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ABSTRACT

In order to obtain the macroscopic mechanical nespoof a 316L stainless steel,
nanocrystallized by a SMAT treatment, a multilayeodel is proposed. The constitutive
behaviour of each layer is determined from tengkds or by an inverse method and its
thickness is evaluated from SEM and TEM micrograpanalyses and local hardness
measurements. The consistency of the model isiegrify its ability to predict the strain at

which diffuse necking occurs.
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1. Introduction

Ultrafine grain materials with mean grain size derathan 100 nm are actively studied
because of their enhanced mechanical propertieh s high strength, hardness and
superplasticity. In order to obtain an ultrafinaigrstructure in metallic materials and alloys,
several authors have used the Surface Mechanidatidkt Treatment (SMAT) which is

based on severe plastic deformation. In the sutta@r (several tens of micrometers thick) of
bulk materials, this treatment induces grain refieat, sometimes down to the nanometric
scale [1-5]. As a result of plastic deformatiortled surface layer, the micrometric grains are
refined without changing chemical composition andth@ut creating any porosity.

Unfortunately, the ductility of nanocrystallized teaals significantly decreases compared
with their traditional coarse-grained counterpais-8]. The multilayered structure of

SMATed components allows retaining a ductility thesiches 15% to 20% total strain while
increasing the overall strength. It is thus impotrt® investigate the mechanical behaviour of

each layer in detail and how their interactiony @aole in the ductility of the component.

In the present paper, a multilayer model for thecnmscopic mechanical behaviour of a
SMATed 316L plate is presented. It takes as inpathechanical behaviour of each layer and
its proportion in the whole material. The mechahbzhaviour of each layer is directly fitted
to tensile curves, except for the most refined dayhere it is obtained by an inverse method.
The average thickness of each layer is determie8danning Electron Microscopy (SEM)
and a hardness profile, obtained by nanoindentatlong the cross-section. Moreover, the
model also predicts the deformation correspondingjffuse necking, i.e. when the maximum
value of the tensile force is reached, by apply@ansidere’s criterion [9] to an uniaxial

tensile test (see 83.3).

2. Specimens and identification of the parameters of the constitutive law

2.1. Layers and model description

The material used in this investigation is a conuiar316L face-centred cubic austenitic

stainless steel. For experimental tests, 19 x 3B mnT plates were used, with chemical



composition as given in Table 1. The initial midrasture of the as-received material
contains grains with diameters ranging between i 20 pum. The two nanocrystallized
surfaces of this sheet were obtained by 30 minotedtrasonic-assisted SMAT in air and at
room temperature, with 3 mm diameter stainlesd stea and a vibration frequency of 20

kHz. A more detailed description of the SMAT pracean be found in [1] and [4].

In the model, three distinct layers are distingeb, 10-12]:
» the nanocrystalline layer at the material surfaith grain size less than 100 nm,
* the hardened transition layer with a gradient ddirgrsize and a high density of
mechanical twins,

» the coarse grained raw material layer in the middlide sample.

Each layer has its own elastoplastic behaviouyrass to follow a power law. As the plate is
SMATed on both sides, the model is divided inteeflayers (see Fig. 1): 2 nanocrystalline
layers, 2 transition layers and 1 core materiaklagt the middle of the plate. The general
scheme synthesizing the approach to recover theoswapic behaviour of the SMATed

sample is given in Fig. 2 and explained afterwards.

To obtain the constitutive behaviour of the thiegels, three specimens were required:

- one for the core material: as it can be assumadSiMAT affects only the surface of the
structure, a specimen was machined in the as-redenaterial,

- one for the transition layer: the specimen was inbth by mechanical polishing to
remove the nanocrystallized layer and the corer]aye

- one for the nanocrystalline layer: as this laydaoe thin to be isolated and to be handled
with the required accuracy, a composite specimatagang both the nanocrystalline and
the transition layer was manufactured by mechanmalishing from a SMATed
specimen. The behaviour was then obtained indyrabtlough an inverse method, as

explained below.

