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Characterization of plastic deformation induced bymachining in
a Ni-based superalloy

Rengen Din§ Craig Knaggy Hangyue L3, Yue Gang L5, Paul Boweh

a School of Metallurgy and Materials, University of Birmingham, Birmingham, B15 2TT, UK
b: Rolls-Royce plc., PO box 31, Derby, DE24 8BJ, UK

Abstract

The surface integrity characteristics of Udimet [A2fubjected to slight damage and damage
machining conditions have been studied using a tammgntary range of techniques such as
FIB-SEM, EBSD, TKD, TEM-EDS and nano-indentatioreTresults indicate the existence
of nano-sized grains and no observable tertyamg regions of severe plastic deformation in
the machined surface. The correlation between thehiming condition and the resulting
plastic deformation is established. Grain refinen@drthis alloy via machining was achieved
by dislocation slip. The nanohardness of the serfeicdamage machined sample is 40%
higher than that of bulk material, which is attitiéai to the formation of nano-sized grains and
high density of dislocations in the superficialday

Keywords: Ni-based superalloy; Machining; FIB; TEM

1. Introduction

Ni-based superalloys are used extensively in aagesglue to their ability to retain high
strength at elevated temperature over the operdéfsgn addition to strong chemical and
thermal stability [1-3]. Ezugwu [1] has classifi¢gkis class of materials as ‘difficult-to-
machine’ on the base of their physical properties machining characteristics. Many factors
contribute to this involving low thermal conductiyi resulting in high cutting temperatures
at the rake face and associated accelerated tott ear. Other factors involve rapid work
hardening of the matrix during machining, the pneseof various hard abrasive precipitates
(i.e. carbides) that speed up flank wear, and #drmdncy for built-up-edge formation
resulting in poor surface roughness [4]. Thus, nmach of Ni-based superalloys is very
challenging.

Complex aeroengine components demand that caredakegsing routes are used to ensure
robust manufacture from forging to the finishingttog operation [5]. In particular, the
guality of the surface of the rotating parts mustdonsidered carefully because they could
become fatigue initiators [6]. Factors such as am@froughness, residual stress and

workpiece surface integrity (e.g. metallurgical mpa on/beneath the machined surface) can
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potentially reduce fatigue life [7, 8]. Thus, mastudies of these three topics have been
performed [4, 5, 7, 9-15]. Since it has been wetiuinented that compressive residual stress
is beneficial to fatigue properties, some studigaliating residual stress or/and stress
relaxation under elevated temperature exposureiader isothermal fatigue [4, 5, 9-12] have
been performed. Novovic [7] has reviewed the puielis data on the effect of surface
topography on fatigue life and concludes that, osthtases, lower roughness leads to longer
fatigue life but that for roughness values in thage 2.5-5um Ra fatigue life is primarily
dependent on workpiece residual stress and sunfisEcrestructure, rather than on roughness.
During machining involving excessive cutting speedsiry cutting conditions large strains
may develop at or underneath the surface of thépi@ere and temperatures as high as 600-
130C°C can be reached for Inconel 718 [13], which cdalt to the formation of a distinct
surface layer having very different properties frahe bulk material [14, 15] and the
formation of a thin oxide on the surface. This idist near surface layer usually has a fine
microstructure (e.g. nano-grains), which can imprthe resistance to fatigue crack initiation
[16, 17]. Surface severe plastic deformatiodAP(®) has been considered as an effective
approach for producing engineering parts with daser nanocrystalline layer but a coarse-
grained interior. One populaff@D technique is shot-peening. A study of a nicleeballoy
showed a 50% improvement in fatigue life aft&PB processing [18]. A 65-84 % increase in
the 0.2% offset yield strength of a nickel-baseyahas also been observed [19]. In order to
understand the improvement of the mechanical ptiggeof the materials, many studies [20-
23] have focused on the metallurgical features leé surface/subsurface layer. The
improvement in the mechanical properties is asdribehe formation of refined grains at the
surface region accompanied by high densities dbchsions, faults and twins as well as a
macroscopic residual stress [24].

