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To study the process and property of hot-rolled stainless steel/carbon steel cladding bar,
a rational pass system is designed for rolling and the bonding strength between the stainless
steel cladding and carbon steel core was investigated by using shearing test and bending test.
Then, the bonding interface, element diffusion and shearing fracture surface were analyzed by
applying optical microscope, EDS and SEM. The results show that the thickness distribution
of stainless steel shell is homogeneous; the metallurgical bonding between the two metals is
formed after the third pass rolling and the shearing strength of the interface is more than 307
MPa. At the same time, the bending property of the bar displays well. The interface region is
clearly divided into stainless steel zone, transition zone and carbon steel zone. Element diffusion
occurs at the interface that the Fe of carbon steel diffuses into stainless steel and the Cr, Ni, Mn
of stainless steel diffuse into carbon steel. It makes the formation of the transition zone with 20
pm in width in carbon steel and the total width of diffusion zone is 30 pm. Shearing strength of
the interface after the sixth pass rolling is higher than the carbon steel substrate and the shear-
ing fracture occurs in the carbon steel.
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Paspaborana parmonaspHasi cucreMa JJIsi IIPOKATKH, MCCJIEOBAHA IIPOYHOCTH CIIETIJICHUS
MEIKTy O0JIUITOBKOM M3 HEPIKABEIOIEeH CTAJIN U SITPOM U3 YIJIEPOIUCTOM CTAJIH IIyTEeM UCITBITAHUI
Ha caBur u wmarub. [IpoaHaiM3MpoBaHBl OBEPXHOCTH CIIETUIEHUS, AUQPDY3Us 2JIEMEHTOB U
TIOBEPXHOCTh pa3pblBa IIPU CABUTE C HpUMeHeHmeM omrmdeckoir mukpockoruu, JJ[C u COM.
PesympraTel mOKA3BIBAIOT, UTO pacCIpeeieHHe TOJIIIHHBI 000JI0YKK W3 HEpKaBelolleil CTau
sIBJIsIeTCsT OHOPOaHBIM. CllerieHre Meskly 9TUMHU ABYMS MaTepuasiaMu (DOPMUPYETCS II0CJIe
TPETHEro MPOX0Ja IMPOKATKHU, a4 IIPOYHOCTh CIIEIIJIEHUS MEsKCJI0eBOM TPAHUITEI COCTABJISAET Oosee
307 MIla. Marubusre cpoiicTBa Opycka okKaspiBaioTcss xopormumu. OOJacTb CIEIIIEHUST YeTKO
pasjesiseTcss Ha 30HY HepIKaBeIel cTaiu U 30HY yriepoaucToit cranu. {uddysus smemeHToB
BO3HUKAET Ha TpaHuIle, mpuyeM Fe ma yriepommcroi cramu nudyHInpyer B Hep:KaBeoIILy0
cranb, a Cr, Ni, Mn u3 mepskaBewomieil cranu TUDOHYHIUPYET B YIJIEPOIUCTYIO CTAJH. ITO
IPUBOIAT K (POPMHUPOBAHUIO II€PEXOJHON 30HBI IMupuHON 20 MKM B YIJIEPOIUCTON CTAaJIH,
mupuHa 1uddys3noHHon 30HE coctaBiisier 30 MEM. [IpodHOCTE HA CIABUT MEKCJIOEBOM IPAHUIIBI
TIOCJIE TITECTH IIPOXO0/I0B IIPOKATKY CTAHOBUTCS BBIIIIE, Y€M JIJIS ITOJIOKKN U3 YTJIEPOIUCTOHN CTaJIH,
paspylIeHue CIBUra BOSHUKAET B YIJIEPOTUCTOM CTAIIH.

