UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Microstructure and yield strength of SLM-fabricated
CM247LC Ni-Superalloy

Wang, Xigian; Carter, Luke N.; Pang, Bo; Attallah, Moataz M.; Loretto, Michael H.

DOI:
10.1016/j.actamat.2017.02.007

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):

Wang, X, Carter, LN, Pang, B, Attallah, MM & Loretto, MH 2017, 'Microstructure and yield strength of SLM-
fabricated CM247LC Ni-Superalloy', Acta Materialia, vol. 128, pp. 87-95.
https://doi.org/10.1016/j.actamat.2017.02.007

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 20. Mar. 2024


https://doi.org/10.1016/j.actamat.2017.02.007
https://doi.org/10.1016/j.actamat.2017.02.007
https://birmingham.elsevierpure.com/en/publications/afa7bc52-be9b-4c46-b02d-a34b33a883d2

Accepted Manuscript 5

Microstructure and yield strength of SLM-fabricated CM247LC Ni-Superalloy

Xigian Wang, Luke N. Carter, Bo Pang, Moataz M. Attallah, Michael H. Loretto

.
PROCESSING

Pll: S1359-6454(17)30098-8
DOI: 10.1016/j.actamat.2017.02.007
Reference: AM 13535

To appearin:  Acta Materialia

Please cite this article as: Xigian Wang, Luke N. Carter, Bo Pang, Moataz M. Attallah, Michael H.
Loretto, Microstructure and yield strength of SLM-fabricated CM247LC Ni-Superalloy, Acta Materialia
(2017), doi: 10.1016/j.actamat.2017.02.007

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.actamat.2017.02.007

Single track (DF)
Top surface (DF)

#0.2% Proof Stress (Mpa) ®UTS (MPA) = Strain (%)

1900 1

Sumple]  Samplel  Sampled  Kimetal 2011

Tii z05 o}
Bulk sample (BF

Strength (MPa)

c
)




Microstructure and yield strength of SLM-fabricated CM247LC Ni-Superalloy

Xigian Wang, Luke N. Carter, Bo Pang, Moataz Maf\&h and Michael H. Loretto
Metallurgy and Materials, the University of Birmimgm, Edgbaston, B15 2TT, UK

Abstract
Specimens of Selectively Laser Melted (SLM) CM247Lgowder have been
characterised using analytical scanning and trassan electron microscopy. In
specimens from the bulk, it has been found thagitadinal sections consist mainly of
columnary grains, containing virtually identically orientedlls, approximately 700 nm
in width and length up to hundreds of microns. Eheslls are separated from adjacent
cells and from adjacent grains BYy eutectic, by high densities of Hf/Ti/Ta/W-rich
precipitates and high densities of dislocationse €htecticy' is up to about 50 nm in
diameter but up to 10 nm within the cells. The wstructure in the top layer is similar
to that taken from the bulk, but single-track sagsphre heterogeneous along the track
length. The microstructures are interpreted in seohthe precipitation sequence, the
volume fraction of eutectic and partitioning of thelute elements during solidification
and the influence of subsequent laser-tracks. Tdading rate during solidification,
calculated from the observed cell diameters is ali6fiK/s, but the value obtained
from the size of' within the bulk is about T®/s. It is suggested that the discrepancy is
due to the limited accuracy of this approach. Tlentsts on as-fabricated samples
show that the yield strength is comparable with tfacast samples after standard heat
treatments. The high strength of the as-fabricatuples is interpreted in terms the
high densities of precipitates and dislocationsel boundaries, the fine cell structure
and they' within cells.
Key words. Ni-base superalloys; Transmission Electron Microscopy; Selective laser

melting; solidification microstructure; tensile behaviour.



1. Introduction

The significant advantages, in producing near-ieps components with short lead
time and low wastage of materials, have driven aese into the application of
Selective Laser Melting (SLM) in many areas suchaeso-engine components and
medical implants [1, 2]. A considerable amount adrkvhas been published on the
response of a range of alloys to SLM [3-5] andeagdeal of work has been carried out
aimed at optimising the process conditions to misénthe density of pores and cracks
formed during SLM. Studies have also shown thal lmodicks and pores can be further
minimised by post-process Hot Isostatic Pressingfihg) [6-8].