The methods for investigating severely deformeeisynclude optical microscopy, scanning
electron microscopy (SEM) [5, 25], X-ray diffraatio[9, 24], electron backscattered
diffraction (EBSD) [11, 12, 20] and hardness tagtifiransmission electron microscopy
(TEM) has been proved an invaluable method for adtarising severely deformed
microstructures [20-23, 26, 27]. Two methods foregaring TEM specimens are
conventionally used: 1) a cross-section through ghdace plus ion-milling: the method
permits the investigation on the microstructurablation from the surface to the interior of
the sample but a continuous and complete thin negjiarting at the surface and ending in the
bulk may not be achieved. In other words, this métmay not give us an overview of the
surface and subsurface. 2) plan-view plus twingelishing: the surface is protected by

loctite during perforation [20, 21]. This allowsstudy of the surface but it is difficult to
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characterise the surface contamination (e.g a am3®xide such as observed in this work)
produced by $D processing. Recently, focused ion beam micrgs¢B|B) has been used
extensively to make TEM specimens with the surfaected. As a site-specific method,
FIB can also extract TEM foils from machining defeetc.. For example, Saoubi et al. [22,
23] used FIB to prepare TEM specimens in ordewxtorene the deformed microstructure of
machined Ni-base alloys, but there was no inforomatgiven on microstructure or the
behaviour ofy at the surface. Very recently, Liao et al. [28pdisSEBSD plus FIB to
investigate the formation mechanism of white (stejalayer of a next generation Ni-base
superalloy (S135H) produced by severe plastic dedition and found that the surface layer
is softer than the subsurface, which is attributethe dissolution ofy at the surface. This
finding is not consistent with some of previousdsts. Chen et al. [29] employed TEM and
transmission Kikuchi diffraction (TKD) to study thiermation mechanism of the white layer
produced by broaching in IN718 and observed Al-aad Nb-rich cluster at the surface layer.
In a word, previous investigations have proved thatsurface-hardened layer development
and the underlying formation mechanism are stromgggendent on the materials and the
machining conditions.

Udimet 720Li is a relatively new polycrystallineckel-base superalloy, conceived in the late
1990s [30]. This alloy has received widespread useaeroengine turbine discs at
temperatures as high as 800to 700C [31]. Although careful processing routes are ligua
used to machine the discs from the forged allowtrithrough to the finishing cutting
operation, some incidents (e.g. the tool breakdwg)ng machining may bring about surface
anomalies (e.g. roughness) of the discs outsidespleeification. Such anomalous surface
may degrade potential properties (e.g. life) ofdiezs. It is thus of key importance to study
the surface-hardened layer development and its d@wom mechanism of 720Li samples
machined by different damage conditions.

In this paper, hardness tests, SEM and EBSD weréd tgs characterize the work-hardened
layer. The strength of severe plastic deformatiomyet was evaluated using
microcompression.  Cross-section TEM specimens fritv@ machined surfaces were
prepared by FIB, which give us the opportunity twamine in detail the surface

microstructure, including’ and surface oxidation.

2. Experimental Procedure

2.1 Material and Specimens

The chemical composition of the Ni-based superalloymet 720Li is listed in Table 1. To

investigate the effect of surface condition on fhiggue properties of the alloy, test-pieces
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were machined with two sets of machining: 1) sp&etirpm, feed rate 24 mm/min, 2) speed
5000 rpm, feed rate 4000 mm/min. These resultesunface roughness Ra values of 0.29
microns for ‘1’ and 1.82 microns for ‘2’, respedly. These two sets of test-pieces are
referred to as ‘slightly damaged’ and ‘damagedg(Hi). A worn tool was used for damage-
machined samples to encourage sub-surface plasfticndlation. Test-pieces were extracted
from a disc scrapped at finish-machining stageshibuld be mentioned here that those
machining conditions are purely designed to geredamage. Even for ‘slight damaged’
samples, their machining parameters are not fohmang disc. The microstructure consists
of a matrix ofy with a mean grain size of 31#n and a trimodal distribution gf precipitates

(primary, secondary and tertiary) (Fig. 2 and TableThe microstructure also contains small

TiC precipitates (not shown here).

