP deforms a limited region, the multi-pass FSP,
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which is applied sequentially, leads to deformation
of larger regions and allows material properties to
be improved in large-scale dimensions. Up to now,
multi-pass FSP has been applied to mostly aluminum
alloys [20-25] and few magnesium alloys [26-28] and
pure titanium [29]. Generally, it was reported that
multi-pass FSP improves mechanical properties of
cast Al alloys containing Si and achieves significant
microstructural refinement [25,30-32]. Aktarer et al.
[33] reported that two-pass FSP of A112Si alloy leads
to fragmentation of needle-shaped silicon plates from
27423 um to about 2.6+£2.4 um, thus both strength
and ductility are remarkably increased, i.e., about
1,3 and 7 times than that of base metal, respectively.
Similarly, Lua et al. showed that multi-pass FSP
significantly improved both strength and ductility of
cast magnesium alloys such as AZ61 due to grain
refinement and the elimination of cast defects [26].
Also, corrosion behavior of multi-pass friction stir
processed (FSP) pure titanium was investigated by
Fattah-Alhosseini et al. [29]. They found that grain
refinement in the multi-pass FSPed sample led to
a reduction in both corrosion and passive current
densities.

Although there are many reports on multi-pass
FSP (M-FSP) of non-ferrous alloys and single-pass
FSP of steels [33,34], only limited amount of studies
have been undertaken systematically on the (M-FSP)
of steels. Furthermore, more studies are needed for
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getting further improvement in mechanical properties
of multi-pass friction stir process of dual phase
steel. Therefore, the main purpose of this study is
to determine the effect of multi-pass FSP on the
microstructural evolution, microhardness and tensile
properties of a dual phase steel (i.e., DP600).

Experimental Procedure

Hot rolled DP600 steel with a chemical
composition of 0.040% C, 1.436% Mn, 0.239% Si,
0.047% Al, 0.035% Cu, 0.690% Cr, 0.039% Ni,
0.011% Mo and balance Fe was used in this study.
Samples with the dimensions of 200 mm x50 mm
x 1.5 mm were cut from the steel plate for multi-
pass friction stir processing (M-FSP). M-FSP
was performed with a processing tool having a
flat shoulder with the diameter of 14 mm and a
cylindrical pin with the diameter and length of
5 mm and 1.3 mm, respectively. In FSP trials, a tool
rotational rate of 1600 rpm and a traverse speed of
170 mm/min were used. The shoulder tilt angle was
set at 2°, and the tool downforce was kept constant
at 6 kN during process. The subsequent M-FSP was
shifted toward the advancing side with stepping
of 4mm, thus a total of 3 overlapping passes were
carried out on the DP600 steel sheet. Schematic
illustration of M-FSP process is shown in Fig. 1.

Optical microscopy (OM) and scanning
electron microscopy (SEM) were used to observe
the microstructure of the samples before and after
M-FSP. The metallography specimens were extracted
perpendicular to the processing direction (Fig. 1),
polished with standard techniques and then etched
in %2 Nital (3ml. HNO; + 97 ml. C,H,O) for 20 s.
Mechanical properties of the base and M-FSPed
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samples were determined using tensile test and hardness
measurements. Dog-bone shaped tensile test specimens
with the gauge dimensions of 1.4 mm x 3 mm % 8§ mm
were extracted from the base material and M-FSPed
plates by electro discharging machining (EDM)
technique. These specimens were cut parallel to the
process direction at three different positions inside
the FSPed region as shown in Fig. 1. The positions
of the tensile test specimens are representative
of the center of each pass FSP region shifted to
4 mm steps. The tests were performed using an
electro-mechanical load frame with a video type
extensometer at a strain rate of 5-107* s~!. Vickers
micro-hardness tests were carried out using a
load of 200 g and a dwell time of 10 s. Vickers
microhardness measurements were conducted
throughout the cross section of the processed
specimen with an interval of 250 pm as illustrated in
Fig. 1.

Results and Discussion

3.1. Microstructure

Optical micrographs showing the microstructures
of DP600 steel base plates are given in Fig. 2.
The initial microstructure of DP600 steel sheet
is consisted of elongated ferrite grains in rolling
direction and dispersed martensite throughout ferrite
grain boundaries. Average ferrite grain size was 6 pm
and the volume fraction of martensite was determined
to be approximately 24%. Martensite islands appear
dark in optical micrograph (Fig. 2(a)) and they seem
bright in SEM image (Fig. 2(b)).

