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Friction welding is a solid state joining process used extensively currently
owing to its advantages such as low heat input, high production efficiency,
ease of manufacture, and environment friendliness. Materials difficult to be
welded by fusion welding processes can be successfully welded by friction
welding. In the fusion welding methods for joining different materials, brit-
tle intermetallic compounds phases are produced in the fusion zone, which
reduces the strength of the welding joint. In this study, the effects of rota-
tion speed and friction time for joining of AISI 4340—-2205 steels welded by
friction are investigated. Specimens of AISI 4340 tempered steel and AISI
2205 duplex stainless steel, each of 12 mm diameters, are used to fabricate
the joints. The friction welding tests are carried out using a direct-drive type
friction-welding machine, which was designed and manufactured for this
purpose by us. After friction welding, in order to determine the occurred mi-
crostructural changes, the interface regions of the welded specimens are ex-
amined by means of OM, SEM, EDS and X-Ray analysis. Microhardness and
tensile tests are conducted to determine the mechanical properties of the
welded specimens. The experimental results indicate that AISI 4340 tem-
pered steel could be joined to AISI 2205 duplex stainless steel using the fric-
tion welding technique and for achieving a weld with sufficient strength.
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Tensile strength values also confirm this result, and, at the interface, inter-
metallic phases do not occurred. The maximum tensile strength of
635.66 MPa could be obtained for the joints welded under the welding condi-
tions of rotation speed of 2200 rpm, friction pressure of 40 MPa, forging
pressure of 80 MPa, friction time of 6 s, and forging time of 3 s.

3BapOBAaHHA TEPTAM SIBJISIE COOOIO IPOIEC TBEPAOTIIBHOIO 3’ € JHAHHSA, AKUI B
TelepimHili yac iHTeHCUBHO BUKOPUCTOBYETHCA 3aBIAKU TaKUM IOro IIepeBa-
ram, K HM3bKa IIiABiJHA TeIJIOTa, BUCOKA NPOAYKTUBHICTh, IIPOCTOTA pPeaJi-
3aIrii Ta APY:KHICTD M0 MOBKinasa. Marepianu, AKi BaKKO 3’ € JHYIOTHCA 3BapIO-
BaHHAM TOILIEHHAM, MOXKYTh OYTH YCIIIITHO 3BapeHi 3BapIOBaHHAM TEPTAM.
MeTonu 3BapOBaHHA TOILIEHHAM IIPU 3’ €IHAHHI PisHUX MaTepiAsiB xapakTe-
PHUBYIOTHCA YTBOPEHHSAM B 30HiI CTOILIEHHA (a3 KPUXKUX iHTepMeTaJeBUX
3’emHaHb, AKi 3HMIKYIOTH MillHiCTH 3BapHOro 3’e¢qHaHHA. B maniii pobori goc-
JiIKYEThCA BILINB MIBUAKOCTY OOEPTAHHS Ta YaCy TEPTS Ha 3’ €THAHHA TEPTAM
craieii AISI 4340—-2205. 3pasku 3 Binraprosanoi craui AISI 4340 i gBogasuoi
HeipsxaBiiiHoI cTasmi AISI 2205, ko:xkHMH giamerpom y 12 MM, BUKOPUCTOBYBA-
JIMCA JJIs BUTOTOBJIEHHA 3’ €AHaHb. BUIIpoOyBaHHA 3BapIOBAHHS TEPTAM BUKO-
HyBaJIinCcA 3 BUKOPUCTAHHAM MAIIIUHU JJIsI 3BAPIOBAHHA TEPTAM 0€3peyKTOD-
HOTO THUITY, IKY OYJI0 CKOHCTPYIOBAaHO Ta BUTOTOBJIEHO HAMU AJIA 1boro. Ilicia
3BapIOBAHHS TEPTAM [JIA BU3HAUYEHHSA MiKPOCTPYKTYPHUX 3MiH B 00JacTi po3s-
Iinbuol Meski 3BapeHUX 3pasKiB BUKOPHCTOBYBAJIHNCS MeTOLUW OITHUYHOL Ta
CKaHYBAJILHOI €JIEKTPOHHOI MiKPOCKOIIil, a TAKOXK eHeproAucIiepciiina peHT-
T'eHiBCbKAa CIEKTPOCKOIIiA Ta peHTIeHoau(paKIifinuil ananis. [aa BusHaueH-
HA MeXaHIUHUX BJIACTUBOCTEH 3BapeHUX 3Pa3KiB BUKOHYBAINCA SOCIiAKEeHHA
MiKpOTBEpPAOCTH Ta BUIPOOYBAHHS Ha PO3PUB. Pe3ysbTaTH eKCIIePUMEHTiB
TMOKAas3yIoTh, 110 BigraproBana cranb AISI 4340 moske 3’emHyBaTucA 3 1Bo(as-
HOIO Heip:kasifinoio crayaio AISI 2205 MmeTo1010 3BapIOBaHHS TEPTAM 3 OJEp-
SKQHHAM 3BapHOrO IIIBa JOCTATHHOI MiltHOCTH. 3HAUEHHSA MiITHOCTU Ha PO3PUB
TaKOMK IMiATBepAUIU I1eli pesyabTarT i Te, II10 B 00J1aCTi KOHTAKTy He BUHUKA-
I0Th iHTepMeTasyieBi dpasu. MakcuMaJIbHOI MilTHOCTH Ha po3puB y 635,66 MIla
0yJI0O JOCATHYTO AJA 3’€JHAHDb, AKUX 0YJIO OeP:KaHOo 3a HACTYITHUX YMOB 3Ba-
proBaHHA: MBUAKicTh obepranasa — 2200 06/xB., Tuck Tepta — 40 MIIa, Tuck
npecyBauua — 80 MIla, uac reptss — 6 ¢, a yac mpecyBanua — 3 C.

