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Abstract:

The presented work is dedicated to studying th@efbility of bimaterial cladded billet. Hot
upsetting tests of cylindrical low carbon steel §Cbillets weld cladded (MIG) by stainless steel
(SS316L) are experimentally and numerically studi¢ialsetting tests with different upsetting ratios
are performed in different tribology conditions 350°C which is within the better forgeability
temperature range of both substrate and claddingria@!. Slab model and finite-element
simulation are conducted to parametrically studypbtential forgeability of the bimaterial cladded
billet. The viscoplastic law is adopted to moded fhiction at the die/billet interface. The frictio
condition at the die/billet interface has a gregpact on the final material distribution, forginffoet
and cracking occurrence. With Latham and Cockeaterion, the possibility and potential position
of cracks could be predicted.

l. I ntroduction

Bimaterial cladded workpiece could satisfy the cargunctional requirements as well as attain a
compromise between performances and manufactuosts.cThe selection of its manufacturing
processes is decided by various elements such ahameal and metallurgical properties,
productivity and costs. The classical fabricagpyocess of cladded products sequentially includes
the preform manufacturing, forming process, weltlding process and finishing process. After the
forming process, the preforms become complex tevddd cladded, conducting the problem of low
efficiency and bad quality control of the followingeld cladding process. The presented work has
changed the order of the fabrication process. Baifig the weld cladding process before the
forming process, a simple preform is weld cladded then forged to obtain the final complex form
required. Higher productivity and better qualitynt| are expected to obtain. At the same time, the
final metallurgical structure of the cladding maikis optimized by the hot plastic forming. The
objective of this article is to study the abilityy @ weld cladded billet under hot forging to obtain
desired form with defect free material distributemd structure.

A bimetal could fabricate by various process sush d#fusion bonding, rolling, extrusion,
simultaneous plastic deformatiéf, cladding and powder metallurgy technidtleetc. Mehmet
Simsir et al. have produced a bimetal bulk consistihgtainless steel (SS316L) and structural steel
(30CrNiMo8) by shell mold casting technidfffe The authors have characterized the metallurgy and
mechanical properties of the bulk, but never thigdability. Presently, little work is available tre
forgeability of bimaterial cladded billet. Joseplorbblesky et al. have studied the forgeability of
welded preforms. Two cylindrical billets of sametaleand different metals are butted by general
friction weld. The authors find that such preforhave adequate workability based on upsetting and
side pressing tests, although flow tends to be extnated in the lower strength alloy for bi-metal
preform&. Later, the authors investigate the mechanicalentées and microstructural evaluation of
these forged welded preforms by tensile testing rEsults show that for same-metal specimens the



microhardness and microstructure after hot workang fairly uniform and consistent with the
surrounding base metal pieces in the weld vicirftyr the bi-metal ones, an asymmetric hardness
gradient is generatéd. K. Essa et al”! have done a work similar to the work presentatimpaper.
The authors have studied the cold upsetting of étiaftic ring type billets which consists of a solid
inner C15E cylinder and a ring of mild steel (C4%&)ng around the former cylinder by friction. €h
objective is to find a success process for coldifgy of such bi-metallic billets. The results shitat
under certain conditions, bi-metallic billets magydpset while maintaining a good interfacial contac
between the two components within a range of geneset

The presented work concentrates on the hot forligatii a low carbon steel (C15) billet coated by
austenitic stainless steel (SS316L) by MIG claddikvgeries of upsetting tests with different ratios
and using different friction conditions at 1050%@ performed. Slab model and finite-element model
are introduced. Comparison is performed betweeexberimental results and the numerical results.
Upsetting is considered as a forgeability testifhitipe bi-material. The intended applications concer
hot forming of raw preforms like cylindrical biller flat sheet partially claddéd.