In Ni-base superalloys, the precipitation of lasgaounts ofy’ provides precipitation
hardening and excellent high-temperature mechapicgderties [9-11]. Radigt al. [9]
reported that the higher cooling rate during cardims cooling of UDIMET 720 Li from
above the solution temperature, gives fiyigerecipitates, which are more spherical and
are of uniform size. In a similar study carried oatthe CM247DS alloy [12], it was
found that water-quenched (1&/s) samples show a much higher density, finee siz
(~40 nm), more spherical and a more uniform digtrdn ofy' precipitates than those in
samples cooled at 75 K/s. Kusabirakal. [13] reported that the effective cooling rate
to avoid the precipitation of in Nimonic 105 needs to be higher thatf Kes.

In the case of highy'-fraction Ni-base superalloys processed by SLN.(EM247LC),
where it is accepted that the cooling rates ard,hilge occurrence of cracking is a
dominant feature due to the high residual stregsdsesult from rapid cooling and the
susceptibility of these alloys to various crackimgchanisms [14-18]. In contrast to
comprehensive studies on SLM process-optimisatiometiuce the cracks and pores

observed in the builds, only a limited amount ofrkvthvas been published on the



development of the microstructure in laser-proagssaterials. The work that has been
published has focused on optical microscopy andrsog electron microscopy (SEM),
although very recently, Divydt al. [4] used transmission electron microscopy (TEM)
to investigate the microstructure of CM247LC forntkeating SLM processing, but their
interpretation of the observed microstructuresedgffrom that in the present paper.
There is also a lack of information concerning ¢beling rates and data on the size and
distribution ofy' precipitates in SLM-processed CM247LC, althoughesal studies
suggest cooling rates >1K/s [19, 20]. Since precipitates, in the as-faimec
condition, can range in size down to a few nm [Zhlaracterisation of the structures
requires TEM. Earlier studies have related the arinDendrite Arm Spacing (DAS)
(equivalent to cell spacing) to the cooling rai§ éxperimentally and theoretically,
deriving Eq.1 [22]. Harrisoret al. found |T | ~ 3x18 K/s with primary DAS of
0.9~1.2 um during SLM of Hastelloy X [1].

Al = 97(£5)T~036(001) (1)
The terminology, which will be used throughout thaper, will be explained, as was
done in the recent paper [23] on AlSi10Mg, becalierent authors have used “cells”
to describe different microstructures in SLM-pramss samples. The terminology here
will follow that used to describe the microstruasideveloped during solidification of
alloys at different cooling rates [24]. These calls similar to dendrites with effectively
no secondary arms (very short secondary arms méybevdormed) that grow into the
liquid, forming an array of parallel cells of thanse orientation if they originate from
the same nucleus. Grain boundaries are formed wghemps of cells growing from

different nuclei meet.



The aim of this investigation is to characterise mhicrostructure and tensile properties
of SLM-processed CM247LC by carrying out a detailedsessment of the
microstructure in SLM-processed samples. This wak allowed the cooling rates
occurring during solidification to be estimatedaingh measurement of the cell width
(equivalent to primary dendrite arm spacing) areldboling rate in the solid (below the
y'-solvus) by measurement of thesize in Jominy end-quenched samples, in samples
that were water quenched with a thermocouple ires®itin as-fabricated samples. The
yield strength of these as-fabricated samples t&e:n measured and compared with
cast and heat treated CM247LC [25].

2. Experimental

The CM247LC argon gas atomised powder (+15-53 (th®,composition (wt%) of
which is listed in Table 1 was supplied by LPW Tealogy Ltd. (UK). Samples were
fabricated using a ‘Concept Laser M2 Laser powded’Bnachine [7], with a laser
power of 150 W, a scan speed of 1500 mm/s, dimeless scan spacing factor, (scan
spacing (um) / laser track width (um)) of 0.3 asldnd scanning strategy with an island
size of 5 mm. The track width is assumed to be 180 These conditions selectively
melt successive 20 pm thick layers of powder.

Table 1. the chemical composition of supplied pawda%).
Cr| Co| Mo| W | Ta Ti Al Hf C B Zr Ni
831| 9.15| 054 94 3.2 0.73 562 128 007 0.0210.8al

To assess the role of cooling rate on the sizg, dominy end quenching tests [26, 27]
have been carried out on samples with dimensioosrding to [26]. The test bar was
heated up to a solution treatment temperature 88 1% and held for 2 h before

qguenching. The Jominy quenching apparatus direatatar column to quench the end

of the test bar. The very end of the test bar (<p@® distance from surface) was



prepared for TEM observation. Water quenching df0amm cubic sample with an
embedded K-type thermocouple, with an acquisitade of 100 Hz, was also performed
to measure the actual cooling rate. Measuremehtbecsize ofy', was used to assess
the cooling rate below thesolvus in SLM-processed samples.