2.2. Experiments

Tensile tests were carried out at room temperabar@ screw driven Kammrath & Weiss
micro-tensile machine at a fixed strain rate of02.%. The dimensions of the tensile



specimens were 36 mm total length, with a gauggtlenf 19 mm and an average cross-

section ofex 3.6 mm?2, where€ is the thickness of the sample.

After tensile tests and fitting to the experimemaives by a Least Squares error minimization

resolved by the Levenberg-Marquardt algorithm,fatlewing parameters were obtained:

Core material:

o, =0, +K_[&"™ =290+1255% **, (1.2)

Transition layer:

0, =0, +K, " = 730+ 481F %%, (1.2)
t Ot t

with ¢ the plastic strain along the tensile axis, thesind denoting tore material’ and the
indext denoting transition layer’, and gy, du, K¢, Ki, Nc andn; material parametersz. and

Ox represent the yield stress;, K;, nc andn; are hardening coefficients. Fig. 3 shows the true
stress — strain curves for the as-received coaaa gaterial and the transition layer, with

their corresponding models.

2.3. Inverse method

Knowing the two constitutive behaviours from teasitests, the behaviour of the
nanocrystalline layer can be obtained. From thesilentest, the behaviour of the

nanocrystalline + transition layer is given by:

Nanocristalline + transition layer:

O, = Oy + K. ™ =810+ 40002, (1.3)

n+t

with gy+t, Knet, @and nney, the material parameters, analogous to the ondbkenprevious

section.

The thickness of the nanocristalline layer is 15 (#2 um) according to scanning electron
microscopy (SEM) observations (not shown here). Thekness of the nanocristalline +
transition layer, e, is determined from local hardness measurementsingal by
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nanoindentation tests along the sample depth [(LB.estimated at 245 pm (£10 um), when
the local hardness, which decreases with distamoen fthe surface, is stabilized.
Consequently, the thickness of the transition ldgmomes 230 pm (10 pm).

The nanocrystalline layer behaviour is also assutoddllow a power law. By considering
that plane sections remain plane during the defbomgverified 83.2) and imposing global
equilibrium, the relationship

J:”J+S‘at=e“a+e‘at, (1.4)

gives the total stress of a specimen only compo$dte nanocrystalline + transition layer,

with g, the stress in the nanocrystalline layer. Thus, dbgctive function, f_., to be

obj !

minimized in the least-square sense in order terdehe the parameters af, can be built:

2
13 e . e
f, =.]—> |0, —-|—0 +—a0, : 15
obj \/Ng[ n+t {enﬂ n e.. tjD ( )

whereN is the number of points, arbitrarily chosen bugéaenough, describing each true

stress — true strain curve amg.; and ¢ determined experimentally. The resolution of
equation (1.5) is an optimization problem which viesated with a Matlab program. The
algorithm seeks the minimum of a nonlinear multiaale function with constraints by using
the Sequential Quadratic Programmation (SQP) met@odstraints of the present problem
are only the domain boundaries of the parametétsr Aptimization, the following result is

obtained:

Nanocrystalline layer:
o, =0, +K_ [E™ =1757+338% *"*?, (1.6)

with o o, K, and n, material parameters. Local minima were avoidedrdrynning the

optimization with many different initial parameters



3. Results and discussion

3.1. Obtained values

The obtained hardening exponenris consistent with the result given by Chetial. [8], who
have also studied a 316L stainless steel treateBNWT in the same conditions as in the
present paper. The yield stress (0.2% offset) wheelches: 1950 MPa in the present work is
appreciably higher than theirs (455 MPa). The discrepancy can be explained bgrakv
phenomena:

- Firstly, in [8], difficulties associated to samgleeparation by mechanical polishing with
an average thickness of 15 um lead to heterogeseind defects in the cross section of
the sample. Thus, during tensile tests, the sampldoe torn apart prematurely due to
early localization.