. Upsetting of weld cladded billet

The hot upsetting test is a basic hot ductility tEmsisting of compressing a series of cylindrical
specimens to various levels. The limit for compi@ssvithout radial or peripheral cracking is
considered to be a measure of forgeability. Theetlipg tests are performed to understand the
fundamentals of material flow and the initiation ahcking during the deformation to obtain the
forgeability limits of cladded specimens.

1. Principleof experiments

In the upsetting test, a billet is upset betweemiat dies at 1050°C until a crack appears. Depgnd

on the appearance of cracks, the upset ratio afaéketrial is increased or decreased. The increase
decrease step is adjusted referring to the totdisgen height. From the last test without cratikes,
upset increment step is reduced to refine the egiple range. The cladded specimens are obtained
by cutting a weld cladded bar. A mild steel bal§96C, 0.45%Mn, 0.2%Si, 0.023%P and 0.023%S)
with a diameter of @27mm is cladded by stainles®ls{0.02%C, 1.8%Mn, 0.33%Si, 0.023%P,
0.013%S, 17.5%Cr, 2.55%Mo and 12.2%Ni) wire (J1.Qrbypn MIG process on rotating welding
platforms. The bar is then cut into 45mm-high spegis. The main parameters of the MIG cladding
process are shown irable 1

Table 1 Parameters of MIG cladding process

Wire . .
Parameters Noz_zle-to-bar feed Voltage Welding Protectlt_)n Welding
distance speed gas|[%in Generator .
speed [V] machine
[mm] [mMm/s]  volume]
[mm/s]
Aroe%o, 6-axes
Value 16 4.2 22 53 CO,;3%, CY385MPR polyarticular
H, 1% robot (SCS)

Fig. 1shows the longitudinal section of the claddecehilThe substrate/cladding interface exhibits a
wavy morphology. The mean cladding thickness isiaBmm. For a billet of 45 mm, there are about
10 beads. The cladding is composed of juxtaposed Wengs instead of a coil. There is an
overlapping on the beginning of the bead by the einthe same bead. The overall dilution rate
between the filler material and the substrate @miath0%. This relatively low value for MIG cladding
is achieved owing to overlapping.
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Fig. 1 The longitudinal section of a weld claddee@men

The upsetting tests were performed on a hydrauéispmachine, with a mark of Loire ACB, with a
maximum load of 6000 kN. The specimens were hedtedninutes at 1050°C under normal
atmosphere in an electric furnace, while the diesewmot preheated. The tribological condition at th
die/billet interface was an input of the experinargarametric study. Therefore, the tests were
performed with lubricated and dry smooth dies al a® striated dies. Theses dies respectively
corresponded to low, strong and sticking frictiam the die/billet interface. The lubricant was a
mixture of water and graphite. It was depositedlensmooth die by a brush before each test. There
are many concentric circular grooves on the plarnhef striated die. The distance between two
successive grooves was about 1mm with a depthmil The specimens were taken out of the
furnace and upset immediately. The upset velocayg wonstant about 30mm/s. The specimen was
upset to various ratios with the help of stop b¥oplaced between the die holders.

2. Modelling

The upsetting test is also studied numericallysTgart is devoted to study the crack occurrence in
bi-material cladded billet, estimate the materiatrtbution, predict the forging effort and evaleat
the effect of process parameters.

a. Sab mode

The slab model, based on classical slab model ofctaxided billet upsetting, integrates the
continuity condition through substrate/claddingenfiice.Fig. 2 shows the geometrical and other
parameters of the model. A viscoplastic law is eggpfor modelling the friction condition at the
die/billet interface.
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Fig. 2 Slab model of weld cladded billet

The slab model is based on several assumptions:

- The cladded billet and the substrate/claddingrfate remain cylindrical during the deformation;

- The temperature of the billet is constant andoumi during the upsetting; thermal exchange with
dies and dissipated energy are neglected,;

- The material behavior can be modeled by a simeplipittel thermo-viscoplastic law;

- Plasticity can be governed by the von Mises cdte

- Friction at die/billet interface can be represenby a viscoplastic law.