Metallographic samples were prepared for both t¢mgitudinal and transverse planes
by sectioning both along the building direction (dhd the laser-scanning plane.
Samples, which were ground and polished to 0.05pxieosuspension finish, were
observed using a Philips XL-30 SEM operated at 20td¢Kobtain Electron Back Scatter
Diffraction (EBSD) maps and a JEOL 7000 operate20akV to acquire secondary and
backscattered electron (BSE) images. 3 mm diamaiters from longitudinal and
transverse sections for TEM were spark eroded amahd down to 150 um which were
twin-jet electro-polished at -20 °C with a solutiof 10% perchloric acid and 90%
methanol using a Struers Tenupol-5 system.

Since SLM is a layer-wise process, transverse sssmnwkre prepared both from the
bulk of SLM-processed samples and from the uppersw$ace layer in order to assess
the influence of the repeated thermal cycles onirthi@l microstructure by comparing
the as-solidified microstructure of the top layerithw the remelted/reheated
microstructure taken from the bulk samples. Sitnee rhicrostructure of the top layer
sample may result from remelting of tracks by agljadaser tracks during processing,
the microstructure of a single track sample has laracterised and compared with
that in the top layer and bulk. A rectangular saamgfi CM247LC (20x20x5 mm) was
built as a substrate, and single track (10 mm mgtl®) was scanned across the top of
substrate, which had been recoated with a laypowfer prior to the single laser track.

The single-track specimen (with the substrate) sexsioned perpendicular to the laser



scanning direction followed by mounting, grindingdapolishing. The cross section of
single track is around 150m thick and FIB (Focused ion beam) thinning wasduse
extract a TEM sample (14 x14n) from the single-track sample.

A 200 kV JEOL TEM interfaced to an Energy DispeesX-ray Spectroscopy (EDX)
facility has been used for assessment of the atient relationships between cells and
for assessment of the detailed microstructuredrdation patterns were taken either
using an aperture and a defocused electron beatefitoe the area selected (selected
area diffraction S.A.D.) when high angular resantpatterns were required, or using a
small focused probe when the area had to be aetyrdefined (micro-diffraction
patterns), to determine the orientations of adjpcefls. Some EDX analyses were
carried out in the JEOL 2100, using a focused pmbselected areas.

A TALOS Scanning Transmission Electron Microsco@fEM) operating at 200 kV
has also been used to carry out microstructurasassent and to obtain X-ray maps to
assess the compositions of the precipitates amdetsure the extent of segregation to
cell and grain boundaries. To complement X-ray mdbe probe was focused on
specific areas for longer counting times than aeduwhen obtaining X-ray maps in
order to obtain more accurate local data. Measunes e the size of' precipitates in
bulk, top layer and single track samples, usedstonate cooling rates below thé
solvus, were carried out using 'feret' in Imagefinvsoe where all precipitates are
considered to be spherical of diameter defined h®y largest dimension. To avoid
background noise, no attempt was made to measecgjtates smaller than 3 nm.
Tensile tests at room temperature were carried bputwestmoreland Mechanical

Testing & Research, Ltd. on as-fabricated samplesprding to ASTM E8-15a [28], to



allow comparison with the strength of cast and ‘estted CM247LC. Three tensile
specimens were tested in the Z-direction.
3. Results
SEM images of longitudinal sections are shown guFeé 1 and as has been reported in
many papers [7, 29-31], columnar grains are formexving towards the melt pool
along the Z-direction. In addition, random regi@misquiaxed grains are visible. This
variation in microstructure has been reported imyr&loys processed by SLM and has
been attributed to local differences in thermaltdmgs [7, 29] or microstructural
inhomogeneities and/or evaporation and condensdtiang SLM processing [32]. The
present study focuses on the columnar grains, whmminate the microstructure.
Comparison of the EBSD map (Figure 1 (a)), the sdapy electron image (Figure 1
(b)) and back scattered electron image (Figure)llSftows that within the columnar
grains there are regions which contain a high dendi precipitates which separate
regions where the precipitate density is obviolmslyer.

Figure 1.
Longitudinal samples. Typical images are shown in Figure 2 (a) and (Dhe
dislocation density is higher in the regions where precipitates are present. Micro-
diffraction patterns show that these precipitated the associated dislocations define
the boundaries between cells which are approxima@0d nm in width and of virtually
identical orientation.