OrpuMmanssa 1 BJIACTUBOCTI OOJMIIOBAJIBHUX CTPHUIKHIB, OTPUMAHUX TrapaAIdaM
IIIOIMIEHHAM Heip:kaBiouoi crasii Ha Byrieunesii crami. /Jorcunune Aia, Anan I'ao

Pospobirena parioHaspHa crcremMa IJIs IUIIONIEHHS, JOCJIIKEeHA MIITHICTh 3YEILJIEHHS MIK
OOJIMITIOBAHHSIM 3 HEIPIKaBIY0i cTasll 1 AApoM 3 BYTJIEIEBOI CTaJIl NLISXOM BHUIIPOOYBaHL HA
3pyireHHs 1 BuruH. lIpoaHasizoBami moOBepXHs 3YeIlIeHHs, AUQy3is eJeMEHTIB 1 I0BepPXHS
PO3pHUBY IIpU 3PYILIEHH] 13 3acrocyBaHHaM omrhuHol Mikpockomii, 9JIC i CEM. Pesynbratu
OKA3yI0Th, IO POS3IIOILJI TOBIIMHYU 000JOHKK 3 HelpsKaBlioyol cTasll € OJHOPIIHUM; 3YellIeHH
MUK ITUMHU JBOMa MaTepiagaMu OPMYETHCS IIICIJIsT TPEThOTO IIPOXOAY ILIIIINEHHS, a MIIHICTh
3YeIJIEHHs MIKIIApoBoi Meskl ckianae Oiabmre 307 Mmna. Burumbmeri BitactuBocTi Opycka
BUSIBJIAIOTHCS XopomuMu. O6IaCTh 3UelIeHHs YiTKO PO3/IIJIAeThCS HA 30HY HelpixaBIIJol cTaJii
1 3oHy ByrJIereBol craJi. Jludysia eneMenTiB BUHUKAae HA Meskl, mpuuoMy Fe 3 Byrireresoi crasii
mudyHIye B HelpskaBiody cTajb, a Cr, Ni, Mn 3 Help:xasiouol cTal [udyHIyE Vv ByTJIeIeBY CTAb.
Ile mpuBoguTh 10 dopMYyBaHHS EPEXITHOI 30HU MUpUHOI0 20 MKM y BYIJIEIEBIH CTaJIl, a IIOBHA
mumpuHa audy3iitHol 3oHu criamae 30 mrm. MinHICTE HA 3PYIIEHHS MIKIIAPOBOI MEXKl ITiC/Isd
IIIeCTH TIPOXO/IIB ILUTIOIEHHS CTA€ BHUIIO, HIsK IS MIIKJIAIKA 3 BYIJVIEIIEBOI CTasll, PyHHYBAHHS
3pYIIEHHS BUHUKAE Y BYTJIEIIEBIN CTATI.
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1. Introduction

Because of climate and human factors, the
corrosion of reinforcing steel bar has become
one of the important reasons of premature de-
terioration of concrete buildings and infrastruc-
ture [1-3]. Using stainless steel bar will solve
this problem, to some extent [4, 5]. However,
stainless steel bar cannot be widely used due to
its high price. Therefore, using various ways to
fabricate stainless steel/carbon steel cladding
material or other cladding materials come into
being [6, 7]. Stainless steel/carbon steel clad-
ding bar, which is made up of corrosion resis-
tant stainless steel outer layer and carbon steel
core, 1s a new material used in construction.
It takes account of the corrosion resistance of
stainless steel and the mechanical properties of
carbon steel as well as the lower cost compared
to the homogeneous stainless steel bar.

For bimetallic bar, more attention is paid to
the research of the soft metal bar by extrusion
[8, 9]. For the production of stainless steel/car-
bon steel cladding bar, hot rolling is the most
economical and efficient method to make the
two metals be metallurgical bonding. H. Dyja
and others created a mathematical model to
simulate the metal flow of bimetallic bar in roll-
ing process, and summarized the rolling tech-
nology of bimetallic bar [10, 11].

STELAX Company produces cladding bar
under the trade name NUOVINOX. The com-
posite workpiece consists of two materials. The
cladding is welded stainless steel tubes, and
the core is made of scrap iron. After fabrication
processing and pressure processing, it is hot
rolled as the final process [12]. The manufac-
turer (SMI-Texas) produces cladding bar utiliz-
ing the Osprey Process, which involves blasting
the molten stainless steel with nitrogen onto
the heated carbon steel. After cooling slightly,
it is feed into continuous hot rolling mill [13].
As to the applied research of rolling stainless
steel/carbon steel cladding bar, there is no rel-
evant report in China.