According to the cylindrical symmetry and considgrthe mass conservation principle, the velocity
field is obtained as below:

Lower die

rh

v(r,z) = —%_’ e,

r+ "€z
e Z he (1)

whereh is constant and corresponds to the upsetgilogity. The magnitude of the sliding speed at
die/billet interface during the deformation is a&dwv:

L

Ve = 2n (2)

The plastic strain rate is uniform in the cladddt:band given byEq. 3

! 0 O
2 h
eP = 1 —
0 —= o0}h
0 0 1 (3)
The equivalent plastic strain is given bby. 4

e=1In (};TO) (4)

where R is the initial height of the billet.

In order to get the stress tensor of billet, vorsédi plasticity criterion is applied with conditiahsit
the deviatory stress is parallel to strain rate thwedequivalent stress is equal to the flowingsstief
the material. In this condition, one can get:



o, O 0
o= < 0 o 0 )
0 0 O — Oy (5)

Whereo is the complete stress tensayjs the flow stress of the material as is the normal stress
in the radial direction.
The fundamental principle of applied statics islegapto the slab bounded by:

de de
rerr+dr]; 0€ 6——,9+—]; z € [0, h]
2 2 (6), (7). (8)
Considering the following equilibrium in the dires er :
h(o,. +do,.)(r +dr)d6 — hro,.d6 — 2ho,, (sin %) dr — 2trdrd6 = 0 )

Wherert is the tangential stress at the die/billet integfaorresponding to friction.is negative and
opposes the sliding of material on the die. Devialgphe relationship of order 2 one can get:

T
do.. = —2—dr
Ir h (10)

The relation between the friction stress and teeniomechanical conditions at die/billet interfage |
modeled by a viscoplastic law:

T=—aoyVvg' ! (11)

whereq is the friction factorgy is the flowing stress arf®} is the friction exponent. According k.
2, 10and11, the general expression of the radial stressvisngas:

o, = Kog - rPrtl 4+ C (12)

whereC is an integrating constant and K is givenduy 13
Pg

21-Pr /h 1
=5 (3)

According to the considered zone in the billet &rdie or cladded layer), the valugolioy, PrandC

of Eqg. 12have to be adapted.

The radial stress is continuous through the susttadding interface and is equal to zero at the
external free surface of the billet. Consideringsth boundary conditionsg. 12leads to:

(13)

Opr = K(O_Osrpf-l—1 + (GOr - 0_OS)RPH—1 - 0_Or(R + e)Pf+1) re [0: R] (14)
o, = Koy, (rP1 — (R+ e)?™1) r € [R,R + €] (15)
Considering the axi-symetry of the problem,the ifoggeffort is given by the following equation:

F=-2m fOR+e 0,, rdr (16)



The axial stressy is function of the flowing stress and the radiaéss as it can be seenkn. 5
Finally, the forming load is given yq. 17

F= PfT-I[-Kg (R*™*3 (09, — 005) — 0o, (R + €)7*7) + R? (55 — Cs)
+ me(2R + e) (o, — C,) 17)
With
Cs = K((UOr — 0gs)R**! — o (R + e)Pfﬂ) (18)
C, = —Koyg, (R + e)Pr+L (19)

R ande are functions of the initial geometrin( e, Ro) of the billet and the upsetting height.
According to the principle of volume conservation:

2

R:RO F
(20)

e—e\/;0

=ey |—
" (21)

The flowing stress of the substrate could be catedl from the equivalent plastic strain and strain
rate. It's described by a simplified Hansel-SpitteV (seeEq. 22 that is well suited to represent the
hot forming behavior of metals:

oo =A-exp(m;T)-e™m2-&M3-exp (%) (22)
The law with associated coefficients is only vdbd given range of temperatures, strain and strain
rate data for each material.
The forging effort, calculated by the slab modelpends only on:

