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Abstract

We have assessed the impact of the welding paranetethe nano-sized oxide dispersion
and the grain size in the matrix of an ODS stetrdfiction stir welding. Our results, based
on combined small angle neutron scattering andreleenicroscopy, reveal a decrease in the
volume fraction of the particles smaller than 80 mmthe welds, mainly due to particle
agglomeration. The increase in tool rotation speredecrease in transverse speed leads to a
higher reduction in nano-sized particle fractiomg additionally to the occurrence of particle
melting. The dependence of the average grain sizéhé matrix on the particle volume
fraction follows a Zener pinning-type relationshiphis result points to the principal role that
the particles have in pinning grain boundary mowvetnand consequently in controlling the

grain size during welding.

Keywords: ODS steel, friction stir welding, small angle neutrscattering, particle size

distribution, Zener pinning



1. Introduction

Oxide dispersion-strengthened (ODS) steels areewtlyr considered as leading candidate
materials for the production of thin-wall claddindes for Gen IV fast nuclear reactors, and
also for first-wall components in magnetically-coreid fusion reactors [1-3]. Their
attractiveness as structural materials for futwrelear energy systems lies in their enhanced
high-temperature strength and creep resistancehvdiiows to extend the high-temperature
safe limit of reactor operation beyond the value OBOC0°C characteristic of
ferritic/martensitic steels [4], coupled to theigim resistance to the expected neutron doses
potentially beyond 100 dpa [5, 6]. ODS steels axeCF based materials that contain a high
density of yttrium-based oxide particles, of onlye&v nm in size, embedded in the ferritic
matrix [7, 8]. These particles act as effectiverieas for the movement of dislocations,
whereas the particle/matrix interface constitutes edfective sink for interstitial atoms

(e.g. H, He) and lattice defects induced by radimf®, 10].

These materials are produced by mechanically ialip§MA) a mixture of high-purity
metal powders along with )0; fine particles. MA is able to produce a near hoemmys
distribution of alloying elements and dispersionnanoparticles [11-13]. The powders are
then consolidated by either hot isostatic pressmgpt extrusion, followed by a series of cold
and/or hot rolling [14-16]. However, full reactooraponents cannot be directly produced
from MA material, therefore a successful method@@S steel joining is required. Fusion
joining techniques are generally unsuccessful smeéiing the alloy severely disrupts the
nanoparticle dispersion to the extent that theyuafikely to remain fit for purpose in nuclear
reactor. Therefore there has been a large interetveloping a solid state technique to join

ODS steels.



Friction Stir Welding (FSW) has in recent years B&sod out as a promising solid-state
welding solution for ODS steels. Several authorgehlaeen able to successfully join ODS
steels by FSW while largely preserving the dispersif nanoparticles [17]. During FSW a
rotating tool is plunged in the workpiece and aaemnalong a pre-defined direction while
welding the two metallic plates together. This ifharmo-mechanical process that produces
local temperatures between 70-90% of the meltingptpof the material [18, 19]. The
dispersed nano-scale particles present a high #iestability during annealing up to
[M15CC [20][21], with only a relatively small coarsenirgt prolonged times that is
attributed to the uptake of Al by the yttrium oxigarticles [22-24]. However, the severe
plastic deformation and complex material flow calidey the FSW rotating tool as it
advances along the weld line, in combination witle trelatively high heat input, can

potentially cause significant changes in the locairostructure of the welded zone.

The heat input and local plasticity introduced dgrFSW of high-Cr ODS steels triggers a
process of dynamic recrystallization within ther gtbne, leaving a roughly homogeneous
distribution of roughly equiaxed grains. This nolipdeads to a decrease in hardness and
strength of the weld with respect to the base nateand to a potential strain localization
phenomenon at the boundary between the stir zowetlae heat-affected zone on the
advancing side of the weld [25, 26]. Additionallypec torsional texture has been reported in
the stir zone, with a predominant <111> fiber comga that is characteristic of torsional
deformation processes in ferritic steels [26-28pwdver, the recrystallization taking place
during FSW can be used to form equiaxed grains, thedefore suppress the material
anisotropy introduced during prior rolling and enba the creep resistance of the material

[29].