An optical macrograph of M-FSPed region
is given Fig. 3(a), and the traces of the side-by-
side pass are clearly visible. Final pass processed
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Fig. 1. Schematic illustration of M-FSP technique which shows the specimens’ geometries extracted from the FSPed sheet and the

position from which they were extracted
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microstructure is shown in Fig. 3(b), which is almost
entirely lath martensite. This zone is seen as a darker
region in macrograph. The region exhibits a similar
characteristic to single-pass FSP microstructures.
Since the process does not continue then there is no
heat or deformation to affect this region. However, it
is a fact that the heat and deformation of the 2nd pass
process affects the 3rd processed zone and it can be
separated into single pass FSP. The lath martensite
formed in the microstructure shows that this region
is completely austenite during the process. Therefore,
it can be said that the process temperature is above
the A3 temperature line. Miles et al. [35] is reported
that lath martensite is observed in SZ of friction

L7\
Fig. 3. Optical macrograph of the cross-section of M-FSPed specimen (a), the SZ center of 3rd pass (b), the SZ center of 2nd pass (c),
the SZ center of 1st pass (d), heat affected zone (HAZ) of 1st pass at the retracting side (e)

stir welded DP590 steel. The microstructure in the
SZ of the second pass process is shown Fig. 3(c),
which also corresponds to the heat affected zone of
the third process. Therefore, while microstructure
of this region is fully lath martensite after the 2nd
pass process, it is transformed to acicular products
by heat generated by the 3rd pass process. This
microstructure consists of lath martensite and
dispersed acicular and globular cementite through the
ferrite matrix as seen Fig. 3(c). The SZ of st pass
process is actually the heat affected zone of 2nd pass
process and its microstructure is given Fig. 3(d). A
predominantly bainitic structure is observed in this
region, and the formation of various types of acicular
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Fig. 4. Optical microstructure of cross section of the M-FSPed sample extracted perpendicular to the process direction (a); a contour
map showing the hardness distribution across the M-FSPed region (b)

products depends on the peak temperature, the
cooling rate and the rate of deformation during the
process. Kang et al. [36] reported that microstructures
of bainite and martensite may form at different
cooling rates in FSPed low-alloy high-strength steel.
Their results clearly showed that the microstructure
comprises of completely bainite at a cooling rate of
30 °C/s and dominantly martensite at a cooling rate
of 70 °C/s.

The microstructure of HAZ of 1st pass process
at the retracting side is tempered martensite which
consists of very small and uniformly dispersed
cementite [37]. Fig. 3(c) shows tempered martensite
partially decomposing into cementite and ferrite from
martensite islands in the HAZ.

3.2. Microhardness and Tensile Prosperities

The microhardness profile showing the hardness
distribution across the M-FSPed region is given in
Fig. 4. The DP 600 steel base plate has a hardness
of 210 HV. The highest hardness in the processed
zone is approximately 550 HV, which is measured
around the pin. The average hardness value of the
stir zone corresponding to the rotating pin diameter
is seen as the green region in the hardness map of
360 HV. This region corresponds to the volume of
the rotating pin diameter and is also an important
indication of material flow during FSP. This
region has a lath martensitic microstructure with a
homogeneous distribution. The stir zone of 1st pass
process is affected by the heat generated by the next
pass process, and the hardness drop in this zone is
clearly observed with a light blue color. A similar
characteristic feature is observed in the second pass
process and each process is affected by the heat of
the next pass process, and the hardness at the end
decreases down to 250-300 HV. The microstructure
of this transition region is a predominantly bainitic
structure consisting of cementite and ferrite. The
HAZ microstructure of retreating side is tempered
martensite and this microstructure has 200 HV
hardness in a very narrow region of about 250um.
Since the hardness profile represents the dark blue
200-250 HV micro hardness range in the color
mapping, the hardness decrease in the tempered
martensite is not clearly visible.

The tensile test results of DP 600 steel before
and after M-FSP are summarized in Table 1. DP 600
steel base plate sample displayed a high elongation
with a large strain hardening region which is a
typical characteristic of dual phase steels. The yield
strength and ultimate tensile strength of base plate
were 412 MPa and 615 MPa, respectively. On the
other hand, the SZs of 1st pass, 2nd pass and 3rd pass
processed samples exhibited yield strength values
of 321 MPa, 349 MPa and 657 MPa, respectively,
and the ultimate tensile strength values of 560 MPa,
555MPa and 830MPa, respectively. The low strength
values exhibited by the SZs of 1st pass and 2nd pass
FSPed samples compared to that of the base plate
may be attributed to the fact that the microstructures
of these samples transformed from initial martensite-
ferrite structure to a predominantly bainitic structure.
As seen from Table 1, no significant decrease in
elongation was observed after M-FSP and all the
specimens exhibited similar elongation values to that
of the base plate.