Metallurgical bonding between the two
materials is a key indicator of the property of
cladding bar. Due to the different deformation
resistance and extension of the two metals, it
is difficult to guarantee the bonding strength
and compatible deformation. So, it is important
to know how to roll the qualified bimetallic bar
successfully. As the metallurgical bonding be-
tween the two materials at the first few passes
in the rolling process, it is especially important
to study these passes. Therefore, experimental
study 1s carried out for the process and prop-
erty of hot-rolled stainless steel/carbon steel
cladding bar, and a rational pass system is de-
signed. In the rolling process, the deformation
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Fig. 1 Process of specimen preparation

characteristics of the two metals and the thick-
ness distribution of stainless steel and bonding
strength are observed. Also, the interface state,
fracture morphology and the diffusion of ele-
ments are analyzed by using optical microscopy,
SEM and EDS. The bonding mechanism of met-
als is discovered. At last, the feasibility of hot
rolling cladding bar by using this system is veri-
fied, and it will offer advice to industrial produc-
tion of stainless steel/carbon steel cladding bar.

2. Experimental

2.1 Specimen prepartion

Specimen is made up of type 304 stainless
steel pipe and Q195 carbon steel core. The ini-
tial diameter is 22 mm for stainless steel shell
and 17.2 mm for carbon steel core respectively.
The wall thickness of pipe is 2 mm. There is
a coating of oxide or filth, which attaches to
the metal surface inevitably and influences
the bonding of two metals. So, it is important
to clean the metal surface. The inner surface
of stainless steel pipe is polished by sandpaper
and carbon steel surface is descaled by a wire
brush. These also create surface roughness and
make the virgin metal surface exposed. After
inserting the carbon steel core into the stain-
less steel pipe, the composite bar is drawn by
using drawing machine, and it makes a tight
fit between the two metals. Then the drawn
bar is cut to specimens, which are 150 mm for
length, 20mm for diameter and 1.8 mm for wall
thickness. Due to different thermal expansion,
interstices maybe appear between the two met-
als when heated. In order to prevent the bar
from being oxidized, the ends of specimens are
welded as shown in Fig. 1.

2.2 Pass system

Pass system is a basic aspect for rolling stain-
less steel/carbon steel cladding bar successful-
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ly. Proper pass system helps to make the metal
flow reasonable and prevent the emergence of
complex stress state, which might cause defects
in the cladding, such as non-uniform thickness,
micro-damage and wrinkles, etc. Moreover, the
optimal pass system can increase the contact
stress of the interface and promote the metal-
lurgical bonding of the two metals.

The role of passes is to make the metallur-
gical bonding appear quickly under the large
rolling pressure, plastic strain and interfacial
stress. So the lengthening coefficient and stabil-
ity of passes are necessary. Experiment adopts
autonomous rational pass system. As shown in
Fig. 2, six passes are used in the diamond-dia-
mond-diamond-square-oval-round system for
experiment. The roller’s diameter is 220 mm,
and speed is 0.1 r/s. Specimens can be rolled
after being heated for 30 min at 1150 °C in a
muffle furnace.

2.3 Mechanical test

The bonding strength between stainless
steel cladding and carbon steel core is a key
judgment standard for evaluating the qual-
ity of cladding bar. A shearing test is used to
measure the strength. The specimen shown
in Fig. 3 is obtained along the axis of cladding
bar. Through measuring the length and width
of the binding region, the contact area can be
calculated. In the experiment, a WD-1 uni-
versal material tester is used. The Schema of
shearing test is shown in Fig. 4. The shearing
forces in three positions around the circumfer-
ence of cladding bar are measured. Then the
mean shearing force can be get. The maximum
shearing strength can be calculated according
to the formula,

T,=FIA

Where T,, F and A are the maximum shearing
strength, shearing force and the area of the
bonding region respectively.
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Fig. 4 Schema of shearing test