The influence of the FSW process on the oxide gardistribution is not yet well established
and even less work has been done to investigateftéet of changing welding parameters.
The aim of this paper is to investigate the impzcselected weld tool traverse speeds and
rotation speeds on the particle size distributibrO®S friction stir bead-on-plate welds,
while using the same tool geometry, plunge foroa starting ODS steel microstructure. We
also aim to assess the effect of the particle éwwiion the grain size, and therefore on the
recrystallization phenomenon during FSW, in theiiermatrix. The results of this study will
hopefully provide guidelines for optimising the FSWbcess of ODS steels, minimising the
detrimental effect on the particle size distribnteind optimising grain size distribution in the

maitrix.

2. Experimental

2.1. Base Material

The chemical composition of the steel used inshisly, namely MA956 ODS steel, is given
in Table 1. This material is produced by Specialtd#ie Corporation, UK, via mechanical
alloying of the mixture of the corresponding metafjowders with ¥Os patrticles, followed
by a hot extrusion step ail00CC. The consolidated material is then hot rolledanth the
transverse and longitudinal directions using a @threversing mill, followed by a
recrystallization annealing treatment at 1%320for 1h, and finally air cooling to room

temperature [30-32].
2.2. Friction Stir Welding

Bead-on-plate welds were performed on nominallyrd thick plates, which were produced
by slicing the original plate in half through itsidkness. We used a polycrystalline cubic

boron nitride tool with a 25 mm diameter shoulded @ 3 mm diameter pin. Five bead-on-



plate welds were performed using a 25 kN plungeefan the presence of an argon shielding
gas atmosphere. Each weld corresponded to a skleotabination of tool rotation and
transverse speeds, see Table 2. In order to eedltvariations in microstructure across the
welds, and therefore identify representative lacetifor further structural characterization,
we performed Vickers micro-hardness line scanshenvield cross sections, using a Struers
DuraScan automatic hardness tester and a 1 kgfi {HWhe indentations were made
perpendicular to the welding direction, at apprceadely 2 mm from the top surface of the

workpiece.

2.3. Structural characterization

2.3.1. Optical and electron microscopy

The specimens were mechanically ground and poligf@en to 1 um with diamond
suspension, and further polished with 0.025 pntasillOP-S) suspension. The specimens
prepared for optical microscopy were finally etcldth a solution containing 15 vol.% HCI
and 3 vol.% HNQ@. Optical micrographs of the weld cross sectionsewiaken using a
Keyence VK-X200K 3D laser scanning microscope, whermicrographs of the particles
present at the weld border were taken on a StiberaScan automatic hardness tester. The
grain size distribution in the ferritic matrix atfte few micrometre-sized oxide particles were
probed by combining (1) Electron Backscatter Diffran (EBSD) maps collected on a
FEI Quanta 250 FEG-SEM, using an accelerating geltaf 20 kV and a scanning step size
of 0.8 um, (2) and Backscattered Electron (BSE)gesataken on an FEI Magellan
High Resolution FEG-SEM. Furthermore, the charasties of the nanometre-sized particles
were studied by Transmission Electron Microscop¥ND) using an FEI Tecnai G20
microscope. For this purpose, 3 mm-thin foil sareplere taken from both the base material

and the centre of the transverse cross sectionh@fweld. The electro-polishing was



performed using an electrolyte consisting of 95%oinethanol and 5 vol.% perchloric acid
at a temperature of -4Q. Particle size distributions were derived frora TfEM data using
the ImageJ software package [33].