Table 1. Main Strength and Ductility Values of each stir
zone after M-FSP

Samples Yield Strength | Ultimate Tensile Elon-
(MPa) Strength gation
(MPa) (%)
DP 600 412 655 28
SZ of 1.Pass 321 560 30
SZ of 2.Pass 349 555 31
SZ of 3.Pass 657 830 25
Conclusions

Multi-pass friction stir process (M-FSP) technique
was applied to DP 600 steel and their microstructural
and mechanical properties of the M-FSPed plates
have been investigated. The results of this study can
be summarized as follows:

e The microstructure of the M-FSPed
DP600 steel consists of lath martensite, bainite and
recrystallized ferrite.

* It was observed that the next pass friction
stir process affects the stir zone of the previous pass
friction stir processed specimen. The heat generated
by the next pass FSP leads to the transformation of
lath martensite (formed after the previous pass FSP)
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to cementite and ferrite, thus results in a reduction in
hardness.

* The hardness in the processed region

increased to an average of 360 HV from 210 HV
(hardness of base plate).

*  The tensile strength values in the SZ of the

first pass process and the second pass process were
observed to be 560 and 555 MPa, respectively, both
of which were lower than that of base plate (i.e.,
655 MPa). This may be attributed to the tempering
effect experienced in this regions. On the other hand,
the tensile strength of the third process stir zone
increased to 830 MPa which is due to the existence of
martensitic structure in this sample.
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BIUIUB BATATOITPOXIJIHOI OBPOBKU TEPTSIM 3 HEPEMIIITYBAHHAM
HA MIKPOCTPYKTYPY TA MEXAHIYUHI BJIACTUBOCTI IBO®A3HOI CTAJII
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JBodasni (DP) crani mmpoko BUKOPUCTOBYIOTHCSI B aBTOMOOUIBHIHM MTPOMHUCIIOBOCTI 3aBASKH TaPHUM TEXHOJIOTIYHUM BIIACTH-
BOCTSIM, TAKUM SK BUCOKA MILIHICTh Ta (popmyeMicTh. [IpoTe ocTaHHIM YacOM Hamaraiucs MOKPAIIUTH BIACTHBOCTI MEXaHIYHOL
Ta GOpPMYBaJIBHOI 3MaTHOCTI, 00 JOCATTH MONAIBIIOT €KOHOMIT Bard. MexaHi4Hi Ta MIKPOCTPYKTYpHI BIacTHBOCTI ctami DP
MOXYTh OyTH MOKpAIIEHi 3a TOMOMOTO0 METOIB macTu4Hoi gedopmarii (SPD) 6e3 3minu ix xiMivHHX Kommo3uuiid. Cepen
metoziB SPD, 06pobka Teptsim 3 mepemimryBanusaM (FSP) — 1ie HoBHiA MeTO, 110 BUKOPUCTOBYETHCS IS MMiABUIICHHS BIACTH-
BOCTEH u1acTrH Ta / a00 THIIB JIUCTIB MeTaliB. Tomy nocmimkeHo edekt 6araronpoxigaoro FSP (M-FSP) na mikpocTpykTypy
Ta MexaHi4Hi Xxapakrepuctuku ctam DP (to6to DP600). M-FSP 3actocoByeThes ais aABo¢daszHoi ctaii Ha Kpok 4 mm. FSP
MIPHU3BENO 10 NOAPIOHEHHS MIKPOCTPYKTYPH, Ta 3HAYHOMY 30UIBIICHHIO SIK TBEPAOCTI, Tak 1 minHOCTI. [licnsa FSP minsanku
MapTEHCHUTY SK BTOPHHHOI (pa3u B MIKpOCTPYKTYpi Oyiu mopymeHi ooepranbHuM mrudgroM. OOpodieHa IiIsgHKa CKIaJaeThCs
3 (eputy, OeHHITY Ta MapTEHCHTY. 3HAYEHHS TBEPAOCTI 30inbumnocs 3 210 HV, , 1o mpubmmsuo 360 HV, , micns M-FSP.
Bibmiorp. 36, Tabn. 1, puc. 4.