CBapka TpeHmeM SBJIAETCA IPOI[ECCOM TBEPAOTEIHLHOTO COETUHEHU A, KOTOPHIH
B HacToslllee BpeMs HMHTEHCUBHO HMCIOJb3yeTcs OJiarogapsi TaKWM ero Ipe-
UMYIIleCTBaM, KaK HU3Kad MOJBOAWMAS TEIJIOTA, BHICOKAA ITPOM3BOILUTE]Ib-
HOCTb, IIPOCTOTA PeaTu3aIuu U JPYKEeCTBEHHOCTH 10 OTHOIIIEHUIO K OKPY:Ka-
forrei cpeae. MaTtepuaJsibl, KOTOPEIE TPYAHO COeTUHSIOTCS CBAPKOI MJIABJIEHU-
eM, MOT'YT OBITH YCIIEIITHO CBapeHLI CBAPKOM TpeHueM. MeToabl cCBapKH ILIaB-
JIeHVeM NIPU COeIUHEHUU PA3JIUYHBIX MaTEePHUAaJIOB XapaKTepus3yiTcsa o6paso-
BaHMEM B 30HE CIJIaBJEeHUA a3 XPYIKUX NHTEPMETALINUECKUX COeTMHEeHNH,
KOTOphIe CHUJKAIOT HMPOYHOCTH CBApPHOT'O coeAmHeHUs. B Hacrosiieii pabore
HCCJIeAyeTCs BIUSHNE CKOPOCTH BPAII[eHUs ¥ BpeMEeHHU TPEHUA Ha CoeqUuHeHne
Tperuem ctaneit AISI 4340—-2205. O6pas1isl us ormyinenHoi craau AISI 4340
u aByxdasHoii Hep:kaBeloieit cramxu AISI 2205, kamxasiii fuamerpom 12 MM,
WCTIOJIb30BAJNIUCH JIJIsT U3TOTOBJICHUA coefuHeHni. VIcIbITaHWA CBAPKU TPEHU-
eM IIPOU3BOAUINCH C MCIIOJb30BAHNEM MAIIUHBI IJISA CBAPKU TpeHueM Oespe-
IYKTOPHOT'O THUIA, KOTOpasa Obljla CKOHCTPYUPOBAaHA M M3TOTOBJIEHA HAMU AJIS
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aToii meau. Ilocie cBapKM TpeHHEeM IJis OIpeaeeHNA MHUKPOCTPYKTYPHBIX
U3MeHeHUi B 00J1aCTH I'PaHUIBI pasfesa CBapeHHBIX 00pasIloB MCIIOJIb30Ba-
JUCh METOABI ONTUYECKON W CKAHUPYIOIIeH 3JeKTPOHHOM MUKPOCKOIIMHU, a
TaKsKe 9HEePTOANCIEePCUOHHAS PEHTTeHOBCKAs CIIEKTPOCKOIINSA U PEHTTeHOI -
dpakmuonHBIN aHanus. [ omrpenesieHnA MeXaHNUYECKUX CBOMCTB CBAPEHHBIX
00pasIoB IPOBOAUINCH UCCIECAOBAHUSI MUKPOTBEPAOCTH U UCIBITAHUS HA Pas-
puIB. Pe3ybTaThl 9KCIEePUMEHTOB IIOKA3bIBAIOT, UTO OTHYINeHHaA cTaab AISI
4340 MmoxkeT coemMHATHCA ¢ AByxX(asHOU Hep:KkaBemwilnei craabio AISI 2205
MEeTOZOM CBapKU TPEHUEM C IIOJyYeHeM CBapHOTrO IIIBa JOCTATOYHOI IPOYHO-
cTU. 3HAUEeHUA IIPOYHOCTY HA Pas3pPhIB TaKiKe IMOATBEPAUIN 3TOT PE3yJbTAT U
TO, YTO B 006JIaCTH KOHTaKTa He 00pas3yioTca nHTepMeTaLandeckue pasnl. Mak-
cuMajJbHasd IIPOYHOCTh Ha paspbiB 635,66 MIla Onlia mocTUrHyTa AJIA COEOU-
HeHUH, OJYUEeHHBIX IPU CAEIYIONNX YCIOBUAX CBAPKU: CKOPOCTH BpaIlleHuA
— 2200 06/MuH., naBaenue TpeHus — 40 MIla, naBiaenue npeccopanus — 80
MIIa, Bpems TpeHus — 6 ¢ 1 BpeMA IIpeccoBaHUA — 3 C.