Figure 2.
Grain boundaries are not obviously different froefi boundaries in TEM images, since
both are associated with high densities of dislonat and precipitates, but can be

distinguished from cell boundaries by using diffrac data. Micro-diffraction patterns



taken using a focused probe from either side obtiendary in Figure 3 (a) are shown
in Figure 3 (b) and (c) which confirms that thisikigh angle boundary separating cells
labelled (b) and (c), but in the TEM image grainubdaries cannot always be
distinguished from cell boundaries.

Figure 3.
X-ray mapping in Figure 4 suggests that Ni, Co &ddcontents are lower in the
boundary regions than in cell centres. The Al, ki &i contents are however higher at
boundaries. Precipitates visible in Figure 2 argufé 3 are Hf, W, Ti and Ta-rich and
contain C and/or O. It is suggested that evaparatibAl occurs during processing,
might form oxides [32], leading to oxygen pickup By W, Hf, and Ta. Consequently,
there are precipitates rich in O. Al and Cr corgare higher along boundaries which is
consistent with the presence of eutectic liquid.

Figure4.

Diffraction patterns taken from anywhere in thesmngitudinal sections show
superlattice reflections as seen in Figure 5 (dqrkDfield images, taken using
superlatticey' reflections, show thaf'/y eutectic is present along parts of the cell
boundaries and very much fingris present within cells, as shown in Figure 5 (a)
Some regions of eutecti¢ are not confined to cell boundaries although tlaey
commonly contiguous with the eutectic in the cellibdaries in Figure 5 (b,c).

Figureb.
It is clear from Figure 5 and from the bright fieidages shown in Figure 2 and Figure
3 that the cells in the longitudinal section arenglated in the Z-direction as would be
expected from the SEM images and that the largesipitates are far more frequent in

the boundaries than within the cells. Tfidraction was determined to be ~1.5 vol%



from a series of dark field images taken in theselit regions, using @ reflection
along the length of many long cells.
Transverse samples. TEM images of cross sections of the cells and baties, are
shown in Figure 6 (a) and (b). The cells contaisignificant dislocation density,
although the density is far higher in the cell baanmes.

Figure6.
STEM images (see Figure 7) taken on the Talos, inoliight field and using the high
angle dark field detector show the microstructumgerclearly than can be seen in TEM
images. Dislocations within the cells and in celubdaries are visible in both images
and many are paired.

Figure7

X-ray maps of transverse sections using the TAL@&8ical STEM, are consistent
with the maps from longitudinal sections as showifrigure 8 showing that W content
is also higher in the centres than in the boundanéhereas the Ti, Al, Hf and Cr
contents are higher in boundaries. When point coan¢ used, with longer counting
times, it is found that the Ta and Hf concentragiane also higher in cell boundaries
and C and/or O can always be detected in the ptatgp. EDX analysis in TEM of the
centres of the cells shows that the Ni contenb@a 58 wt.%, whereas analyses of the
boundaries vary from 58 to 54wt.%.

Figure 8.
Further information confirming the nature of thaubdaries can be obtained by imaging
in dark field using &' reflection as shown in Figure 9. It is clear frone diffraction
pattern in Figure 9 (b) that superlattice maximanfry' are visible and imaging using

the 010 diffraction maximum visible in Figure 9 (showsy' particles up to about



50 nm in size present in the boundaries, togethir far smallery’ within the centres.
The larger particles in the boundaries are formgetha eutectic composition solidifies,
whereas the' in the centres is formed in the solid state fritv@y. The compositional
changes measured in the TALOS, where Ni and W atsitare higher in the cell
centres and Al, Cr and Ti contents are higher inndaries, reflect the partitioning of
these elements during solidification eitheryt@in cell centres) or to the eutectic liquid
(in cell and grain boundaries). However, the foioratof Hf, W, Ti and Ta-rich
precipitates reduces the amount of these elemestdution in the cell boundaries.

Figure9.

The size ofy' has been used to estimate the cooling rate dwandjng below they'
solvus. They' in cell boundaries is significantly larger thandell centres, which is to
be expected since thg in the eutectic forms during solidification (theutectic
temperature is about 1503K), whereasthm cell centres forms in the solid-state by
precipitating from they (they' solvus is about 1523 K). The finéprecipitates in cell
centres, are below about 20 nm in diameter, althahg majority are about 10 nm and
below. The Jominy tests showed thatprecipitates are around 50 nm in diameter.
Similar results are also found in [9, 12] when CMR& was water quenched. The
cooling rate was measured during water-quenchindgOofnm cubes and a value of
around 16 K/s was found, which is in the agreement with lttezature [12]. Although
the response time of the thermocouple limits théitalto measure cooling rates
accurately it is considered that the overall mezs@nt is not greatly in error.