- The initial geometry of the cladded billés,(, & , Ro)

- The friction factor at the die/billet interface

- The flowing stress of the two materials

b. Finite-element mode

The finite-element model is implemented on thefptat of Forge2011®. Considering the symmetry
of the problem, a 2-D axe-symmetric hot forging ®lad adopted. The rheological law used by the
software is a simplified Hansel-Spittel law in tfm of equation (22). The bilateral sticking
criterion is applied to the substrate/cladding riisiee although there is practically weld cladding
interface between them. A high heat exchange aiefii (2x10 Wm?K™) is applied in order to
reduce the temperature discontinuity at the interfegardless of the heat flux.

Special attention is paid on the substrate/claddmerface geometry, refining the grids of the
interface zone in order to better control the aanty conditions through the interface. The
simulation model is shown ifig. 3 Two types of substrate/cladding interface, cyiical and wavy
(sine) morphology, are adopted and compared irsthey. The latter is implemented in order to
estimate the effect of the wavy morphology of thbsirate/cladding interfaceig. 3alsoshows the
geometrical parameters of the sine-wavy interface.
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A weak heat exchange (2<10m?K™) is applied to the die/billet interface. The tiibgy is
described by viscoplastic law. The dies are comsdito be rigid.

c. Simulation parameters

The coefficients of the Spittel law of the substrand cladding materials for slab model and finite
element simulation are given imeble 2 They are extracted from the Forge2011® databade a
correspond to thermo-viscoplastic behavior of l@arbon steel C15 and stainless steel SS316L. The
effects of dilution resulting from the cladding pess are neglected.

Table 2 Coefficients of Hansel-Spittel Law for hupisetting simulation
Coefficients of simplified Hansel-Spittel Law

A (Mpa) my my mg my

C15 890.4543 -0.00234 -0.12626 0.13938 -0.0477

SS316L 8905.34 -0.00383).01246 0.09912-0.02413

Three levels of friction conditions are considerethe sticking condition, corresponding
experimentally to upsetting tests performed witlattd dies, cannot be taken into account by the
slab model. For the upsetting tests performed dnyhand lubricated smooth dies, the parameters of
the viscoplastic friction law are given'irable 3

Material

Table 3 Parameters of the hydraulic press
Friction conditions a P
Lubricated die 0.30.15
Dry die 0.5 0.15

The forming velocity is 30mm/s. The initial dimeoiss of the cladded billet are givenFkiy. 1. For
finite element calculation, a dwell time of 5 sedsns introduced before upsetting in order to take
into account the experimentally unavoidable timeveen the moment when the billet is placed on
the lower die and the moment when the upsettimssta

1. Results and discussion



With experimental and numerical studies, the freallts of hot upsetting tests of weld claddecbill
are analyzed. The analysis is focused on the mahtistribution, forming load and hot damage
generated during deformation. The slab model resully concern the forming load.

1. Material distribution

Fig. 4shows the material distribution obtained experiraiytand after finite element calculation.
The longitudinal cross section of upset claddeltsilare etched by Nital 2% for a few seconds. The
material distribution is observed visually in thaerographs of longitudinal section as showhim

4. The hot forged substrate consists of a cenwaktsurrounded by a ring covered by the deformed
cladded layer.

The material distribution varies with the tribologyndition at the die/billet interface. The elongat

of the cladded layer depends on the tribologicalddmns. The cladded layer becomes thinner or
thicker after upsetting. In the case of stickingditions the layer is thinned during forming. The
obtained thickness is no more uniform ($eg. 4). A zone with cladded layer thinning can be
observed experimentally and by finite element satiah for tests performed with striated dies. The
dissymmetry of material distribution between th@empand lower surface might be caused by the
dwell time (about 5 seconds) between placing tHettwn the lower die and forging. The billet has
heat exchange with the lower die during the dwelkt Therefore, the material in the lower part of
the billet is colder, causing larger flowing streghis phenomenon emphasizes the important effect
of heat exchange on material distribution of hatetladded billet.

