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Abstract

This paper presents an investigation of the iaterfquality of nanocristallised 316L stainlessIstee
multilayer structures. They were produced by a ekigdrocess, combining the Surface Mechanical
Attrition Treatment (SMAT) and the co-rolling praseat two different annealing temperatures (550°C
and 650°C). Oxide layers were observed at thefattes between the sheets and their morphology was
characterised by optical microscopy. Their chemarathposition was determined by Energy Dispersive
X-ray spectrometry. The microstructure near therfates was analysed by Transmission Electron
Microscopy (TEM). In the laminate co-rolled at 580°the presence of ultrafine grains was
demonstrated. Additional tensile tests have shawmffuence of the annealing temperature on thilyie
strength, as well as on the resistance of thefades of the co-rolled multilayer structures.
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1. Introduction

Nanocrystalline and ultrafine-grained metals ardyal with average grain size of less than 500 nm
have generated widespread interest during thedesade because of their remarkable mechanical
properties as compared to their coarse-grained temqarts [1]. However, despite high yield and
ultimate strengths, a significant number of theseiss has shown a very limited tensile ductildften
caused by residual porosities, impurities and flasising from the elaboration process. The most
common nanocristallisation processes are inertgasolidation, electrodeposition, powder compaction
and severe plastic deformation techniques suchG&EE(Equal Channel Angular Extrusion), HPT
(High Pressure Torsion), ARB (Accumulative Roll-Biimg) and SMAT (Surface Mechanical Attrition
Treatment). The recently developed SMAT techniga® induce grain refinement down to the
nanometer scale in the top surface layer of meatadsalloys such as iron, titanium, copper or s¢sis
steel [1-4]. Unfortunately the affected depth remdimited & 250 pum for 316L stainless steel), which
leads to a rapid saturation of the yield strengtifSBATed bulk materials [5]. To overcome this
problem, a novel process has been developed teaserthe volume fraction of nano-grains. This duple
process combines the SMAT with a subsequent corgofirocess in order to produce multilayered bulk
structures with improved yield and ultimate tensileengths, while conserving an acceptable eloogati



to failure. The duplex process is described initetd5, 6]. However, during the heat treatmenfdse
co-rolling, the impurities deposited on the surfaE&MATed samples cause bonding imperfections due
to interfacial oxidation during the process.

In the present work, nanocristallised 316L staslsteel multilayer structures were produced by the
duplex process as described in [5, 6]. Two differmiling temperatures, 550°C and 650°C, were
imposed in order to quantify the effect of the heghtment on the interface quality. The microgtices
near the interface region of co-rolled samples vegraysed by Optical Microscopy (OM). In addition,
the oxide layers observed there were chemicallyadtarised by Energy Dispersive X-ray spectrometry
(EDX). Finally, uniaxial tensile tests were carrigat at room temperature on the as-processed stesct
in order to study the influence of annealing onrtfecroscopic mechanical properties.

2. Experimental procedures

In this investigation a 316L face centered culfix)(austenitic stainless steel with chemical
composition as given in Table 1 was used. Theainitiicrostructure of the as-received alloy after
thermomechanical treatment and hyper-quenchingyishio Fig. 1, contains austenitic grains of 10 to
60 um. A high density of mechanical and annealimgg can be observed within the grains. For the
experimental tests, 120x120x1 rhiplates were used. The surface nanocrystallisatfothese sheets
was carried out by SMAT in air at room temperatueing 30 minutes, with 3 mm stainless steel shot
at a vibration frequency of 20 kHz. A complete diggmon of the SMAT process is given in [1].