The microstructures in samples taken from the tofase are similar to those seen in
samples taken from the bulk. In single track itgwsite clear that the sample is

heterogeneous since some un-melted regions arenpregresumably because the
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transfer of energy to the powder varies in différeygions. The areas selected using
FIB were chosen to avoid un-melted regions. Exatidnaof the small region thinned
using FIB showed that the microstructure was naohdgeneous even on this scale.
Thus Figure 10 (a) shows cells, which are eithenghted approximately towards the
centre of laser track or are equiaxed. Figure )@l (c) are dark field images taken
using the 100 reflection which show some regiongutectic ¢ +y'), mostly in cell
boundaries and some fineprecipitates most of which are below 10 nm imubter in
the body of they cells. Precipitates are still obvious at cell bdames, but the
compositional differences obtained using point EBXalyses shows the extent of
partitioning between cell boundaries and cell eanis less obvious than in samples
from the bulk or from the top layer. A limited nuertof dislocations is also visible.

Figure 10.

The sizes ofy' particles within cells and at cell boundaries éndaeen measured in
samples taken from the bulk, from the top surfawkfeom the single-track samples and
these measurements are summarised in Figure 11lreSbks are shown as %s within
size ranges, below 10 nm, between 10 and 20 nmeket20 and 30 nm and greater
than 30 nm. The results for the bulk sample andHertop layer are virtually identical
with the majority of particles below 10 nm and véew above 30 nm which come from
the eutectic. The results for the single-track danape quite different with a higher %
of precipitates in the larger size ranges.

Figure 11.

The yield strength was measured and had an avefagg2 MPa, which is marginally
higher than cast CM247LC after standard heat treatsnreported by Kinet al. [25].

The UTS of the as-fabricated samples is also highen Kim's data, as shown in

11



Figure 12. The ductility was however limited, prembly in part because of the
presence of cracks, which are known to be presess-fabricated CM247LC. Sample 2
that showed the lowest ductility fractured outdide gauge length. As shown in Figure
12 the ductility has been improved after HIPpindpigh can heal some cracks [18, 33]),
and heat treatment, although there is a largeescatt

Figure 12.

4. Discussion

The observations on the longitudinal sections st@owicrostructure dominated by
columnar grains that contain virtually identicaiemtation cells (rather than dendrites).
The boundaries between the cells contain a highsijerof dislocations and of
Hf/W/Ti/Ta-rich precipitates and regions of ¢ y) eutectic which containg particles

up to about 50 nm in diameter. Within the cellsr¢his a high density of smallet
particles, mostly below 10 nm in diameter. In aiddit within these long cells there are
some small volumes of the larggy although some are contiguous with cell boundary
v'ly eutectic. The microstructures observed in trarsg/eections are, as expected from
the longitudinal sections, made up of cross-sestioh the long cells and the cell
boundaries visible in the longitudinal sections.

These structures can be understood if it is assuhsdhe groups of similarly oriented
cells visible in longitudinal sections grow frontammon nucleus; these cells leaving a
eutectic liquid between them, which solidify duri8§gM. This liquid contains a large
fraction of the Hf/W/Ti/Ta-rich particles, which eathen associated with the eutectic
[34]. The regions of eutectig (+y") found withiny cells (mostly contiguous with the
cell boundary eutectic) would then originate fromadl volumes of eutectic liquid

trapped on the solid/liquid interface during sdladtion. The dislocations formed
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within the cells and at cell boundaries are geeérdiy the high stresses occurring
during SLM, which in the case of CM247LC leads tdeesive cracking [32]. It is
suggested that the higher dislocation density teetite cell boundaries, than that within
the cells, arises because the Hf/W/Ti/Ta-rich piéaies and the'/y eutectic act as
barriers to glide of dislocations which thereforcwamulate in these regions of high
precipitate density. The blocking of dislocationsymcontribute to the extensive
cracking observed in SLM-processed CM247LC sincesses generated during SLM
will increase if they cannot be relieved by glidecbmb of dislocation.

This interpretation of the microstructures in alsrieated SLM-processed CM247LC
differs from that put forward in the paper by Divstaal. [4], where it was suggested
that the coarsef' in boundaries is due to coarsening occurringhie solid state
associated with “the higher internal energy atehesations”. Our suggestion, that the
y' in grain and cell boundaries is formed via theeetic transformation, but thé within
the cells is formed during post-solidification cogl by precipitation frony, seems able
to explain the microstructure more satisfactorllgey' formed as a eutectic will thus be
coarser than that formed via a solid-state transftion because diffusion will be faster.
The local compositions in cell and grain boundaaes consistent with partitioning
between liquid and solid during solidification ifutectic liquid is left in these
boundaries.