2\
Cladded layer thinning
7]
2
o
)
2
B
= |
VJ |
= Cladded
layer

)

]

*&s’

2
8 £
—O p—
=
o
o
=
7]

dry

Fig. 4 Comparison of numerical and experimentallte©f materials distribution obtained with
striated die (corresponding to sticking frictiolpricated and dry smooth dies



The finite element simulation is able to predice tmaterial distribution, the effect of friction
conditions and thermal exchange with the tool. Tin@deling of the wavy morphology of the
bimaterial interface is necessary for accurate iptieth of the thickness of cladded layer and to
observe the detail shape of the interface. Howelkiergverall distribution of the materials can s®ma
predicted with smooth interface model as showmiin.4.

2. Formingload

The evolution of forming load is traced experimégtand numerically. Comparisons are performed
to evaluate the slab model and simulation model.

Experimentally, the forming load and displaceménipper die are directly provided by the sensors
in the hydraulic press machine. The forging effedalculated from the pressure in the main cylinde
of the machine with a precision corresponding toudlz5kN. Fig. 5shows the evolution of forging
effort for tests performed with different typesdiés.

1000 -
1050°C,striated die
0 1050°C,dry smooth die
800 - x 1050°C,lubricated smooth die
=
X, &
= 600 -
I
o
=
‘5400 -
e}
LL
200 -
0 = T T T 1

0 10 ZOUpset:%I(I)’lgratiA(')o[%] 50 60 70

Fig. 5 Evolution of forging efforts for tests pemfioed with different types of dies

The forging load-versus-displacement curves arageqgsimilar to that of mono-material billet
upsetting. At the end of the test, forming load@ases sharply because of many factors: the irereas
of the billet diameter, the deformation rate insesaduring the forging (the forming velocity being
constant), the accumulation of friction forces iegdo an increase in hydrostatic pressure and the
cooling of the billet with thermal exchange. Théeet of friction condition is similar to that of
upsetting of mono-material. The higher the frictemmditions are the higher the forming load isgor
given upsetting rate.

Slab model and simulation are able to reproduceetfext of friction on the forming load. The
developed slab model is not able to simulate stggkiondition. The evolution of forging efforts is
similar to the experimental result; the effectraftion factor is more sensitive at the end of t{ysg.
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Fig. 6 Evolution of forging efforts (a) for slaodel, (b) for finite element model with wavy
interface

For finite element model, there is no notable défee concerning the forming load obtained with the
smooth and wavy substrate/cladded layer interface.

Compared with the simulation results, the formiogd obtained by slab model is higher. This is a
well-known result, the kinematical assumption flabsmodel leading to overestimation of the stress
and the associated forming load.

In Fig. 7, one can note that the forming load measured erpatally between 5% and 50% is higher
than that of finite element simulation or slab modde difference is not caused by bad friction
coefficient because its effect is mainly sensitivéhe end of the upsetting. It might be due taélee
that the behavior of the cladded layer is modelethk Spittel law of SS316L without considering

the effect of dilution. In order to better estimtie forming load, it would be necessary to ideritie
behavior law of the cladded material.
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—_ x Slab modeb=0.3 — < - o
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e © X5
(5] © 15
° k-] e
o0 oo 400 -
< c
& 5
2 2
200 -

T T T T 1 0 T T T T T T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Upsetting ratio (%) Upsetting ratio (%)
Fig. 7 Comparison of experiment, slab model andikition
3. Hot damage

Longitudinal and circumferential cracks, which acouly in the cladded layer and never propagate
into the substrate, are observed on billet ups#t striated dies at an upsetting ration around 70%
(seeFig. 8. The circumferential cracks locate in the thirireme of the cladded layer on the top or
lower surface of the billet. For smooth dies, labted or not, only longitudinal cracks are obseiwed

tests with upsetting ratios higher than 70%. Cirfarential cracks are specific feature for cladded
billet.