2.3.2 Small-angle neutron scattering

The nanometre-sized particle distribution in eathhe welds and the base material was
derived from the Small Angle Neutron Scattering K&\ data collected on th¥ellow
Submarinenstrument, which is installed at the cold neutb@@amline of the 10 MW nuclear
reactor of the Budapest Neutron Centre (BNC), HangA monochromatic neutron beam
with a mean wavelength of 8.1 A was produced usingultidisk mechanical velocity
selector. The SANS measurements were performeda@n rtemperature, and under a
magnetic field of 1.5 T in order to magneticallywate the ferritic matrix in the ODS steel
samples. The neutron scattering signal was recargied) a He gas-filled multi-wire detector
with a 64 x 64 crhactive area. This detector was placed at two mlists behind the sample,
namely 1.1 and 5.2 m, in order to cover a tqtednge of 0.008-0.3 A

3. Results
3.1. Base material

Fig. 1 shows the microstructure of the base materitne representative TD/LD and TD/ND
planes, where TD, LD and ND denote the Transvérsegitudinal and Normal Directions of

the plate. At the surface, the optical micrograpéxeal the presence of relatively large
“pancake” shaped grains in the TD/LD plane, withittshortest dimension lying along the
normal direction. These grains are created by abalbgrain growth during the annealing
treatment at 132C after rolling. However, close to the centre lioé the plate the

microstructure is characterised by a predominaottlfine grains, 1-2 um slightly elongated

in LD (Fig. 1c). The transition between the nearfate coarse grained structure and the fine



grained structure inside the plate is characterised boundary region where both fine and
coarse grains are present. This implies that tmeratal grain growth in the material is not
complete, and the large central section of theeptatains its fine grained structure. The
micrographs in Fig. 1 also reveal the presencemimber of particles distributed through the
plate, typically 100 nm to 2 um in diameter, togethvith a high density of nano-sized

particles.

3.2. Friction stir welding

The friction stir welding process was performedhwiite tool being plunged from the fine
grain structure at the top of the workpiece, dfi@ring sliced the original 10 mm plate in half
through its thickness. Fig. 2 shows the opticalrogcaph of the cross section of one of the
welds, together with the variation in hardness sxiithe weld at approximately 2 mm from
the upper surface of the workpiece. The darkerraeng¢gion in the optical micrograph of
Fig. 2a corresponds to the zone where the tooktiasd the material, namely the stir zone
(SZ), which presentsdL0-15% decrease in hardness as compared to thenadseal (BM).
The region of 4 mm in width on either side of the SZ correspotadthe heat-affected zone
(HAZ). There is a noticeable asymmetry in the hasdnprofile across the weld. The
transition between the SZ and the HAZ in the adwanside of the weld is relatively sharp,
while the variation in hardness is more gradudahmretreating side. Moreover, we have also
observed a build-up of micrometre-sized partictes i30-50um thick region located at the
boundary between the SZ and the HAZ. Defects, sschavities and tunnelling voids, are
visible towards the base of the SZ. Similar defeetse observed in all of the different welds.
Generally they were of similar size and locatitrough they were occasionally also observed

on the retreating edge of the weld, close to theAZNHAZ boundary.



3.2.1. Grain size distribution

Fig. 3 shows a representative example of an EBSP ofighe stir zone, together with the
grain size distribution and mean grain diameterthea matrix as a function of welding
parameters. There is a weak texture at the cehtteeaveld for all the studied combinations
of welding parameters. The grains in the matrixedomgated in the direction of the materials
flow around the rotating tool, and they have areaspatio of(2. All of the welds present a
similar grain size distribution. However, we haugserved systematic changes in the mean
grain diameter with the welding parameters: the rmdiameter increases with increasing
rotation speed and/or decreasing transverse speedyith increasing heat input during

welding.
3.2.2. Nano-particle size distribution

The changes in particle size distribution due tdVR8ere detected by measuring the SANS
signal of samples taken from the base material tred welds, supported by TEM

observations. The studied ODS steel can be comsidas a dispersion of non-magnetic
spherical (oxide) particles in a ferromagneticr{fey matrix. For non-magnetic scatterers the
magnetic contrast is equal to the square of thenetay scattering length density of the
ferromagnetic matrix. The scattering intensity afnples in a magnetic field is in general

composed of two contributions:
I = huct Imag’ (Sin(a))z 1)

where h,c and hag are the nuclear and magnetic scattering intessigepectively, and is
the angle between the magnetic field direction awdttering vectorg. The magnetic

scattering intensity can then be extracted fromitiensity collected when the scattering



vector is perpendicular(= 90°) and parallelo{ = 0°) to the applied magnetic field, see