In our recent SLM work [23] on AlSi10Mg, it was sk that Al (with very little Si in
solution) forms cells which, in this near eutediloy, leads to the production of a high
volume fraction of the Al-Si eutectic liquid whigk formed mostly at cell (and grain)
boundaries, but a significant amount is trappethatliquid solid interface leading to

sub cells within the long cells, delineated by oegi of Al-Si eutectic. This
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microstructure is consistent with the interpretatiof the microstructure of SLM-
processed CM247LC, with the only difference beimgf the volume fraction of eutectic
is very much higher in the AISi10Mg alloy so thaetsub cell boundaries are a major
feature in this alloy, whereas in CM247LC no obw@ub cell boundaries are seen and
isolated regions of eutectic within cells are olsedrrelatively rarely.

In addition to this difference in interpretation tfe origin of the regions containing
different sizedy' in SLM-processed CM247LC, there are some sligifergnces in the
reported microstructures between the present wadkilzat reported by Divyet al. [4];
they report a gradual change in orientation betwadjacent cells whereas we find
small, but not systematic changes. These diffeserumld be associated with the
different laser scanning strategies used and e#r&bles during processing.

As noted above the data obtained in the presenk abbows two estimates of the
cooling rate; firstly, the cooling rate during slification from measurement of the cell
size, (which is equivalent to primary dendrite aspacing, using equation 1) and
secondly, the cooling rate in the solid state, Wwdlwey' solvus, calculated from the size
of y" within cells.

In the single track samples cells are generallpgdted and it is clear, both from the
literature and from the fact that the cells growiagt the direction of maximum thermal
gradient (heat flow) and therefore towards to teetie of melt-pools. As a sample is
built, the bulk of the sample, together with sulitgtract as heat sinks and the influence
of re-melting due to successive laser-tracks agdréaduring process promotes cell
growth along the building direction. The equiaxesis (cross section of elongated
cells) are 700 nm in diameter and if this valuaused in Equation 1 a cooling rate

during solidification of about £/s is obtained.
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The measurements of the size of fhen samples taken either from the bulk, or from
the top surface summarised in Figure 11, showttietast majority of the' is below
10 nm and is in cell centres and a small % abovarmQcontained in thg/y' eutectic.
On the other hand the size distribution in the Igiigack samples does not show a peak
at 10 nm and contains a significant % from 10 nnmtaupbove 20 nm. The presence of
these larger' may be due to the fact that the eutectic formedhfthe liquid, which
solidifies at the solid/liquid interface remains tite top surface, rather than in cell
boundaries. Thus, when the single layer is laid ™aws likely that some liquid will
solidify on the top surface (as well as in cell bdaries) which will be re-dissolved
either when further layers are melted or by adjat@cks in the top layer. On that basis
the vast majority of the' formed in cells is between the smallest size ttaat be
measured with any confidence, about 3 nm and 10 nm.

Since the samples from the top layer and from thik lave very similar size
distributions ofy', it appears that the effective cooling rateshese samples are very
similar, despite the reheating which undoubtedlguos. If the reheating leads to
melting, this will dissolve any' and subsequent precipitation can occur only dhee
temperature has dropped below thesolvus. Hence the growth @f can occur only
during this cooling, which apparently occurs atragpnately the same rate throughout
the sample. Any subsequent re-heating, to belowy'tls®lvus occurs so rapidly that
there is no time for any growth @f On that basis, the effective cooling rate, betbes

y' solvus is constant throughout the build and iperé of 10 nm is an indication of this
effective rate.

The size of the' in the end section of the Jominy samples andendirectly water-

quenched sample is about 50 nm (where the measaogitig rate was about 18/s).
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On that basis the effective cooling rate in thedsslate during SLM is certainly greater
than 1GK/s. In the work by Babuat al. [12] it was also found that water quenching
givesy' particles up to a size of about 50 nm. Babal. [12] measured the size gffor

a range of cooling rates and if their data is gdfated linearly to higher cooling rates it
appears that' of about 10 nm diameter would be formed at aingotate of about
10*K/s. This suggests that the effective cooling rdteing SLM below the temperature
at whichy forms in the solid, is about 41R/s. The discrepancy between the estimate of
10°K/s, obtained from the cell size, and the valud @fK/s, obtained from the size of
they', is far greater than would be expected. It isgested that accuracies of either or
both of the two estimates are poor because ofxtrapolation involved.