2.2 Mechanical properties

Hardness maps were obtained using a Durascan lsardester on samples cross sections.
The load used during the measurements was 0.1Kgindi@nts were made in a rectangular
area 0.5 mm deep and 2 mm wide. The correspondirdnbss values were processed using
a MATLAB script to produce the depth of the affettaaterial. In addition, a through-depth
hardness profile was determined using a nanotesérsy(Micro Materials Ltd, Wrexham,
UK) XP fitted with a Berkovich tip, again on a csosection. The maximum load of 40 mN
was applied for a 30 s period. The hardness waslated using the equation.

H — Pmax
Ac

whereA, is the projected contact area at the maximum Ryad.

To study mechanical properties of the severe deddrrtayer, micro-compression was
performed in-situ using a Hysitron PI85 picoindenteunted inside a Tescan Mira-3 SEM
using a flat puncher with 20n diameter under displacement-controlled mode it
displacement rate of 1 nm/s. The square microspillaf ~3um were prepared near the

machined surface using an FEI Quanta 3D FIB system.

2.3 Scanning Electron Microscopy — EBSD

Specimens were cross-sectioned from those two dfetest-pieces. The specimens were
mounted in a conductive Bakelite to produce shaiges and aid EBSD sample preparation.
The specimens were mechanically ground, and pdlisiseng colloidal silica for 30 min to
obtain a surface suitable for EBSD analysis. EB&R dvere acquired with HKL Channel 5
software using a scan area of 2@t x 260 um and a step size of 04&m, with an

accelerating voltage of 20 kV, a sample workingatise of 20 mm and sample tilt of°70
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The HKL Tango Maps package with low-noise filterimgs applied and the wild spikes
removed. Local misorientation maps use the averagsorientation between each

measurement and its 8 neighbours, excluding highgle boundaries (5 degrees).

2.4 Transmission Electron Microscopy and Transmissin Kikuchi Diffraction (TKD)

To investigate the microstructure of the severddgtically deformed surface/subsurface, the
FIB lift-out method in an FEI Quanta 3D FIB systeras used to prepare TEM samples. For
the ‘damaged’ sample, in addition to machining reatke defects (referred to as a ‘ramp’
here) were found on the surface (Fig. 3b). Theeeftwo samples were lifted out from the
damaged sample. One is sectioned across the rampear in Fig. 3b, the other is from a
‘normal’ region shown in Fig. 3b. The examinatiomere carried out in an FEI Tecnai F20
field emission gun scanning transmission electracrascope (FEG-STEM) equipped with
an Oxford Instruments Silicon Drift Detector (SDD9r energy — dispersive X-ray
spectrometry (EDS) at 200 kV. Due to severe pladgiormation it is very difficult to show
the distribution of smaly precipitates (e.g. secondary and tertiary) in iimggnode. EDS
was therefore used to explore the distributiorhefgmally precipitates and surface oxides.
Although most studies of nanostructure charactegoisahave utilised TEM, grain size
analysis using bright or dark field images in TEMdhallenging. Furthermore, although
automated diffraction techniques do exist for tieMT they generally suffer from slow data
collection and only small regions can be analy8&j. Moreover, the novel “TKD’ technique
has been demonstrated to be powerful at revealemgo-sized substructure in highly
deformed materials [33] and machining induced serfayer [28, 29]. The sample for TKD
is electron-transparent and mounted horizontallyamk-tilted away from the EBSD detector.
The Kikuchi patterns are generated mainly from loéom surface of the sample with a
small source volume, which improves the spatiabltg®n from ~ 20nm in conventional
EBSD down to ~ 5nm. Additionally, conventional EB&DBalysis of highly deformed regions
is always problematic due to lattice distortion aimel high dislocation density, which leads to
blurring and even absence of the Kikuchi pattetings leading to poor indexing accuracy.
This situation is alleviated when TKD is appliededo its smaller interaction volume, which
enables the indexing of regions with heavy plasigéormation. Thus, in this study, the
Fibbed TEM foil was used to perform TKD with a 10 rstep size so as to characterise the

nanostructure and crystallographic texture of te®eed layer induced by machining.