The co-rolling of the assembly of three SMATedtgdawas carried out on a reversible rolling mill
with a maximum capacity of 3500 kN. In both cagég middle plate was SMATed on both sides,
whereas the two outer plates were treated on itineér side only. Then, the plates were co-rollethio
passes with a total thickness reductior=d5%, corresponding to a total equivalent strai®.88. To
identify the effect of annealing on the mechanioahaviour of the co-rolled samples and on their
interface bonding, two different heat treatmentsenmearried out: the samples were respectively co-
rolled at 550°C (samplesfiat-ss0) and at 650°C (samplesyiat-s50). These annealing temperatures were
deliberately chosen near the dechromisation teryreraof the stainless steel. For comparison,
laminates of three plates have been co-rolled wittBMAT at the interfaces, with the same reduction
ratio and at the same annealing temperature (samiplevar-ssoand To smaT-650-

The microstructure of the co-rolled samples wasratterised by transmission electron microscopy
(TEM) on a 120 kV LEO 912 OMEGA microscope. TEM maview samples were cut from the co-
rolled samples near the interface region. A secbBM observation campaign was carried out on a
PHILIPS CM200 FEG microscope with an acceleratiojage of 200 kV. For the latter, TEM samples
were obtained from the co-rolled samples in thesvarse plane defined by the rolling and normal
directions (plane RD-ND). These samples alloweadequate analysis of the microstructure near the
interface, as well as the analysis of the chengicadposition of the interface oxides by EDX.

Optical micrographs were obtained of the crossi@edplane RD-ND) of samplessyar-ss0 and
Tswat-6s0 before and after electro-polishing at room temjueeain a solution of 60% nitric acid and
40% water at a voltage of 1.5V. Moreover, the sasiplere polished to obtain a working surface near
the plane defined by the rolling and transversedtions (RD-TD) as shown in Fig. 3 a).

In order to quantify the mechanical response efatied structures, tensile tests were carriedatut
room temperature on a screw-driven Kammrath & Waigso-tensile machine at a fixed strain rate of



10* s*. Tensile samples with a total length of 36 mmaagg length of 19 mm and an average cross-
section of 1.4 x 3.6 mm? were machined by elect@targe from the co-rolled samples.

3. Resultsand discussion

Preliminary OM observations were undertaken omatied multilayer structures after mechanical
polishing and without etching. The observationsemerincipally carried out in the interface regian a
shown in the micrographs in Fig. 2 a) and b), whighresent respectively the interface morphology an
oxidation of the samplessfiat-sso and Tsmat-s50- A Significant difference between the oxide layers
observed. The laminatesyiarsso contains discontinuous oxide clusters with hetenegus thickness.
Between the oxide islets, a good metal/metal bapdirobserved. The interface of samplgiar-eso iS
characterised by a continuous oxide layer with doum thickness of 1-2 um. As shown by these
micrographs, the higher annealing temperature éonpte Tsmat-s50 has a significant effect on the
oxidation in the interface region, and probably thie oxidation kinetics, which may explain the
difference observed between the two laminates.

To provide a better understanding and analysth@foxides, metallographic samples were obtained
by mechanical polishing in an inclined plane neB-TD (see Fig. 3 a)). The micrograph obtained for
sample Euat-ss0 thus prepared is given in Fig. 3 b). The oxidest@u shown in this figure contains
several colorations (red, blue, brown, gray andllandicating the presence of oxides such as hiamat
(0-Fe0s), magnetite (F#,) and different complex oxides resulting from thedation of various
elements such as iron and chromium. In additiopardial metal/oxide decohesion is noted, leading to
the formation of cracks and micro-debonding in ithiterface region, which could be very harmful for
the mechanical behaviour of co-rolled structurdss Ppoint will be discussed later.

Contradicting to some studies in the literatureg]J7 who claim that SMAT does not contaminate the
treated materials, the SMAT used in the duplex @ssis strongly suspected to contribute to surface
pollution. The three principal sources of pollutiornthe SMAT process that have been identifiedtlaee
shot, the ultrasonic resonator and the treatmeatnbler. Polluting particles put in motion and/or
transported by the shot are deposited on the sudathe samples during the treatment. Such surface
pollution has been reported before by Ceetiml. [9] on a 316L stainless steel after surface meichén
attrition by ball milling. In the present study.etipollutants oxidise in air before and during tleath
treatment. During co-rolling, complex oxides arerthformed at the interfaces of the multilayer
structures.