Fig. 4a, according to:

Imag= 10=90°) - 16=0°) (2)

Theg-dependence ofnhgin a system of polydisperse particles can be espekas [34, 35]:
1(a) =40° [ N(RV(R? P(qR di €)
0

whereAp is the magnetic scattering length density of tlaéri R is the particle radiug/(R)
is the particle volume with radius Bf andF(gR) is the form factor of spherical particle that
takes the form of:

J[sin(gR) - gRcos(gR)]

F(gR) =
@R (R

(4)

We have analysed the intensity as a function of dtattering vector (Fig. 4b) using a

lognormal particle size distribution:

N In(R/ )?
RJZTeXp[ 20°

N(R) = ] ®)
g

wherep is the median radius, N is the total number otigias ands is the polydispersity
parameter related to the width of the particle siggribution. The mean radius of nano-oxide

particles is evaluated asexp§?/2).

Fig. 4c shows the patrticle size distribution dediveom the SANS data for the welds
and the base material. There is a significant @deerén the volume fraction of the particles in
the welds, in the size range probed by the SAN&x@nt. Fig. 4d shows the relationship
between the welding parameters and the relativenvelfraction of the nano-particles after

welding. There is a clear decrease in the voluraetifsn of the particles with increasing
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rotation speed or decreasing traverse speed. Fighobvs illustrative examples of the
behaviour of the particles in the welds, togethéhwhe size distribution obtained from
TEM. The size distributions obtained by SANS (Hg) and TEM (Fig. 5d) are in good
agreement. All the welds show an increase in meaticfe diameter with respect to the base
material, see Table 2. The micrographs obtainedByl show a clear evidence of particle
agglomeration in the welds. In some cases, thecfmrtlusters may even be of a few
hundreds of nanometres in size (Fig. 5a), althahgly normally below 100 nm diameter.
Evidence of melting of the nanoparticles from TEMcrographs was relatively rare (Fig.

5c¢), and only observed in welds produced with tighdr heat inputs.

4. Discussion

Our SANS results reveal a significant decreaséeénmeasured volume fraction of the nano-
particle dispersion in the welds as compared tobdee material. There are three potential
causes of this decrease: particle dissolution,cagegtation, or displacement away from the
centre of the welds where the neutron beam wasleénti As seen in Fig. 2a, there was a
build-up of particles at the boarder of the TMAZ.tAis scale only the larger sized particles,
mostly titanium carbonitrides and aluminium oxidegre directly observed but it may be

assumed that the nanoparticles would similarlyldisgd away from the centre of the welds,

as previously observed by Charit et al. [36].

Fig. 5¢ shows that there has been at least sorseldi®n of the particles during FSW. As
previously mentioned, it was however only obserfiggd/Nelds 2 and 4 by TEM which were
the two welds with the highest heat inputs due awirtg the lowest traverse speed and
greatest rotational speed, respectively. The SAAS, dFig. 4c, shows that for Welds 3 and 5,
with the lowest heat inputs, the smallest partices largely unaffected and the mean

diameter remains similar to that of the base matetiggesting the temperature created by
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these parameters is low enough that the amounisebldtion is low or negligible. For the
other welds there is a very low number of particiéth diameters below 3 nm detected by
SANS, suggesting that dissolution of the smallestigles has occurred. Tlyerange covered
in the SANS experiment allowed the detection otipl#s or agglomerates with diameters up
to [(BO nm. Our TEM data showed that agglomerates agnale to at least this size limit, and
occasionally reached several hundreds of nanoméeeticle agglomeration during FSW is
likely to be the dominant cause for the reduceduw@ fraction of particles measured by

SANS.