The detailed thermal history during SLM has not lyeen measured directly and the
influence of various important parameters suchhasmal conductivity of powders is
being modelled in many laboratories in an attemgptassess actual cooling rates.
Modelling of the conditions used here is underwag @ paper will be submitted
shortly. Kusabirakiet al. [13] concluded that the cooling rate required tevpnt the
precipitation ofy' in Nimonic 105 needs to be higher tharf K@s; at this cooling rate
they reported that they could see no superlattiarimma. There are several mistakes in
the indexing of the diffraction patterns shown ig.F2 in their paper, although
superlattice maxima can be seen at the lower aqpobtes, but are not obvious in the
diffraction pattern taken from a sample cooled a@te which they calculate to be
10*K/s.

As noted above the difference in composition betwtdee cell boundaries and cell
centres observed in the present work shows that #nverapid cooling occurring during

SLM there is time for significant partitioning ofeenents between the liquid and solid
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phases, with eutectic liquid being formed at catid grain) boundaries between cells.
The X-ray maps, (together with point analyses edrmout for longer times than the
dwell times when recording X-ray maps), show th&tFa, Ti, Cr and Al partition to
the liquid phase and that Ni, Co and W partitionthe solid, with no segregation
detectable for Mo. This partitioning is similar ttwat observed in cast MARM 247 [35]
where Hf, Ta, Ti, and Al were found to segregatéhmliquid, W and Co segregated to
the solid, and Mo, Cr, and Ni did not segregatesistantly. The cast alloy had
significant differences in composition from theogllstudied here, such as a higher Al
content and lower W content, but the partitionisgjuite similar despite the difference
in composition and cooling rates. The observeditparing is thus consistent with the
conclusion that eutecticy (+ y) is formed between thg cells in SLM-processed
samples of CM247LC during solidification, which gs/rise to the coarserin the cell
boundaries than in the cell centres.

If EDX is used to detect this segregation, whicbnsa scale of less than the cell width
of about 700 nm it is necessary to use thin sampléisnit beam spreading. The high
voltage available of 200kV and the small probe iREM also limits beam spreading.
Harrisonet al. [1] used EDX in an SEM (presumably operating aiuat?0kV) to assess
the level of segregation to cell or grain boundaria as-fabricated samples of
Hastelloy, but found no detectable segregation. ¢l@w the spatial resolution of EDX
analysis of bulk samples in an SEM is downgradebetveen about 3 andbn by
beam spreading. It would thus be very difficultdetect segregation in their samples
where the cell size is only abouirh. The absence of segregation reported by Harrison

et al. [1] must therefore be treated with some reseruatio
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The fact that the vyield strength of as-fabricateM287LC is similar to that of
conventionally produced CM247LC is associated witie precipitates in the
boundaries, the small cell size and the findn the cells. The cast samples after
standard heat treatments have a coarser micrasteyudbut a higher fraction of
particles; the higher fraction ¢f apparently compensates for the lower strengthef t
coarse grained microstructure in the cast samples.observation that dislocations are
commonly seen in pairs (Figure 7(b)) in as-fabadasamples confirms that theé
influences the motion of dislocations. This highesgth of as-fabricated samples is
important because it means that the strength dditascated CM247LC is high enough
for application without heat treatments. In faciathéreatments carried out at high
enough temperatures to solution treat the sampladts in recrystallisation [33] and
elimination of cell boundaries, which would redube strength, but a higher density of
Yy which would increase the strength. The data imifeid.2 shows that these two effects
compensate and that there is no obvious chang&angsh associated with HIPping
although importantly the ductility is improved. Theited amount ofy formed during
SLM means that the microstructure of the alloy st istable and may change
significantly during service, which in addition tbe limited ductility suggests either
that further heat treatments (which could be pad 6lIP cycle) would be required or
that the powder bed be heated so that cooling wbaldlowed down ang growth
could occur. It is possible that using a heatedgmvbed would significantly reduce the
crack density but for rotating parts it is likehyat HIP would be required. Further work
to optimise the microstructure is required and ould be sensible to use an alloy that
was not as prone to cracking as CM247LC.

5. Summary
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TEM and STEM analyses of the microstructure in Spideessed CM247LC have
focused on the effects of the rapid cooling assediavith SLM on the microstructure
and tensile strength. Correlations with cooling exkpents (Jominy quench bar) and
single track builds were carried out, suggestirgftlowing findings:

1. SLM processing of CM247LC leads tagrains, which contain virtually identically
orientedy cells. These contain a high density of fii@recipitates and are separated
from adjacent cells and from adjacengrains, byy'/ y eutectic and high densities of
Hf/Ta/W/Ti-rich precipitates and high densitiesdidlocations.