As shown in Fig. 4 a), a TEM sample was preparenh fthe cross section (plane RD-ND) of sample
Tsmatsso This sample was used for analysing the chemioalposition of the oxide layer at the
interface. The thickness of the oxide layer in tt@gion is about 200 nm. The EDX measurements
performed in the austenitic matrix show a chemmahposition near to that given in Table I. The
microanalyses of the oxidised interface region .(Fgb)) show the presence of Fe, Cr, Mn and O
elements in high proportion. This indicates thanptex oxides are formed during the duplex process.
Furthermore, the energy of the characteristic pgake titanium emission spectrum is very atypical
the considered stainless steel alloy. The presehti@nium can be directly related to surface ibdin
by the TAGV titanium alloy ultrasonic resonator,daconfirms the assumption that SMAT induces a
surface pollution.

After the study of the interface region of therotled multilayer structures without prior etchiray,
microstructural investigation was carried out afdgctro-polishing. Fig. 5 a-c) and a’-c’) show the



optical micrographs obtained for samplesuArsso and Tswat-650 respectively. It can be observed that
the microstructure of these samples consists afroefd austenitic grains. Segregated bands developed
during rolling, forming fibres in the middle of théhree sheets composing the laminate, are also
observed (Fig. 5 a) and a’)). The shape of thengrdirough the cross-section of the laminates had t
location of the fibres indicate that a large pdrthe plastic strain is accommodated in the middléhe
sheets. These observations agree well with the leralness measurements performed by Watltl.

[6] on co-rolled laminates. There, the increasehef local hardness in the coarse grain matrix at th
middle of the plates was entirely attributed to Wark hardening during the rolling process. However
near the interface region, thye-a phase transformation activated by work hardeningnd SMAT
contributes to the increase of the local hardn&$s Nlore details about the martensite formation
occurring during SMAT can be found in [10-12].

As can be observed in Fig. 5, the oxide isletssionple Euwar-s50 and the continuous oxide layer in
the case of samplesyiat-s50 become clearly visible after electro-polishinge&hbands are present near
the interface region around the oxide islets in @anfswarsse, @s can be seen in Fig. 5 b) and c). A
similar shear band formation was reported by Koédlal. [13] and Quadiet al.[14], respectively in a
roll-bonded aluminium strip and ferrite processgdwarm rolling and ARB. This indicates that the
oxide islets significantly disturb the materiaMlauring the rolling. The material cannot flow woriinly
and flows around the obstacle, which gives risglastic strain localisation in shear bands.

No similar bands were observed for sampigiat-sso, because of the different morphology of the
oxide layer. The underlying processes explainirg differences are not yet clearly understood. The
fragility of the oxide layer, the deterioration @6 mechanical properties by raising the annealing
temperature, coupled to dissolution and migratibrthe oxides in the metal matrix might be at the
origin of these differences [15-19]. It is concdilathat the brittle oxides cannot accommodate the
plastic strain during co-rolling at 550°C. The rfésmould be a multi-fissuration of the oxide layer
during rolling. This hypothesis supports the oneady expressed by Quadit al. [14], who suggest
that the bonding occurs by fracture of the oxideta having a much lower ductility than the refeeen
metal. At the origin of the fracture of the oxidgér is the formation of shear bands that brealoxide
into single islets [14]. In this case, the undertyimaterial, more ductile, could then diffuse itibe
cracks to form junctions by diffusion with the maaé extruded through the superficial oxide layér o
the second sheet. This might explain the alternatiooxide islets and well-bonded areas between the
sheets in sampl&suat-ss0 (See Fig. 5 b-c)). For samplewar-sso, the oxide layer remains continuous
because of its increased ductility at the rolliegperature of 650°C.