We have also detected a modest increase in thage/@article size in all welds with respect
to the base material, as have other studies on BS@DS steel [37-39]. In our study, the
base material had been annealed at A326r 1h prior to FSW. During this annealing stage,
most of the ¥Os; particles would have already transformed into yitrialuminium perovskite
(YAP), which is stable at temperatures lower thahl5C°C. Thermocouple data on
subsequent similar welds shows that the tempemsfreduced by these parameters di not
exceed 100TC. Coarsening by pick-up of Al by the,®; particles is unlikely to be a
significant contributor to the increase in meantipkr diameter. Consequently, both the
reduction in relative fraction and the increasaverage size of the particles, as measured by
SANS and complementarily by TEM, are mainly due garticle dissolution and/or
agglomeration during FSW. The measured increagpauiiicle size was more pronounced for
increased rotation speed and decreased traversel.sHegher heat inputs will cause the
dissolution of a greater number of the smallestoparticles and will produce a greater
amount of stirring which in turn would likely in@ee the number of particles that
agglomerate. Since levels of dissolution were inet low, and negligible in the lower heat
input welds, most of the nanoparticles in the zbine of the welds will have been retained
after FSW. However, many of the nanoparticles exsspart of an agglomerate, hence the

12



number density of effective sites for pinning deglbons, trapping helium or acting as

recombination sites for radiation-induced lattiededtts will still be reduced.

The average grain size in the matrix of the welds ¥ound to increase with increasing tool
rotation speed and/or decreasing traverse speegl.pOtential cause of the increased grain
size is the direct effect of the heat input durvejding. Strain and strain rate also have a role
in determining grain size in the SZ, but this isalfy not as significant as the temperature of
the weld. The SZ grain structure coarsens frormmit&l sub-micron grain size, and becomes
more equiaxed in the thermal wake of the tool istatic annealing process [40]. Another
study on FSW of MA956 [38] showed that the grairesof friction stir welded MA956 is
stable during post weld heat treatment at £80fbr one hour. Given that the temperatures
achieved in this work during FSW remained lowemti®00C and that the exposure time
during welding was below 1 min, the direct effettlee heat input on the matrix is unlikely
to be the sole determining factor for the finaligrsize in MA956 after FSW. The alternative
is the effect of FSW on the oxide particle sizetrihstion, since the finely dispersed nano-
particles play an effective pinning role for the vament of grain boundaries in the matrix,
including following FSW [41, 42]. Fig. 6 shows tlawerage grain size in the matrix as a
function of the volume fraction of oxide particl&#¥e have compared these experimental data

with the Zener pinning limiting grain size L given by [43]:

4F

Diener = E (6)

wherer is the average particle radius agdsfthe volume fraction of particles in the welds
(Table 2). The volume fraction of particles in thesse material is reported to be 0.62 + 0.10%
[34]. The data in Fig. 6 shows a relatively goodrelation between the measured average
grain size and the values derived using Eq. (6is irhplies that the oxide dispersion strongly

influences the grain size in the matrix, by actagypinning particles for grain boundaries.
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The increase in particle size and decrease in wltraction of particles with sizes below
80 nm, caused by the higher tool rotation speedoamholwer transverse speed, manifests in a
higher interparticle spacing and a reduced rolesiarding grain growth in the matrix during
welding. Therefore, the observed decrease in hasdimethe stir zone, as compared to the
base material, is mainly due to (1) the increaseefame grain size with respect to the
surrounding fine grained material, (2) the decréagbe number of particles in the size range
below 80 nm, due to either particle agglomeratignrothe case of higher heat input during
welding, due to particle melting or displacementhe boundary between the stir zone and
the heat affected zone, and (3) a low dislocatemsdy in the stir zone following continuous

dynamic recrystallisation.

The presence of weld defects in the welds sugdkatshere was insufficient material flow
during FSW to create fully consolidated welds. Télative motion of the tool means that the
level of mixing is more inadequate on the retreatide of the weld, which is why weld
defects were observed along the retreating side ZMéundary. It is very likely that all of

the welds were too cold to sufficiently plasticike material.

The insufficient material flow is likely to be theause to the high levels of particle

agglomeration observed. The low viscosity wouldseathe material to be subject to intense
plastic deformation and large strain gradients bictv agglomeration of dispersoids has been
attributed previously by other authors in FSW][4@ther studies on FSW of ODS steels,
using higher heat inputs have been able to prodetect free welds while keeping the near
homogeneous distribution of particles in the SZ.[Ihe results suggest that a compromise
of welding parameters may have to be met to maxirtiie effectiveness of the nanopatrticles
distribution of ODS steels after FSW. Welding witho low a heat input leaves the weld

vulnerable to defects and agglomeration of theigdast However, using a higher heat input

14



can cause dissolution of the particles, which reenbshown in some cases to severely alter

the mean diameter and volume fraction of partidigsteriously.