Key words: AISI 4340, AISI 2205, friction welding, rotation speed, friction
time.
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1.INTRODUCTION

Duplex stainless steel (DSS) is a well-known material for its excellent
strength and corrosion resistance. However, joining DSS plates by the
fusion welding causes significant reduction in the mechanical proper-
ties because of microstructure changes during weld solidification. It is
very essential to maintain characteristics of the weld zone to use DSS
in servicing highly critical environments, such as ocean mining ma-
chinery, oil and gas pipelines, desalination plants, chemical tankers of
ships, etc. DSS has ferrite (o) and austenite (y) in an approximately
equal proportion, which possess body centred cubic (b.c.c.) and face
centred cubic structure (f.c.c.) respectively [1]. During the controlled
alloying process of the DSS under equilibrium conditions, ferrite-
promoting elements (Cr, Mo, Mn, W, Nb, Si, Ti, and V) will concen-
trate by diffusion in the ferrite. At the same time, austenite-
promoting elements (Ni, C, N, Co, and Cu) will concentrate by diffu-
sion in the austenite phases. This gives the even formation of dual
phase microstructure [2—3]. However, the welding of DSS forces the
microstructure to remain in an excessive ferritic nature, because of
the higher amounts of ferrite promoting elements in its chemical com-
position, and due to faster cooling rate. Austenite usually nucleates in
the temperature range 1200—-900°C. During cooling, the weld zone re-
mains in this range of temperature for a very short period of time, i.e.
from 4 s to 15 s. Thus, the arc energy and filler metal composition play
amajor role in microstructural stability after welding [4].