Another significant difference can be noted in thierostructures near the interface. In the case of
sample Euart-ss0, the microstructure near the interface is chareseteé by deformation bands and a high
density of mechanical sub-micrometric twins witleiquiaxed grains, whereas samplgiar-eso Shows
only micrometric grains elongated in the rollingedition. Twins observed in Fig. 5 c) are the restilt
the SMAT and are considered to be at the origia gfain refinement in materials with low stacking
fault energies (SFE), as discussed in [1,3,5]. @h®sns were eliminated by the thermomechanical
treatment of laminateskat-ss0, @nd only a low density of annealing twins is visi

Despite some difficulties caused by the thinniechhique used in this work and by flatness defects
of the co-rolled laminate, a TEM sample could béawted from the ultrafine-grained layer. Fig. 6
displays a bright-field TEM micrograph showing thecrostructure beneath the interface of the co-
rolled laminate §uatss0 By analysing this plane-view observation anccdsesponding Selected Area
Electron Diffraction (SAED) pattern, the microsttwie in the interface region is characterised hyga
density of dislocations, ultrafine equiaxed grawith nearly random crystallographic orientationsd a



sub-structures. Taking into account several elactncrographs, the mean grain size can be evaluated
between 90 and 250 nm. This indicates that thecetie SMAT is not annihilated after annealing at
550°C, although the contribution of the deformatlmnds in the microstructural refinement remains
currently unclear. TEM micrographs obtained nearititerface of samplesfiat-sso (N0t presented here)
show no evidence of ultrafine grains and twins.

The tensile stress-strain curves of the sampigGrkso and Tswart-es0 are given in Fig. 7 a) and b)
respectively. For comparison, the stress-strainvesurof the laminates co-rolled without SMAT
(Tho smaT-550 and Tho smaT-650 and of an as-received coarse-grained samplelsoereluded. It can be
observed that the annealing temperature has afisagrii effect on the mechanical response. With
respect to the samplesdar-sso, @ yield strength reduction of 10% is recordedbath tensile directions
(RD and TD) for the samplesfiat-ss50- In the rolling direction, samplesfiar-ssoreaches a yield strength
of 750 MPa, corresponding to an increase of 154%oagpared to the coarse grain sample (295 MPa).
The benefit of the duplex process in terms of meia strength appears clearly by comparing the
stress-strain curves of the laminatesdr-sso and To smatss6 SMAT at the interfaces increases the
yield strength by approximately 14% for both direcs. Since the laminates have been manufactured
under identical conditions (reduction ratio, animepkemperature and the number of passes), thd yiel
strength increase recorded in figure Fig. 7 caeriigely attributed to the presence of a SMAT iretlic
refined microstructure near the interfaces. At “€5Qhe increase is about 5%.

In accordance with the well known Hall-Petch rielaship, the high strength of the co-rolled laméat
Tswat-s50 Can be explained by an increased volume fractiamaao- and ultrafine grains. As shown in
several publications, nanocrystalline layers castasn an important part of the load and greatlyaase
the mechanical strength of the material [3,5]. €fene, raising the volume fraction of nano-grain
boundaries in the material leads to a strengtheas® of the whole structure. In addition, and in
agreement with the work of Christigt al. [20] and Cheret al. [21], submicrometric twins play a
similar role to grains in dislocation blocking. Tun a SMA treated material, the effect of thehhig
density of twins can be associated to the effe¢hefultrafine and nano-grains [21-23]. An increate
the volume fraction of nano-grains and submicroiméwins of about 5% in Juar-sso thus leads to a
significant yield strength enhancement of about MIa with respect to shat6s0 The lower yield
strength of Ewar-s50 Might be attributed to thermally activated recgvand partial recristallisation of
the microstructure initiating dislocation and tvannihilation, as well as grain growth. Fig. 5 supgo
this hypothesis; it shows that the microstructatednges induced by SMAT are reversed feWak-sso,
contrarily to Tswat-s50. Furthermore, increase of the tensile strain ufalare for this sample can be
explained by the same phenomena. Of note in F&).ig the drop in the stress-strain curve of sample
Tsmat-650, Which is typical of debonding occurring duringgde tests. In that case, after debonding, two
sheets of the multilayer structure have been tgrartaand only the third one remains. During
mechanical testing, no debonding has been obsdéovddminates co-rolled at 550°C, which suggests
that the interface of the laminate annealed at 656°less resistant than that annealed at 550°€. Th
integrity of the oxide layer, i.e. the lack of cadt areas between the fresh metal (metal-metaacyraf
the two adjacent sheets, might explain this phemame