- Secondly, over- or underestimation of the thickesssf the different layers by
micrographic means can lead to a difference ofyiblel stress of several tens of MPa.
Besides, the measurement uncertainties associatétetload cell are estimated at
approximately 50 MPa. In addition, considering owlgighted average thicknesses in
our reasoning and not taking into account any augon between the nanocrystalline
layer and the transition layer can appreciably ryoithe stress value. After sensitivity
study, by varying the thickness of each layer wittheir respective uncertainty range
and the obtained materials parameters (for therdayeand ‘n+t’) in a 5% error
range, an error of about 8% is estimated on thebetr o, of the nanocrystalline
layer. By applying the ISO 07-020 procedure [1Bgse 8% added to the uncertainties
due to the load cell precision lead to an uncetgaof near 8.5%, which doesn’t

explain alone the gap between our value of yiglelsstand the Chen’s one.

3.2. Plane sections assumption

In order to justify the use of equation (1.4) ast#tg point for our model, the hypothesis that
plane sections remain plane was verified by meaguhe deformation through the thickness
of the sample at one edge with Electronic Specldttebh Interferometry (ESPI) [14-17].
This technique allows very accurate measuremendsspfacement fields with a resolution of
about 20 nm. Fringes (isovalues of gray level) loamnterpreted as lines of isodisplacements.

The displacement component is measured paraltbetsensitivity vector, which is horizontal



in the images of Fig. 4. Only regularly spaced atrdight fringes along the length of the
specimen can be seen. This indicates that, ddspiézogeneity in constitutive behaviour, the
displacement field is constant along the thickreggbie specimen, at least at the free surface.

Fig. 4 shows the fringe patterns at different ssadyering tensile test before necking occurs.
3.3. Global behaviour and necking prediction

The global behaviour of the multilayered structwas obtained by considering again that
plane sections remain plane during the deformaiithe. macroscopic stress for the multilayer
model of a 316L stainless steel treated by SMATthan be expressed as:
o = 20, [5, +tht (5 +0. (5 _20, L& +2;ltt (& +0, L& |

ot ot

with S,, e, : section and thickness of the nanocristallineitay

(1.7)

S, & : section and thickness of the transition layer
S, & : section and thickness of the core material

Sot, &t : total section and total thickness

As noted previously, the section ratio is equali® thickness ratio due to the same width of

all the layers.

Fig. 5 displays the true stress — true strain urfier the SMATed material obtained
experimentally and by the multilayer model. The wuoves superimpose along a large part of
the plastic domain. They part after the diffusekineg and there is a small difference during
the elastoplastic transition, because modellingntfagerial behaviour after the diffuse neck
would require at least one damage parameter anccahglex geometry would need a
structure calculation. Also, using a model with yorthree distinct layers with uniform

behaviour cannot properly describe the progresseld of the transition layer.

To test the ability of our model to describe thesebplastic behaviour of SMATed structures,
it was used to predict the onset of diffuse neckiitty the help of Considere’s criterion. This
criterion [9] stipulates that the diffuse neck &awhen the maximum force applied during a
tensile test is reached, that is:

dF _

o0 (1.8)

7



whereF is the tensile force andrepresents the plastic strain along the tensils @etasticity

is neglected at this stage). This is a point obftainstability. Before this point, to get a
deformation increment, the force has to be incrbabeom this point on, the deformation
keeps rising while the force decreases: any nevos®ag deformation can not be compensated

by the hardening anymore.
The total forcer, by considering that plane sections remain plamend the deformation, can
be expressed as:

F=20,085 +20,[F +0,[5,. (1.9)

Consequently, Considére’s criterion becomes:

dF _ 28, do, 120 ds, +28 do, ‘20 ds is, do, vo, ds,
de de de de de de de

=2S,[, K, E™" -2S, K, ™ - 20,, [§, +2S M0, (K, "™ -2S K, "
-20, [§ +S O, K E""-S K, " -0, [5,
=0. (1.10)

In this equation, each surfa&® wherei=n, t or c, is expressed in the following way:
S =S, & whereSp is the initial surface of each layer. This expi@sss obtained by

assuming plastic incompressibility and by neglerfasticity.

There is no analytical solution to this equatidnwas thus solved numerically by Newton’s
method. The obtained solution, with all parametfamsviously determined, is = 25.8%.
Experimentally, the onset of the diffuse neckingvi@nd to be (see Fig. 5= 25.6%. It can
be seen that the two values are very close, whieans that the model is able to predict the

onset of diffuse necking.