3. Results and analysis

3.1 SEM and EBSD analysis



Figure 4 shows SEM images of the slightly damagetidamaged specimens. In the slightly
damaged specimen, primayy precipitates very close to the surface were oleseto be
severely deformed (Fig. 4a). Closer examination alsows deformed secondary and tertiary
Y precipitates (Fig. 4b). The depth of work-hardgntaused by machining can be estimated
via shear bands and/or deformgdorecipitates. A shear band (arrowed in inset th Ba)
was found at 38um from the surface. In other words, the depth ofkaArtardening is at least
33 um in the slightly damaged specimen. It is interggthat there is a layer with a thickness
of ~ 400 nm, where there are ‘no observable padide.g.y precipitates) (inset to Fig. 4b).
Compared to the slightly damaged specimen (Fig. defprmed primary precipitates are
observed over a deeper region from the surfacheotiamaged specimen (Fig. 4c). Sheared
secondary and tertiany precipitates (dark arrows) are clearly shown i itiset to Fig. 4c,
which was taken from the position indicated by atevarrow in Fig. 4c, 14@m away from
the surface. The shear strain estimated from tearsd secondany precipitates (arrowed in
inset to Fig. 4c) is ~14%. Therefore, the deptwofk-hardening in the damaged specimen is
larger than 14@m. Careful observation found that there is a weelayer with a width of
800 — 1200 nm (inset to Fig. 4d) (where the mictastiral details were not explored ),
which is wider than that observed in the slighthnaged specimen (~400 nm). From SEM
observation, we know that primayy precipitates at the surface were not dissolveddur
machining while tertiary precipitates may be dissolved. This is consistetit the fact that
the solvus temperature of primayyis much higher than that of tertiayy precipitates. As
expected, worn tool machining gives rise to a despeerely plastically deformed region. It
should be mentioned here that the machining defeath as those arrowed in Fig. 3b were
not found in the cross-section SEM specimen althaitigs not very difficult to find such

defects on the machined surface of the damagedhspec

EBSD is able to provide comprehensive informatibow the local grain structure at the
machined surface. EBSD data were used to measar¢hitkness of the deformed layer
(work hardening) in terms of the deviation from grain average orientation. Figs. 5a and 5b
show EBSD inverse pole figure maps of the sligddynaged and damaged specimens. There
is no clear evidence of recrystallization in theamgurface of the slightly damaged specimen
(Fig. 5a). For the damaged specimen, however, tl®era clear recrystallized region
beginning at the machining surface and ending batwe0-80um away from the surface
(Fig. 5b). Away from the recrystallized region,emion with elongated grains was observed
(Fig. 5b). Fig. 5b also shows that the amount af-imalexed points is greater close to the
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surface, which is due to the difficulty of indexipgtterns in regions of severe deformation.
To visualise the extent of plastic deformation niba&rmachined surface, local misorientation
maps are given in Figs. 5¢ and 5d, which also stimwheterogeneity within the deformed
region. Such heterogeneity could be related tdl lgiaan orientation. As expected, regions of
increasing strain are located near the machinddaifgreen-yellow-red colour) and regions
of low strain near the bulk (blue colour). The extef plastic deformation below the
subsurface can thus be estimated: ~u#® and ~ 200um for the slightly damaged and
damaged specimens, respectively. Both are sinmolahe SEM results (3gm for slightly
damaged vs. 14@m for damaged sample). 4@m thick plastic deformation below the
surface of the slightly damaged specimen is contbavigh 60 um plastic deformation

produced by abrasive drilling in alloy Udimet 72Q2P].