3. Results and discussions

3.1 Shape and Size

After rolling, the surface of cladding bar is
burnished and acid cleaned to remove the sur-
face oxide layer. The bar rolled by each pass
is shown in Fig. 5. It can be seen that the lat-
eral spread of bars is uniform after the first two
passes rolling but broader ends with narrower
middle part after the third pass, and the middle
proportion increases with the pass continuing.
Due to the existence of oxygen, the both ends
of workpieces would be oxidized during rolling
process. Meanwhile the extension of the core is
easy, so the contact stress is little and relative
sliding between two metals appears, then the
metallurgical bonding cannot be formed. These
are two main reasons why the lateral spread at
ends is larger than it at the bonding part. No
bonding appear between the two metals during
the first pass rolling, so there is no significant
difference between the ends and the intermedi-
ate section in the lateral spread. In the second
pass rolling, the extension coefficient and the
contact stress of the interface at the top increas-
es, thus the bonding of two metals occurs in this
region. However, the lateral spread mainly oc-
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Fig. 5. Photo of workpieces after each passes (a)
after 1th pass, (b) after 2th pass,(c) after 3rd
pass,(d) after 4th pass, (e) after 5th pass, (f) af-
ter 6th pass

curs at the backward slip zone where bonding
has not generated, so the width of workpiece is
uniform in this pass. Metallurgical bonding ap-
pears at the reduction side in the middle of the
rod in the second pass, so the deformation of
the materials is compatible and there is no slip
in this region during the third pass rolling. So,
the middle part is narrower than the ends as is
shown in Fig. 5.

The sizes and the morphology of cross-sec-
tions of six rolled samples are shown in Fig. 6.
The carbon steel cores of samples are etched
by 4% nitric acid alcohol after metallographic
polishing. Because the corrosive action of nitric
acid alcohol on 304 stainless steel is not obvi-
ous, it is easy to make a distinction between the
stainless steel and carbon steel and observe the
uniform distribution of the stainless wall thick-
ness. The interfaces of two metals are clear and
smooth. The two metals are tightly combined
and there 1s no wrinkle or cracks. It proves the
rationality of the passes, and there is no stress
concentration in the rolling process.

3.2 Mechanical properties

The result of shearing test can be seen in
Fig. 7, which shows the changing trend of the

26.2 22.7

bonding strength between two metals with the
changing of passes. After the first pass, the
shearing strength of the interface is 0 MPa, so
it proves that there is no metallurgical bonding
appearing even mechanical bonding. Then, the
average shearing strength jumps to 157 MPa
after the second pass, and up to 307 MPa af-
ter the third pass. In the following passes, it
increases slowly and reaches about 333MPa at
the last pass.

The metallurgical bonding between the two
materials is formed from scratch in during the
first three passes. Due to the little elongation
coefficient of the first pass, interface contact
stress of reduction side cannot make metal-
lurgical bonding formed. But in the second
pass with a larger elongation coefficient, the
metallurgical bonding forms in the reduction
side. After the third pass, the bonding occurs
at the spread side of the previous pass as well.
At this moment, metallurgical bonding appears
in the circumferential direction of the contact
interface. Therefore, the shearing strength of
the third pass is 2 times larger than the sec-
ond pass. After this pass, the area of the metal-
lurgical bonding region increases slowly, so it
can be seen the slowly increasing of shearing
strength.

Bending test on rolled specimens is carried
out. The middle part of specimens is split along
the axis. Carbon steel core is defined as the
inside and stainless steel layer as the outside
respectively. There are three bending types,
bending 180° inward, bending 180° outward
and bending 180° laterally, as is shown in Fig.
8. In the case of inward bending, metal at the
bended position gets to broaden under pressure
and stainless steel cladding becomes thicker
and eversible. In the case of outward bending,
metal gets to narrow under the tensile force,
and stainless steel cladding becomes thinner.
In the case of lateral bending, on the inner side,
the cladding is under pressure and becomes
thicker; on the out side, the cladding is under
tensile force and becomes thinner. It can be
seen that no matter tensile stress or compres-
sive stress appears in the interface, there is no
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Fig. 6 Size and morphology of cross-section

246

o

Functional materials, 23, 2, 2016



Zhining Jia,Yanan Gao / Process and property of hot-rolled stainless...

400
350
300
2501
200

Shear stress, MPa

150

100

501

0 C 1 1 1 1 1
1 2 3 4 5 6
Pass
Fig. 7. The trend of shearing strength with the
pass.

crack or tear. Both the two metals display the
same tensile strain and compressive strain.