Tempered types of steel are machinery manufactured steels with and
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without alloy, whose chemical compositions, especially in terms of car-
bon content, are suitable for hardening and which shows high tough-
ness under a specific tensile strength at the end of the tempering pro-
cess. Tempered types of steel, due to their superior mechanical proper-
ties, acquired at the end of the tempering process, are used in a wide
range including the manufacture of parts such as various machine and
engine parts, forging parts, various screws, nuts and stud bolts,
crankshafts, shafts, control and drive components, piston rods, vari-
ous shafts, gears. For this reason, tempered steels are the type of steel
used and produced at the highest rate after the unalloyed steels and
construction steels. These steels constitute the most important part of
the machinery-manufacturing steels. Generally, such steels are used
for the production of fitting, axle shaft, the shaft and the gear [56—-9].

Friction welding is a solid state joining process, which can be used to
join a number of different metals. The process involves making welds
in which one component is moved relative to, and in pressure contact,
with the mating component to produce heat at the faying surfaces. Sof-
tened material begins to extrude in response to the applied pressure,
creating an annular upset. Heat is conducted away from the interfacial
area for forging to take place. The weld is completed by the application
of a forge force during or after the cessation of relative motion. The
joint undergoes hot working to form a homogenous, full surface, high-
integrity weld. Friction welding is the only viable method in this field
to overcome the difficulties encountered in the joining of dissimilar
materials with a wide variety of physical characteristics. The ad-
vantages of this process are, among others, no melting, high reproduc-
ibility, short production time and low energy input [10—-20].

Urena [21] developed the optimum welding condition for joining
2205 DSS using plasma—arc welding. Ku et al. [22] welded 2205 duplex
stainless steel by electron beam welding and analysed the mechanical
properties, microstructure and corrosion properties of the weldment.
Kannan and Murugan [23] observed the effects of FCAW process pa-
rameters on DSS clad quality. Laser beam welding parameters were op-
timized by Reisgen et al.[24] and they found that, RSM can be consid-
ered as a powerful tool in experimental welding optimization. As the
weld bead quality depends on the process parameters, it is essential to
study the effects of process parameters on weld quality. Dobrovidov
[25] investigated the selection of optimum conditions for the friction
welding of high speed steel to carbon steel. Ishibashi et al. [26] chose
stainless steel and high-speed steel as representative materials with an
appreciably difficult weldability, and their adequate welding condi-
tions were established. The distributions of the alloying elements at
and near the weld interface with sufficient strength were investigated
using X-ray microanalysis. Mumin Sahin [9-10] analysed the varia-
tions in hardness and microstructure at the interfaces of friction weld-
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ed steel joints. While using austenitic stainless steel, negative metal-
lurgical changes like delta ferrite formation and chromium carbide
precipitation between grain boundaries took place during fusion weld-
ing. These changes were eliminated by friction welding. The effect of
friction time on the fully plastically deformed region in the vicinity of
the weld was investigated by Sathiya et al. [27]. Ananthapadmanaban
et al. [28] reported the effect of friction welding parameters on tensile
properties of steel. Satyanarayana et al.[29] joined austenitic—ferritic
stainless steel (AISI 304 and AISI 430) using continuous drive friction
welding and investigated optimum parameters, microstructures-
mechanical property and fracture behaviours. Yilmaz [30] investigat-
ed the variations in hardness and microstructures in the welding zone
of friction welded dissimilar materials. Paventhan et al. [31] investi-
gated optimization of friction welding process parameters for joining
carbon steel and stainless steel.

In this study, the objective of the present work is to examine the ef-
fects of rotation speed and friction time for joining of AISI 4340—-2205
steels by friction welded.

2. EXPERIMENTAL

AISI 4340 tempered steel and AISI 2205 duplex stainless steel of
12 mm diameter were used to fabricate the joints in this study. Table 1
illustrates the chemical compositions of the base metals. The friction-
welding tests were carried out using a direct-drive type friction-
welding machine. Table 2 was given mechanical properties and Table 3
was given physical properties of AISI 4340 and AISI 2205 steels. Table
4 illustrates the experimental conditions. The experimental set-up is

TABLE 1. Chemical compositions of test materials.