Although EBSD can be used to evaluated crystatiootaand related dislocation density (i.e.
geometrically necessary dislocations (GNDs)), mred help to identify the deformation
mechanism or measure the true dislocation dengdyticularly if the deformation is
concentrated into shear bands. In this case, ilkatation of the crystal on each side of the
dislocation shear bands is the same; this defoomatiechanism is clearly visible in the SEM
(inset to Fig. 4c). Therefore, EBSD cannot provadghole picture regarding the deformation
mechanisms related to machining, including thectffef they precipitates. Also, EBSD
spatial resolution limits the analysis of nanoaiiste (nc) grains in bulk specimens. Further
complementary techniques (e.g. TEM plus EDS) aredee and are given in the TEM

section below.

3.2 Hardness and strength

Microhardness measurements were tested in crofissséom the machined surface of each
of the specimens to evaluate work hardening. Figuseows hardness maps for the slightly
damaged and damaged specimens beginning from tbleimed surface and ending 50t
into the specimen. The depth of work-hardeningstgreated to be ~ 200m for the damaged
specimen (Fig. 6b), which is in a good agreemeth Wie value measured via EBSD. This
value is similar to others published for shot-peen20Li [1, 2]. Child et al. observed that the
depth of the hardness affected zone is in the rahd®0~250um for different shot-peened
720Li specimen [2]. The hardness map (Fig. 6a) datgeveal any work-hardening in the
slightly damaged specimen, which is attributedljonarrow work-hardening zone of 4n

(as measured by EBSD), and 2) widely spaced ind@&btgim). Thus, a nanoindenter was

used to measure the hardness profiles (as showigir6c), which show that the depth of
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work-hardening is ~ 2Qum for the slightly damaged specimen, but ~ 2826 for the
damaged specimen (this value is consistent withidbelts from the microhardness tester). It
should be noted that the hardness close to thacgufbr the slightly damaged specimen is
much lower than that for the damaged specimen, lwldgcprobably associated with their
deformed microstructures. This issue will be disedssin section 3.3.

The strength of the severe plastic deformationrlafethe damage sample was evaluated
using microcompression. Their true stress-stramesiare illustrated in Fig. 7, showing that
the yield strength of the severe deformation lager2000 MPa, which is near twice of the
bulk. This observation is similar to the resultslté shot-peened RR1000, which shows that
the strength of the shot-peened surface is closwite of the bulk [20]. Here it should be
mentioned that micropillar was not machined from lblulk because the size of pillar is much
smaller than that of grain size (i.epf for pillar vs. 12um for the bulk). In other words, if
micropillar were machined from the bulk, the miadtegp may be from a grain, thus it's
strength depends on the orientation of grain. Hamethe micropillar machined from the
severe deformation layer contains many grains Isecdluere are nano-sized grains in the

severe deformation layer (see below).

3.3 Transmission Electron Microscopy

From the SEM observations, we cannot understanthibmstructure of the surface layers (~
400 nm (Fig. 4b) for the slightly damaged speciraed ~ 1000 nm (Fig. 4d) for the damaged
specimen). TEM specimens sectioned from the suwsfageFIB permit us to understand the
microstructural details of the machined surfacesnéntage of BF-STEM images from the
slightly damaged specimen is shown in Fig. 8a, Wwillastrates there are two distinguishable
regions: the region beginning at the surface ardingnbetween 0.6-2im away from the
surface has a very fine microstructure; in theaedielow, there is a deformed layer where
the grains were elongated and bent, along withbe&ipds and a very high dislocation density.
The microstructure below this deformed layer is tygical fine-grainedy matrix with y
precipitates. A TEM image taken from the top reg®nllustrated in Fig. 8b, which shows
the formation of nanocrystalline (nc) grains at thachined surface. The average grain size,
estimated from TEM images of the nc layer, is2hm, which is in good agreement with
observations on shot-peened C-2000 superalloy [Bdlow-speed milled IN100 Ni-based
superalloy, it was observed that the surface nerlagried in thickness from 0.5¢im and
that the grain size was in the range 15 to 70 n#j. [Bhese microstructural features also
suggest that dynamic recovery and recrystallizatiocurred during machining. The selected