2. The microstructure observed in single-track spens is heterogeneous and consists
of regions of un-melted powder, both equiaxed dodgated cells.

3. Cooling rates, obtained from the cell size awndifthe size of', differ by two orders

of magnitude, suggesting that the extrapolatiomlved in obtaining these rates leads
to significant errors.

4. Partitioning of elements during solidificatioa solid ) and the liquid phase is
observed, resulting in significant composition eliinces between cell centres and cell
and grain boundaries and to the formation of HMI&i-rich precipitates.

5. The complex heating/cooling cycles lead to lasgesses, which cause extensive
cracking and high dislocation densities, partidylar cell and grain boundaries.

6. It is suggested that the Ta/W/Hf/Ti-rich pretapes limit dislocation mobility and
thus contribute to the build up of residual streshgring SLM.

7. As-fabricated CM247LC has a vyield strength, Wwhis comparable with cast
CM247LC after standard heat treatments, becaudieediine cell structure and fing
within these cells; however, this microstructureyrarange during service.
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Figure 1. (a) EBSD map of as-fabricated sample shgpwtrong <001> texture along
the building direction; (b) a secondary electrarage and (c) back scattered image
(taken from area marked with dashed line in (aghHatomic number precipitates are
bright and arrowed in (c).

Figure 2.TEM bright field micrographs taken from longitudinalane showing high
densities of dislocations and precipitates imagath w=200 (a) near the Bragg
condition and (b) away from the Bragg condition.eTuilding direction is marked
underneath.
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Figure 3. (a) Many beam TEM bright field microg}aqrha boundary; (b) and (c) are
micro-diffraction patterns taken from the arroweeéas in (a) which are of different
orientations showing that the boundary between tisearhigh angle grain boundary.
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Figure 4. X-ray mapping of longitudinal sectionaof as-fabricated CM247LC TEM
thin foil using the TALOS, showing higher Ni, CocAW contents within cells than at
boundaries, while Al, Hf and Ti are higher in thedl oundaries; Hf, W, Ti and Ta-rich
precipitates contain C and/or O.



Figure 5. TEM dark field imaging from reflections show in (a)'/y eutectic containing
relatively coarse' in parts of cell-boundaries and much figewithin cells; (b) and (c)
some coarse'/y eutectic (arrowed) is visible within cells, sonfeadich is contiguous
with the eutectic in the cell boundaries; (d) Seldarea diffraction pattern taken close
to a <100> beam direction, showing 010 superlatediections.

200 nm ¥ 200 nm |

— i S 2
Figure 6. TEM bright field micrographs taken usmg 200 showing cross sections of
cells imaged (a) near the Bragg, (b) away fromBfregg condition.

L3




e

I

Figure 7. STEM images o tranerse section of Sirbkessed CM247LC (a)V Bright
field imaged using g = 200 (arrowed) and (b) cqroesling HAADF image at higher
magnification. Note paired dislocations (arrowejhle in (b).

Figure 8. X-ray mapping of a transverse sectioaroés-fabricated CM247LC TEM foil
using the TALOS showing higher W contents withiliscthan in cell boundaries, while
Cr, Al, Hf and Ti contents are rich in the cell Ibolaries; Hf, Ti, W and Ta-rich

precipitates contain C and/or O.



Figure 9. (a) TEM dark field imaging fromreflection shows'/ y eutectic in cell
boundaries, but much fingris visible within cells; (b) selected area difftian shows
020 fundamental and 010 superlattice reflections.

Flgure 10 (a) TEM brlght field image of singledkasample revealing both elongated
and equiaxed cells; (b, c) TEM dark field imageetakvith ay' reflection showing /y'
eutectic at cell boundary and fingr (<10 nm in diameter) within cells; note the
presence of precipitates, which are Hf/Ti/W/Ta-fiicltell boundaries.
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Figure 11. Showing the distribution of the sizeges ofy' particles within cells and in
eutectic at cell boundaries taken from a singlektrsample, from the top surface and
from the bulk of SLM-processed samples of CM247LC.
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Figure 12. Bar plot showing the 0.2% proof stréSES and elongation at fracture of
three as-fabricated CM247LC test samples, cashaatlitreated CM247LC [27] and
SLM of CM247LC after HIP and heat treatment [35].