Alloy Elements (% wt.)
C |[Mn|si|[ P[] s | c [Mo|Ni|N]|cu
AISI4340 0.4 0.8 0.3 0.0350.040 0.9 0.3 200 - -
AISI 2205 0.018 1.686 0.309 0.026 0.003 22.333 3.379 4.932 0.191 0.097

Materials

TABLE 2. Mechanical properties of copper and low carbon steel.

Materials Tensile Strength, | Yield Strength | Elongation, [Microhardness,
MPa 0,20/0 N MPa % HV
AISI 4340 659 400 20,98 201

AISI 2205 956 620 20 328
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TABLE 3. Physical properties of copper and low carbon steel; oo—thermal ex-
pansion coefficient (20—800°C), A—thermal conductive (20°C), p—electrical
resistance (20°C), E—elastic modulus (20°C).

Materials | o, 10K l A, W/(m-K) | P, NQ-m | E,GPa
AISI 4340 12.3 44.5 248 190-200
AISI 2205 14.7 19 85 200

TABLE 4. The process parameters used in the friction welding.

Welding parameters

"No, | Rotating | frchion | Tergne - Irviction Forsing |

speed, rpm MPa MPa time, s | time, s mm
S1 2200 40 80 6 3 4.50
S2 2200 40 80 10 5 4.78
S3 2100 40 80 6 3 3.44
S4 2100 40 80 10 5 3.96
S5 2000 40 80 6 3 2.20
S6 2000 40 80 10 5 2.60

shown in Fig. 1.

After friction welding procedure, specimens were divided into sec-
tions transversely in order to investigate the microstructural varia-
tions from the centre to the outside of the weld. Transverse sections

1. Elektric motor; 2. Konsole;

3. Clutch; 4. The moveable jaw
hardvare; 5. Jaws; 6. Hydraulic
cylinder; 7. Electronic ecircuit
equipment; 8. Control unit;

9. Manometer; 10. Hydraulic unit;
11. Inverter

Fig. 1. Experimental set-up[17].
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were prepared, and then, grinding and polishing 3 um diamond paste
were made in order to conduct metallographic examination of the
joined materials.

The specimens were etched chemical in a solution for AISI 4340 2%
HNO; + 98% Alcohol and in a solution for AISI 2205 25% HNO;+ 75%
pure water to conduct the microstructural examination (7.5 V +30s)
The microstructures of the joints were observed using Optical Micros-
copy (OM), the Energy Dispersive Spectroscopy (EDS) and X-Ray Dif-
fraction (XRD). Microhardness measurements were taken under a load
of 50g. Tensile tests were conducted at room temperature with
102 mm-s crosshead rate.

3. RESULTS AND DISCUSSION
3.1. Microstructure

The macroview of specimens S1, S2, S3, S4, S5, and S6 welded under
different welding conditions is shown in Fig. 2. Visual examination of
the welded specimens showed uniform weld joints. As it can be seen in
Fig. 2, the amount of flash increases with an increase in friction time,
friction pressure, and rotation speed. In the case that the dissimilar
materials are joined using the friction welding method, the formation
of the flash depends on the mechanical properties of two parent mate-
rials. Maximum post-welding axial shortening is measured 4.78 mm on
S2 specimen.

The flash obtained was symmetric, which indicated plastic defor-
mation on both the rotating and upsetting (reciprocating) side. The in-
tegrity of the joints was evaluated for the friction-welded joints. The
friction-processed joints were sectioned perpendicular to the bond line
and observed through an OM microscope. It can be clearly seen that,
there were no crack and voids in the weld interface.