area diffraction (SAD) pattern from Fig. 8b showdygrystallinity. The presence of some
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arcs in the SAD pattern indicates that the oriemiabf the nc grains is not completely
random, which might be related to the fact that ynaihthem may originate from one large
parent grain. EDS was used to reveal what happengdprecipitates at the surface. EDS
maps show that there is a region, wherés not observable ~170 nm in depth from the
surface (Fig. 8), which suggests that the surfaag subjected to a high temperature (higher
than the tertiaryy solvus temperature) during machining. Heavily daefed (elongatedy
precipitates were observed below the no obserwiblegion (Fig. 9) but not revealed by
TEM images (Fig. 8 and Fig. 9a). EDS maps also showvidence of the surface oxidation
(Fig. 9).

Figure 10 illustrates a montage of BF-STEM imagd®n from the ‘normal’ region of the
damaged specimen, showing that there is fine stre@ose to the surface and that band-like
structures are visible with increasing distance yafvam the surface. The fine structure
consists of nc grains (inset to Fig. 10a and Fidp) lwhich is also confirmed by SAD (Fig.
10c). Although the presence of some arcs in the $aterns is visible (Fig. 10c), the arcs
are not as large as those in the slightly damapedirmen. This means that the nc grains are
more random as compared to the slightly damagedirapa, which might be related to:
recrystallization being nearly complete and to gmgiowth (which is also confirmed by the
larger average grain size observed in the damagedmsen (4119 nm) vs. 235 nm in the
slightly damaged specimen). Moving away from thefeme, the microstructure displays
band-like feature. The broken rings and large amcSAD (Fig. 10e) recorded from the
regions with bands, and the preferential intendiggribution around particular orientations
indicates an increase in the grain size and theepee of preferred orientation (i.e. shear
texture) developed under deformation. The nanostreand crystallographic texture of the
deformed layer are also revealed by TKD, as showiig. 11. In the superficial layer, there
can be divided into three regions: recrystalligatidynamic recovery and grain deformation
(Fig. 11a). The surface microstructure shows ecudagrains with a weak texture (~ 4 times
random) (Figs. 11 a and b), which is consistenh e presence of small arcs in the SAD
patterns (Fig. 10c). The region in the middle af.HiOa, shows elongated grains where some
subgrains are visible (Fig. 11c). These elongat@ihg show a strong texture (~28 times
random) (Fig. 11d), which was also confirmed by fresence of large arcs in the SAD
patterns (Fig. 10e). The formation of some findrggdarrowed in Fig. 11c) probably occurs
along prior austenite grain boundaries. This stioay therefore also demonstrated that TKD
is capable of revealing clearly the nanostructdrie deformed layer induced by machining
[28, 29].



Fig. 12 shows EDS maps from the region close tostiéace, showing a ~ 600 nm wide
region where the tertiary precipitates have disappeared but elongated sacpry
precipitates are still present due to the shortpemature dwell time of the cutting edge
engagement with the respective zone of the workpigbis agrees with the fact that the
solvus temperature of the tertiayyphase is lowest. This region is thicker than thathe
slightly damaged specimen (~ 600 nm vs. ~ 170 nntHe slightly damaged specimen),
indicating that the surface of the damaged sangaehed a higher temperature for a longer
time compared with the slightly damaged sample. dRggen map does not show the
existence of surface oxide (Fig. 12).