3.3 Interface Analysis

After six passes rolling, the metallograph of
the bonding region of cladding bar is shown in
Fig. 9. It can be seen that there are three clear
zones, stainless steel zone, transition zone and
carbon steel zone. The region with grains in
bottom left part is the carbon steel zone. The
line in the middle consisting of intermittent
dots is the original contact interface, and the
top right region, which is not corroded by ni-
tric acid alcohol, 1s the stainless steel zone. The
region between this line and boundary line of
grains 1s the transition zone, which is 20 mm
in width. By observing the line of demarcation
between stainless steel and carbon steel, these
black spots should be intermittent small holes,
which may be the incomplete contacting rough
surfaces or the residual impurities in the pro-
cess of preparing the workpieces. There is no
obvious contact trace in the interface between
stainless steel and carbon steel except these
small holes, which proves that the metallurgi-
cal bonding has formed in these positions.

In order to investigate Element distribu-
tion of Fe, Cr, Mn, C, Ni in the transition zone,
where is not corroded, EDS is introduced. The
line scanning results are shown in Fig.10. The
vertical line, whose left and right are the car-
bon steel zone and stainless steel zone, repre-
sents the interface. Element diffusion near the
interface can be seen distinctly. As is shown in
the picture, Fe diffuses to stainless steel from
carbon steel, which makes the content of Fe in
carbon steel decreasing but increasing in stain-
less steel. At the same time, Cr, Mn, Ni diffuse to
carbon steel from stainless steel, which makes
the content of these elements in stainless steel
decreasing. It can be measured that the diffu-
sion distance of carbon steel is about 20 um,
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Fig. 8. Photos of bending test. (a) Bending 180°
inward; (b) Bending 180° outward; (c) Bending
180° laterally.

Fig. 9. Metallograph of bonding region
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Fig. 10. EDS line scanning curves of bonding
region

which is as much as the width of the transition
region in Fig. 9. It is the reason that there is no
corrosion in this zone. The diffusion distance in
stainless steel is about 10 pm. Therefore, the
total width of diffusion zone on both sides of
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Fig. 11. SEM micrographs of fracture surface (a)
Carbon steel, (b) Stainless steel

the interface is 30 pm. Since the content of C
in stainless steel is similar as in Q195 and the
C concentration gradient of both sides is very
small, there is no significant diffusion occur-
ring according to the Fick diffusion law.

The shearing fractograph of the sixth pass
is shown in Fig. 11. Fig. 11(a) shows the side of
the carbon steel and Fig. 11(b) shows the side of
the stainless steel. It can be seen that the mor-
phology of both sides is very similar and there
are typical ductile dimples, which inclines with
large leaning angle towards to a specific di-
rection. The inclination as shown is occurred
because of the larger shearing sliding of the
shearing plane. Due to the strength of stainless
steel is higher than carbon steel, it can be esti-
mated that the material of dimple on stainless
steel side is carbon steel and shearing fracture
appears on carbon steel. In addition, based on
the discussed above, it can be concluded that
the interface strength is higher than carbon
steel and metallurgical bonding has happened
between the two metals.

4. Conclusions

By rational pass system, stainless steel/car-
bon steel cladding bar is hot rolled successfully,
and it can be seen clearly that the wall thick-
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ness of the bar is even, the contact of the two
metals is compact and there is no defect find.

After the first pass, the metallurgical bond-
ing of stainless steel and carbon steel cannot
be achieved. There is only half of the interface
having achieved metallurgical bonding after
second pass rolling, and the full metallurgi-
cal bonding appears after the third pass. The
shearing strength of the interface is more than
307 MPa. There is no crack appearing when the
specimens are inward bended, outward bended
and lateral bended, and it shows that the bend-
ing performance of cladding bar is satisfactory.

The bonding region near the interface of clad-
ding bar can be divided into three zones: stain-
less steel zone, carbon steel zone and transition
zone. Elements diffusion has happened near the
interface. Fe in carbon steel diffuses 10 um to-
ward stainless steel and Cr, Mn, Ni in stainless
steel diffuse 20 pm toward carbon steel, which
makes the transition region display clear. The
total width of diffusion zone is 30 pm.

The shearing strength of interface is high-
er than carbon steel substrate. Therefore, the
shearing fracture appears in carbon steel and
metallurgical bonding has formed
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