3.4. Ductility of the nanocrystalline layer

By applying Considére’s criterion, the elongatiorldcalization of the nanocrystalline layer

is found to be 1.8%. Even though this value is ladlfthe one obtained by Chen, it is

consistent with a brittle behaviour predicted fanastructured materials [18]. Also, the
8



deformation mechanisms in nanostructured materaes not well known yet and the
application of Considére’s criterion might be inqdate for this kind of material if the
hardening mechanisms are not predominant. Moredavegn be observed that, due to the
multilayer structure in the SMATed sample, the glldbcalization appears at 25.6%, which is
much later than 1.8%. This justifies the fact tleat interaction exists between the
nanocrystalline layer and the transition layer afgb between the transition layer and the

core material.

3.5. Sressesin the transverse direction

Another assumption used in the model is that eagérlis free to deform in the transverse
direction with a transverse stress that remaing.z€his may not always be the case, in
particular during the elastoplastic transition vehsome layers are still elastic while others are
already plastic. A finite element simulation wasfpened without enforcing this assumption,
and it was found that it does not affect signifityathe results.

3.6. Residual stresses after SMAT

SMAT causes a plastic strain in the superficiaktayof the treated specimens. The resulting
incompatibility leads to a residual stress gradialang the depth. In turn, these residual
stresses will shift the observed yield stress efrttaterial. In the present paper, this effect was
neglected, or, in other words, the yield stresées tvere determined are effective values
integrating residual stresses.

4. Conclusion

The purely uniaxial multilayer model proposed ie firesent paper is very simple. However it
allows an accurate description of the tensile efdastic behaviour of a SMATed specimen

from the yield point to the onset of diffuse negkift relies on the assumption that strains are
homogeneous along the thickness, assumption wkicupported by measurements carried
out using Electronic Speckle Pattern InterferomeTliyis model is also able to evaluate, in an

accurate way (approximately 0.5% of error), theodeftion satisfying Considére’s criterion.



The model was used in an inverse method to deterrtia constitutive behaviour of the

nanocrystalline layer of a SMATed 316L steel. Tokoiving results were obtained:

- the yield stress is 1950 MPa, which is about seuaes higher than that of a coarse grain
sample,

- the hardening coefficient of its constitutive poviaw is low and equal to 0.0712,

- the multiplier coefficient in front of the hardeg term is equal to 338,

- the necking of the isolated nanocrystalline lagkould occur at a strain of about 1.8%,
however due to the presence of the transition anel layers, the global necking occurs much

later at 25.6% strain.

In order to better describe the experimental catvhe elastoplastic transition, a continuous
model will be developed in future work where thé#&e&our of each elementary layer will be
expressed in function of the thickness. Residuasses will be measured and taken into

account in the model to obtain the intrinsic yisttess of each layer.
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Elements

C

Mn

S

Cr

Mo

Ni

Cu

B

Co

% Weight

0,025

0,38

1,33

0,02]

[

0,002

16,

10 2,

09 10

,0340

D 0,0006

0,07

Table 1: Nominal chemical composition of the 316&hirdess steel used in this work.
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Fig. 1: Multilayer model showing the cross-sectidra sample treated by SMAT.
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Fig. 2: Implemented approach to recover the maogs behaviour of the SMATed sample.
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Fig. 3: True stress — true strain curves and fiilsdor the transition layer, the core material

and the nanocrystalline + transition layers.
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Initial State

Fig. 4. Straight and parallel fringe pattern obéal by ESPI through the thickness of the
specimen, confirming the hypothesis that the plm&normal to the median fibre sections
remain plane and normal to the median fibre dutivegdeformation.

17



1000

) —
.’;’;’A’I"
800 | —
P 1
—— 1
< — - !
Q600 Diffuse Neck !
2 Initiation :
© 400 - i
1
Experiments :
200 .
Model 1
1
0 : : ; : —L '
0 5 10 15 20 25€c 30 35
&0t (%0)

Fig. 5: True stress-true strain curve obtainecearmentally and by the multilayer model of
Fig. 1.
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