Circumferential crack

Fig. 8 Section of biIIe upset at 1050°C with g&thdie
In Forge2011®, it is possible to estimate the pbdlig of the damage of billet by calculating the
Latham and Cockcroft coefficient. The indicat@ris used to predict crack occurrence. Its expression

is given byEq. 23

La = J Omax 4
0 Oeq (23)

Wheree is the effective straimmax is the maximum principal stress if it's positive@herwise it's
equal to zerooe is the von Mises equivalent stress.

- 7I l o
[!»"o' Co0.22 0.44 0.66 0.88 1.1

Fig. 9 Distribution of indicatota for simulation with sticking friction




The probability of crack occurrence increaseseéfvhlue of the indicatdra is larger. According to
Fig. 9 the Zone A and B are places with maximum valddsaoZone B corresponds to longitudinal
crack and Zone A to circumferential cracks. Thefigumation of substrate/cladded layer interface
impacts little the overall distribution &b. The occurrence and the location of circumferéotacks
could be predicted even with smooth interface model

With Forge 2011®, the evolution b& for certain grids in Zone A and B are drawn (Beg 10. For
70% upset, the value @f in Zone A is larger than that in Zone B. The twoves intersect at the
point where the upsetting ratio is slightly leszrtfr0%. The simultaneous occurrence of two types of
cracks in the billet tends to give the critic valfeLa for the hot ductility of the cladded billet at
1050°C. According té-ig .10 the critic value is close to 0.6.

1.2 - 1,2
a=0.5

1+ °Zone A  sticking conditions f 14 =ZoneA
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So6 ? Tos 7
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s e NN Lo
0 e 0 4a ke nlam BT . . | |
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Upsetting ratio % Upsetting ratio %

Fig. 10 Evolution of the indicatda for simulation corresponding to different fricticonditions

For simulations performed with viscoplastic frictioonditions]a remains lower in Zone A than in
Zone B. This explains why circumferential cracks anly observed for upsetting tests with striated
dies.

IV. Conclusionsand perspective

The research proposes to characterize the honfpajfiweld cladded billet by hot upsetting test. A
parametric study of upsetting test concerning tictéidn conditions at die/billet contact is carriedt

by slab model and finite element simulation. Theligation involves the case of stainless steel
cladded on carbon steel.

In experimental tests, two types of cracks ocaumgitudinal crack and circumferential crack. The
latter occurs with striated die (equivalent to ldtig condition). The curve of forging effort as
function of upsetting ratio is typical for upsegitest. Friction has same effect on forging efésrfor

the upsetting test of mono-material billet.

A slab model is developed considering a visco-pgdsiction law at die/billet contact. It permits
getting the analytical expression of forging effastfunction of upsetting ratio and certain proicess
parameters such as friction coefficients.

With Latham and Cockcroft Criterion, the finite mlent simulation allows predicting the possible
position of crack observed experimentally regal#sthe accuracy of the geometrical modeling of
the substrate/cladded layer interface. More prggigeseems unnecessary to take into account the
periodic aspect of the substrate/cladding interfagaedict overall material distribution, the forg
effort and the crack occurrence. Wavy morphologyusth be considered to obtain more accurate
cladding thicknesses.

The circumferential crack is specific to claddeliebidue to overall mechanical interaction between
the substrate and the cladded layer. This crattleisesult of the lack of hot ductility of the cthetl
material, the initial material distribution and thet forging process parameters like friction.



The results obtained by upsetting test could béo#tse for identification of the behavior law of the
constitutive material of the cladded layer. Indetbds last one is the result of the solidificatioina
mix of the filler material and the substrate and griori unknown.

Further investigations have to be conducted albmuevolution of the cladded microstructure during
forming and subsequent cooling. Residual stressibsnvthe cladded layer as result of the thermal
expansion difference between the substrate andadeed layer have to be considered.
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