On the surface of the damaged specimen, defecty @sl those denoted as ‘ramp’) were
observed (Fig. 3) which might become stress-comagoh sites during fatigue.
Microstructural analysis of the ramps is benefictal understanding their formation
mechanism and potential influence on fatigue prigger A montage of BF-STEM images
taken from a ramp (arrowed in Fig. 3) is presermedig. 13, which clearly shows nc grains
in the ramp and coarser grains closer to the seurfdcTEM image recorded from the surface
of the ramp (Fig. 13c), shows that the averagengsiie is ~18856 nm (Table 3), which is
significantly larger than that in the ‘normal’ regi of the damaged specimen £49 nm).
This might mean that recrystallization is nearlyngbete and that grains have started to grow
in the surface of the ramp. The low density ofatiations (Fig. 13c) is the evidence of the
recrystallization being nearly complete. These hledpgrains to lose the orientation of parent
grain. In other words, these grains might loserttexture, which is confirmed by there being
no clear arcs in the SAD pattern (Fig. 13d). Movawgy from the ramp, the boundaries of
the nc grains become unclear. An example is showiig. 13e, which was taken from the
region marked ‘1’ in Fig. 13a. Its SAD shows ringtterns (which indicate more nc grains)
and longer arcs of the patterns (which mean a gémotexture as compared with the surface
of the ramp). In the region 14m away (or far away) from the surface of the rabgnd-like
features become clear (Fig. 13g), showing a strotey¢ure which is demonstrated by longer
arcs in its SAD pattern (Fig. 13h). Compared to hiddle region (Figs 13e and f), fewer
number of the spots and longer arcs in the pattesre observed in the region wh away
from the surface of the ramp, which means lessngrand a higher texture in that region.
This also indicates that only some grains withec# orientation deformed.

Figure 14 shows an electron image and the correspgprEDS maps through the surface of
the ramp. Clear grains and grain boundaries aibl@im the electron image of Fig. 14. EDS
maps show there is no evidenceybfwhile Cr and Co are rich in the grain interiorm A

interesting observation is Ti enrichment at thargteoundaries (Fig. 14). Partitioning of Cr,
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Co and Ti indicates that the immediate subsurfdd¢beoramp has stayed for a certain time at
a high temperature. From the electron images o$tineaces (Fig. 13) and the corresponding
EDS maps (Fig. 14), there is a region where thigatgry is not observable and in which nc

is also visible. The surface layer has no tertiargnd coarser nc grains, which suggests that

the surface is soft compared to the subsurface.

4. Discussion

An investigation with TEM combined with TKD gave thee most direct and accurate picture
of the deformed microstructure and helped undedstdre mechanical behaviour (e.g.
hardness and strength) of the machined layersadtfaund that recrystallisation took place at
the surfaces for both the slightly damaged and dachasamples. A clear difference in
hardness between the two samples was observediefagked TEM work gives us a chance
to explore the hardness difference and the medamaoigrain refinement. The section 4 will

focus on those aspects.

4.1 Recrystallisation and estimation of cutting terperature

Kim et al. [9] investigated residual stress in amtk hardening of shot-peened 720Li after
thermal exposure at different temperatures (i.€°G5550C, 65C0C, 700C, and 725C).
Exposure at 35 relieved the stress only to a small extent whigmificant recovery was
observed at 65C. To estimate the recrystallisation temperaturg¢hef machined surface
structures, the chips were heated in a differesttahning calorimeter at a rate of COmin.
The DSC scan in Fig. 15 shows a maximum rate df éeaution occurring at ~ 49C. This
temperature is much higher than the dislocatiorealimg (recovery) temperature of severely
plastically deformed Ni samples, ~ 3@ (depends on shear strains and impurity) [35].
Impurities raise the recrystallization temperatainel was ascribed to a decreased dislocation
mobility in lower purity Ni due to the dislocatiomteractions with impurity atoms. The
presence of thg precipitates also impedes recovery. It is, thud, surprising that 720Li
alloy has a much higher recovery temperature teaarsly plastically deformed Ni.