From the microstructural observations, the microstructures formed

AISI 2205

I~

AISI 4340
Fig. 2. Overview of friction welded AISI 4340—AISI 2205 steels.
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Fully Plastic Deformed Zone (FPDZ)
Deformed Zone (DZ)

Partially Deformed Zone (PDZ)
Unaffected Zone (UZ)

Welding Interface

Fig. 3. Regions, which occurred microstructural chances [32].

interface zone during or after FW processes, there are three distinct
zones across the specimens identified as unaffected zone (UZ), de-
formed zone (DZ) and transformed and recrystallized fully plastic de-
formed zone (FPDZ). Typical grain refinement occurred in the DZ re-
gion by the combined effect of thermal and mechanical stresses (Fig.
3). A typical micrograph showing the different morphologies of the
microstructure at different zones of the friction processed joint is
shown in Fig. 3.

It was observed that the rotational speed had an effect on geometry
and width of the weld zone. The mechanical deformation and the fric-
tional heat at the interface that dissipated through the parent materi-
als results in a temperature gradient causing zones of materials with
different microstructure. Although this condition causes lower cool-
ing rates and a wider heat affected zone (HAZ), higher rotational speed
leads narrower FPDZ due to a greater volume of viscous material
transferred out of at the interface. It is a known fact that when pres-
sure is used to bring joint pair together by plastic deformation results
in dynamic recrystallization leading to a grain refinement in the cen-
tral region of the weld. The effect of increasing rotational speed on the
friction welded joint is an increase in both temperature gradient and
axial shortening as a result of more mass being transferred out of the
welding interface. High rotational speed can cause local heating at the
interface, thus reaching a high temperature in a short time. This con-
dition causes lower cooling rates and a wider HAZ, as a consequence of
a greater volume of viscous material transferred out of the interface.
AISI 4340 tempered steel was greatly deformed by the severe plastic
deformation and frictional heat near the weld zone. There were no
blanks, cracks or porosities in the weld was determined (Fig. 4).
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PATST 4340 | AISI 2205 |

: 500 1im

AR L ———————w

o DX e PRTTY

f( %7 AIST 2305

: ‘ga) su 4154 %
Ll et

Fig. 4. Optical micrograph taken from the welding interface of the specimens
S1, S2, S3, S4, S5, and S6, respectively.

During the friction welding process, the temperature at the inter-
face was measured by IGA 15 PLUS detector, and the temperature val-
ues at interface of the joints are given in Fig. 5. It shows the tempera-
ture that occurred at the interface of the joint comes close to melting
point of AISI 4340 tempered steel (1065—1198°C), which can reach be-
tween A3 temperature and the melting point of AISI 4340 tempered
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Fig. 5. The temperature at the interface of FW joints.

S
)
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8 - B E—— -
30 48 30
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Fig. 6. Shape and measurement of the tensile test specimens [33].

AISI 4340

AISI 2205

Fig. 7. Macrophoto of tensile test results of friction-welded joints.
steel.

3.2. Tensile

Shape and measurements of the tensile specimens were seen in Fig. 6.
The results of tensile tests were given in Figs. 7 and 8, respectively. As
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1000 956
900
800

7001 63566 1055 62076 61456 6000 G016 e

600

500

400

300

200

100

Tensile Strength, MPa

S1 S2 S3 S4 Sb5 S6 AISI 4340 AISI 2205

Sample No

Fig. 8. Tensile test results of friction-welded joints.

it is clearly seen in Fig. 8, the tensile strength slightly increased while
the rotation speed increased. Results of the tensile tests concluded that
all joints were fractured by necking at the tempered steel side (see
Fig. 7).

Current studies in literature report that a higher bonding tempera-
ture results in profuse interdiffusion and better coalescence of mating
surfaces.

Plastic deformation detected in the specimens after the welding was
not observed. However, increasing bonding temperature due to the in-
crease of the rotational speed and the friction time also promotes the
growth of brittle intermetallic, which adversely affects the bond
strength in turn. Therefore, low elongation and strength values can be
attributed to presence of aligned tempered steel precipitation reducing
these properties. Maximum tensile strength and minimum tempera-
ture of the FW joints was achieved at the rotational speed of 2200 rpm
in S1, 635.66 MPa and 1065°C, respectively.