Knwuoei cnoea. obpobra mepmsm, 0860(hasna cmaib, MOHKOIEPHUCIA MIKPOCMPYKIMYPA, MEXAHIYHT 61ACMUBOCMI

BJIMSHUE MHOT'OITPOXOHOM OBPABOTKH TPEHWEM C IEPEMEIITMBAHUEM
HA MUKPOCTPYKTYPY U MEXAHUYECKHUE CBOUCTBA JIBY X®A3HOU CTAJIN
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Cranu ¢ 1Byx¢as3Hoi cTpykrypoii (DP) mmpoko HCHons3yoTcs B aBTOMOOMIEHOM MPOMBIIIICHHOCTH 01arogapsi OTIINYHBIM
TEXHOJIOTHYECKUM CBOMCTBAaM, TAKMM KaK BBICOKAsi MPOYHOCTH M Xopomiast popmyeMocTs. OHAKO B ITOCIIEHES BPEMs IIPe-
MIPUHUMAIOTCS TIOTIBITKY YIy4IIUTh UX MEXaHUUECKHE CBOWCTBA M CIIOCOOHOCTH K pOpMOOOPa30BaHHIO, YTOOBI JOOUTHCS J10-
TIOJTHUTENILHOW SKOHOMUH Beca. MexaHH4eCKHe M MUKPOCTPYKTYpHBIE CBOWCTBA cTaial DP MOryT OBITh yiTydIlIeHbl METOaMHU
actTraeckoit neopmanmu (SPD) 6e3 n3MeHeHust 1X XUMU4IecKoro cocrana. Cpey MeTooB 00paboTKy MeTo/| (PPUKIIHOHHOTO
nedopmupoBanus (FSP) siBisieTcss HOBBIM METOJIOM, UCIIOIB3YEMBIM JUIsl YIIYUIICHUS] CBOWCTB JTMCTOBBIX WM JPYTHX BUIOB
COpTaMeHTa MeTaIoB. B pabore usyueno siausiaue MuoronpoxonHoro FSP (M-FSP) Ha MEKpOCTPYKTYpy ¥ MEXaHUUECKHE Xa-
pakrepuctuku cranu DP (DP600). Bimsinue M-FSP n3yueno npuMenuTensHoO K 1Byx¢asHoit cranu ¢ marom 4 mm. FSP npusena
K N3MEJBYCHUI0 MUKPOCTPYKTYPHI M K 3HAYUTEIFHOMY YBEINYCHHIO KaK TBEPJOCTH, TaK U 3Ha4eHHi npoynocty. [Tocie FSP
YYacTKH MapTEHCHTA KaK BTOPUYHOH (ha3bl B MUKPOCTPYKTYpe OBLIH pa3pylIeHb! BpamareabHbM mTHdToM. O6padoranHas
061acTb COCTOUT U3 (eppuTa, GeliHuTa U MapTEHCHTA. 3HAYCHHE TBEPAOCTH yBenuuuiocs ¢ 210 HV, , no npubausurensto
360 HVO’2 nocne M-FSP. bubnuorp. 36, Tabun. 1, puc. 4.

Knioueeswie cnoesa: obpabomra mpenuem, 08yxghasnas cmanb, MeIKO3ePHUCASL MUKPOCPYKMYPA, Mexanuyeckue ceoticmed
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65 nem yenbHoceapHomy mocmy um. E. O. NlamoHa 4yepe3 [Henp

4 Hos6ps 1953 I. OTKPBLITO ABWXEHUE MO LierlbHOCBAapHOMY MOCTY B Kue-
BE AnvHon 1543 M. He oxunaasi MorHOro OKOHYaHUs! MOCTPOMKA OMbITHBIX
CBapHbIX MOCTOB, ObINO peLLeHO NPUCTYMUTL K M3FOTOBMEHUIO U MOHTaXY
MPOMETHBLIX CTPOEHNI KPYMHENLLETO LIENbHOCBAPHOIro MocTa Yepes JHenp.
BenyLuasa porib B MPOEKTUPOBaHWUK, U3FOTOBIIEHNW U MOHTaXe MPONETHBIX
CTPOeHU NpuHagnexana MHctutyTy anektpocsapku 1 nndHo E. O. Ma-
TOHy. [NpoeKT MocTa pa3paboTaH MHCTUTYTOM «YKPNPOEKTCTanbKOHCTPYK-
umay. MocT nmeet 24 nporieTta, U3 HUX YETbIPE CYOOXOOHbIX C BbICOTON
87 m. OcHoBHoM 06beM paboT Mo ceapke rMaBHbIX 6arok 6bin BbIMOMHEH
paspabotaHHbivM B MOC aBTomMaramu v rnoryasTomaramu, KOTOpbIMM
6bino ceapeHo 97 % BCex LUBOB.
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