The difference in tensile strain to failure betwdiee samples loaded in their rolling direction (RID
transverse direction (TD) is not clearly explaingd. Nevertheless, the rearrangement of dislocstion
leading to the formation of a crystallographic teetduring the rolling process might be one possibl
cause. Furthermore, the heterogeneous materialdimithe presence of uncompleted bonding near the
interface region may modify the global mechanicaéponse. Electron Backscattering Diffraction
(EBSD) measurements and microstructural observa@oa currently under way to analyse the texture



evolution during the process. The purpose is toetate mechanical response (strength and strain to
failure) with microstructural changes.

4, Conclusions

In the present study, the interface oxidation oweg during a recently developed duplex process
combining the Surface Mechanical Attrition Treati¢8MAT) and the co-rolling process at high
temperature has been investigated. Optical micphgraf the interface region of the co-rolled lanésa
have shown discontinuous oxide clusters with hgemeous thicknesses for samplguarsso and a
continuous oxide layer with a uniform thickness bBf2 um for sample shatsso The surface
nanocristallisation technique used in the duplecess is thought to cause surface pollution, and ED
microanalyses of the oxidised interface region sttwvpresence of elements such as Ti, which ptnts
the TAGBV ultrasonic resonator as their main source.

The oxide islets in the laminate processed at GX)gnificantly disturb the material flow duringeth
co-rolling, leading to strain localisation in bandgher annealing temperatures reduce this eféscho
similar bands are observed for sampleuar-sso. However, annealing at 650°C eliminates SMAT-
induced mechanical twins. TEM micrographs takenehém the interface of shar-sso show a
microstructure characterised by a high density isfodations, ultrafine equiaxed grains at random
crystallographic orientations, and sub-structuiidss indicates that grain growth remains limiteteaf
co-rolling at 550°C, contrarily to 650°C.

Finally, a significant effect of the annealing f@mature on the mechanical response is observed in
tensile tests: a yield strength reduction of 10%eisorded for the samplesyiat-es0 With respect to
sample Fso (= 750 MPa). This decrease is thought to result ftbermally activated recovery and
recristallisation of the microstructure, initiatirgnihilation of dislocations and twins combinedhwi
grain growth. Moreover, the higher temperature eaus drop in the interface resistance, leading to
interface debonding under stress.
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Table | — Chemical composition of the 316L austerstainless steel (Fe matrix).
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Fig. 1: SEM micrograph showing the microstructuf¢he as-received 316L stainless steel.
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Fig. 2: a-b) Optical micrographs showing the irdeds of samplessfiatsso and Tsuat-s50 in the RD-ND observation plane.
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Fig. 3: a) Sample preparation to obtain an inclipelishing plane (near RD-TD); b) Optical micrognagf an oxide islet
with metal/oxide decohesion at the interface of @amsyat.sso.
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Fig. 4: a) Bright-field TEM observation of the ogithyer at the interface (sampleykrsso); b) EDX analysis of the
chemical composition the oxide layer (sampgak-ss0)-
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Fig. 5: Optical micrographs of the cross sectidar{p RD-ND) of samplesgiarsso (2-C) and Eyatsso (2'-C’).-
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Fig. 6: Bright-field TEM image, and the correspar@liSAED pattern (inset) of the sub-nanocrystallayer near the
interface of samplegfyat-ss0.
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direction. The stress-strain curves of the as-veckmaterial and of the samples co-rolled withddS at 550°C and 650°C (laminatglsmat-ssoand o smat-
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