This increase in tensile strength was related to the heat input and
high plastic deformation occurring at the component interface as a re-
sult of the rotational speed and the axial pressure. Minimum tensile
strength and maximum temperature of FW joints was obtained at
2000 rpm in specimen S6, 601.60 MPa and 1198°C, respectively. This
decrease in tensile strength was associated with the reactions taking
place at the HAZs of the tempered steel side. Longer time intervals al-
lowed thermal energy to propagate along the axial direction of the
work materials, and as a consequence, a bulk volume of material was
heated. Therefore, longer time intervals led to lower cooling rates and
a wider HAZ. As the friction time decreased, the joining efficiency
steeply increased, and reached a maximum value at the rotational
speed of 2200 rpm for 6 s with 635.66 MPa and then decreased again.
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Under given conditions (2200, 2100, and 2000 rpm rotation speeds),
tensile strengths were close to parent material, and slightly increased
at increased rotation speeds.

3.3. Fractography

Figure 9 shows the images of the fracture surfaces resulting from the
tensile test for the friction-welded specimens S1 and S6. Examining
the fracture surface images, fractures resulting from the tensile test
were mostly on the AISI 4340 tempered steel side, and it was observed
that the fracture surface contains ductile dimples, formed by the mi-
crovoid coalescence mechanism and facets associated with the cleavage
fracture. The dimples are believed to initiate at the second-phase parti-
cles or small inclusions within the ferrite and austenite phase of the
AISI 2205 duplex stainless steel, whereas the facets represent brittle
fracture occurring along the cleavage planes of the phase. As illustrat-
ed in Fig. 9, the number of ductile dimples increases with decreasing
rotation speed. This type of fracture topography is classified as the

Fig. 9. Micrograph of the tensile fracture surfaces of S1 and S6 specimens ob-
served by SEM.
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quasi-cleavage. In generally, mechanism of ductile fracture was ob-
served in the samples.

3.4. Microhardness

Microhardness measurements in the direction perpendicular to the
weld interface of the friction-welded joints for specimens S1-S6 are
givenin Figs. 10 and 11.

As seen in these figures, a significantly similar trend is observed in
the microhardness profiles of all specimens.

The increasing hardness in the welding interface can be directly as-
sociated with the microstructure in the welding interface as a result of
the increasing heat input and severe plastic deformation. Microhard-
ness values can be increased with increasing the rotational speed and
friction time. This can be explained with the C, Cr, Mn, Fe, and Ni dif-

Fig. 10. Schematic illustration of microhardness distribution across the weld-
ing interface [33].

=>[AIST 4340 AlSI 2205 000
o ' 600 L
Um; y

/ N - 400
"g » _ - 300
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Fig. 11. Microhardness distribution across the welding interface of friction-
welded specimens.
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fusion of parent materials at weld interface, thus it has relatively low-
er hardness. The increase in the hardness in the AISI 4340 side can be
attributed to the work hardening of the duplex stainless steel. Besides,
the main reason for this is associated with the temperature increase in
the interface, which is caused by deformation and friction. The tem-
perature increase caused by the increase in the friction time enhances
the viscosity of the material in the interface and enables its quick re-
moval out of the interface. The increase in the upset time, on the other
hand, is thought to create a forging effect on the AISI 4340 side and
cause an increase in hardness.

3.5. X-Ray Diffraction and EDS Analysis

Figure 12 illustrates X-Ray diffraction across the interface of the S1
specimen. In the X-Ray analysis, like Fe—Ni, Fe—Cr—Ni, Fe—Cr, Cr,;Cq,
Cr—Fe—Ni-C, and Cr,C; phases were determined (Fig. 12). In the EDS
analysis, as well as C, Cr, Mn, Fe, and Ni elements, non-intermetallic
phases determined in the welding interface were detected. In the 60 um
distance, from AISI 4340 tempered steel to AISI 2205 duplex stainless
steel, Fe, C, and Mn diffusion, and in equal distance from AISI 2205
duplex stainless steel to AISI 4340 tempered steel, Cr and Ni diffusion
occurred (Table 5 and Fig. 13).