5. Conclusions

We have performed a systematic study of the impatche FSW parameters on both the
nano-oxide particle distribution and the averagairgsize in the ferritic matrix of MA956
ODS steel. The main conclusions of this work at¢:tlje relative volume fraction of nano-
particles in the range of 2-80 nm, as measured ANS; decreases in the stir zone with
respect to the base material. This effect is movagunced in the case of higher tool rotation
speed and/or lower transverse speed, i.e. higragritneut during welding; (2) in all studied
welds, the particles form agglomerates that casome cases reach sizes above 100 nm.
When the heat input during welding is relativelyghhi we have also observed particle
dissolution; (3the stir zone of all the welds consists of a larggimogenous grain structure
with a nearly random texture. The average graia sizhe matrix increases with decreasing
volume fraction of particles with sizes below 80 ;n(4) the relationship between both
structural parameters follows a Zener pinning-typktionship. This implies an effective
pinning effect of the particles on the movementgadin boundaries in the matrix during
welding. The majority of the oxide particles aréaneed after FSW, but their grain boundary

pinning effect is reduced when they are formingtreély large agglomerates.
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Tables

Table 1L Chemical composition of the studied MA956 ODSk(at%).

Cr Al Y203 P Ti (0] C Mn Si Mo Ni Co N Cu S Fe

1997 | 444 | 053 | 0.53| 0.33| 0.21| 0.15| 0.11 | 0.05 | <0.05| 0.04 | 0.03 | 0.022 | 0.009 | 0.004 | bal.

Table 2 Welding parameters and characteristic parametietke welded microstructures:
mean grain diameter of the ferritic matrix, anchtee volume fraction and mean diameter of

the oxide nano-particles. ‘BM’ denotes the baseenieit

Traverse Mean Relative
Weld No Rotations per Speed Grain Volume Mean Diameter
" | Minute (RPM) pee Diameter : (nm)
(mm/min) (um) Fraction
BM - - - 1 10.8(1)
1 20C 14C 2.49(5 0.64 16.C(2)
2 20C 12C 2.58(6 0.5¢ 18.&(1)
3 200 160 2.05(3) 0.77 10.8(1)
4 220 140 2.56(5) 0.58 17.2(1)
5 180 140 1.93(4) 0.83 11.4(1)
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Figure captions

Fig. 1. (a)-(b) Optical image along the LD/TD and ND/TD més respectively; (c)-(e) BSE
images taken at the representative locations gpldte thickness denoted in (b); and (f) TEM

image of the as-received plate material of MA95630dDeel.

Fig. 2. (a) Optical image of the cross section of a regtive bead-on-plate ODS steel
weld; (b) micro-hardness measurements taken abap@mm from the surface of the weld,

as denoted by the dash line in (a).

Fig. 3. (a) EBSD map of the welds; (b) grain size disthiru of the matrix of selected welds;

(c) variation of the mean grain diameter with thel rotation speed and transverse speed.

Fig. 4. (a) SANS data collected from a ODS steel weld darpfaced under an external
magnetic field of 1.6T; (b) intensity as a functiinthe scattering vector for the base material
and selected welds; (c) oxide particle size digtrdn derived from the SANS data; (d)
variation of the relative volume fraction of paktis with the tool rotation speed and

transverse speed.

Fig. 5. TEM images showing examples of (a)-(b) particlglameration and (c) melting; (d)

particle size distribution obtained from the TEMaiges.

Fig. 6. (a) Mean grain diameter of the matrix as a fumctibthe relative volume fraction of
the oxide particles. The red line corresponds & dhktimated Zener pinning limiting grain
size (see text); (b) experimental value of the mgeain diameter for each of the studied

welds, together with the estimate from Eq. (6).
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