The frictional heat generated at the interface (under identical weld-
ing conditions) would be high for low-density elements due to their
high boundary friction coefficients and low thermal conductivity com-
pared to high-density elements. The welding procedure made with dis-

FeNi

500 4

200 3 FeCrNi
n
+
g
S 500
&)
=
e FeCr
— 200 1

Cr2sCs crpeNic
1 Cr,Cq
v MM.,__)
0 T T T T T T IA iy

10 20 30 40 50 60 70 80
2-Theta-Scale

Fig. 12. The result of XRD analyses of S1 specimen.
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TABLE 5. Values of concentrations taken from EDS analyses across the weld-
ing interface of S1 specimen.

. Alloying elements, % wt.
EDS point
C Cr Mn Fe Ni
1 11.15 11.56 1.22 71.73 4.34
2 14.13 3.46 0.74 80.57 1.10
3 17.18 1.01 0.74 78.83 2.24

AT AR

| AIST 2205

S AIST4340] 200 n Spectrum 2

- 150

°)

100

50 Fe

uii Ni

0 2 4 6 8 10 12 14 16 18 20
keV

Fig. 13. EDS analyses across the welding interface of the friction-welded spec-
imen S1.

similar materials exhibits wider plasticized zone in the middle of the
welding interface. As for low-density elements, content of intermixing
elements is higher in comparison to high-density elements. This is
caused by the fact that higher flow required for the high-density ele-
ments restricts movement comparing to the low-density elements,
which can move freely.

4. CONCLUSION

AISI 4340 tempered steel and AISI 2205 duplex stainless steel were
joined by friction technique using different process parameters. Con-
clusions drawn based on the results of microstructure analysis, hard-
ness, and tensile tests are presented below.

This study concluded that AISI 4340 tempered steel could be joined
according to Table 4 successfully to AISI 2205 duplex stainless steel
using the friction welding technique. Comprehensive microstructural
investigations for AISI 4340—-2205 friction-welded joints revealed that
there are different regions at the welding interface, the width of fully
plasticized deformed zone decreases when rotational speed and friction
pressure increase.

The higher microstructural changes take place in the HAZs. An in-
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crease in the contraction of the samples is observed after increasing
the friction welding rotation speeds. The width of HAZ is mainly af-
fected by friction time and rotation speed. This infers that the width
and formation of HAZs, which occurred as a result of the reactions tak-
ing place at the welding interface, have an adverse effect on the me-
chanical strength and, consequently, the quality of the friction-welded
joints.

The highest deformation was always at AISI 4340 tempered steel
side, and in all samples, the original structure was preserved in the
undeformed region.

A rotation speed of 2000 rpm was not completely sufficient to join
AISI 4340-2205 steels by friction welding, but a rotation speed of
2200 rpm was sufficient for joining these materials.

The maximum tensile strength of 635.66 MPa could be obtained for
the joints welded under the welding conditions of rotation speed of
2200 rpm, friction pressure of 40 MPa, forging pressure of 80 MPa,
friction time of 6 s and forging time of 3 s. All samples were subjected
to tensile testing showed brittle characteristics of the fracture topog-
raphy in the partially deformed region on the AISI 4340 steel side
(Fig. 8).

The increase in hardness at the HAZs is attributed to the micro-
structural transformation that occurs during the friction welding pro-
cess. The strengthening effect observed in this region is mostly a direct
result of the rapid cooling from the welding temperature. For achiev-
ing a welding with a sufficient strength, the friction time has to be
held as short as possible, while the rotational speed has to be as high as
possible (Fig. 11).

In the X-Ray analysis, Fe—Ni, Fe—Cr—Ni, Fe—Cr, Cr,;Cs, Cr—Fe—Ni—
C, and Cr,C; phases were determined. In the EDS analysis, non-
intermetallic phases determined in the welding interface were detect-
ed, as well as C, Cr, Mn, Fe, and Ni elements.
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