Although the cutting temperature was not measuretis study, previous investigations [22,
35] reported values of 600-9TD (related to cutting speed) for FGH95 Ni-basedesaifoy
[36] and ~ 750C during drilling of 720Li [22]. We can estimateetloutting temperature in
terms of the behaviour of tertiagy in the machined layer. For example, EDS and EBSD
results have demonstrated that there is a regiogrevbriginal tertiaryy disappears and

recrystallisation occurs for both the slightly dayed and damaged samples (Figs. 9, 11 and
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12), which suggests that the temperature of theokasurfaces produced by the machining is
over the solvus temperature of tertigryand recrystallisation temperature. Although nadat
on the tertiaryy solvus temperature is available in the open liteea a study of the thermal
stability of tertiaryy of aged 720Li at 65@€ and 700C has shown that the tertiagy
dissolves at 70@ but not at 65TC [37]. This means that the tertiarysolvus temperature is
not higher than 70@ but higher than 68C. Since duration of a heating cycle during
machining is very short, the finding of the regiwhere original tertiary dissolved means
that the cutting temperature is much higher thanténtiaryy solvus temperature. Thus, it is
not unreasonable that the cutting temperatureherstightly damaged sample must be over
65C0°C although the machining induced a high density ofodistions and a large stored
energy, which could reduce the solvus temperat@ireerdary y. Additionally, it is well
known thaty precipitates are believed to impinge grain growthe strength of the pinning
effect depends on the volume fraction)(Bnd particle size (r) of thg¢, and it is generally
accepted that if f > 0.15um™, recrystallization will be inhibited [38]. This dicates that
the recrystallisation region could be larger thha tertiaryy dissolved region, which is

supported by Fig. 9.

4.2 Hardness

Microhardness testing did not reveal any work-hang of the slightly damaged sample,
which could be related to widely spaced indent&@+m) and/or a narrow work-hardening
zone (Fig. 8a). However, nanoindents showed tleah#ndness revealed by the first indent (~
4 um away from the surface) is slightly higher thae baseline value, which is supported by
the microstructure at the centre of Fig. 8a (id away from the surface) exhibiting a high
density of dislocations and slip bands. In the dggdesample, moreover, the hardness values
from both the microindents (Fig. 6b) and nanoinddig. 6¢) reach 140% of the baseline
value and are strongly localized within gt of the surface. This finding is associated with
high strain, e.g. heavy deformgdobserved as in the SEM image (Fig. 4c¢). High stedso
led to poor indexing in EBSD (Fig. 5). The increasehardness was reflected by the
microstructure. For example, in Fig. 10a, the nstnacture within 10um of the surface
consists of nc grains and a high density of diglona and slip bands. Here, it should be
noted that, although in the slightly damaged samaplery fine microstructure (i.e. nc grains
combined with a high density of dislocations) w&abserved in the region beginning at
the surface and ending between 300-800 nm away &figthe nanoindenter did not measure
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this region. The hardness values of the first indert um away from the surface) are from
large grains with a high density of dislocationsd aslip bands for the slightly damaged
sample (as seen in Fig. 8a) and nc grains witlgla éensity of dislocations for the damaged
sample (Fig. 10a). Thus, the observed hardness \@uhe first indent for the damaged
sample is much higher than that for the slightljndged sample (Fig. 6). Messé et al. [20]
observed that the hardness of the surface of sterigl RR1000 reaches 180% of the
baseline value but there was no evidence of rehysttion. The surface hardness of the
drilled 720Li is 120% of the baseline value butréhevas recrystallization [22]. Child et al.
[12] found that shot-peening makes the surfacertessl increase by 30% for 720Li. These

discrepancies are attributed to different deforaratnicrostructures.

4.3 Formation of the nanocrystalline surface

Many investigations of the formation of a nanocallste surface during severe surface
plastic deformation processes have been performadvariety of metals and alloys, such as
pure Fe, pure Co and pure Cu, stainless steelprateels, Inconel 600Ni, C-2000Ni and
Al-based alloys. These works have revealed thagjthm refinement mechanisms depend on
not only the crystal structure of the materials &lsb the extrinsic deformation conditions.
Plastic deformation of metals can be commonly acoodated by twinning and slip. Plastic
straining produces a high density of dislocationthe original grains. Those dislocations re-
arrange into different configurations relying or ttrystal structure of the metals, including
dense dislocation walls on specific slip planeslodiation tangles, and dislocation cells [39].
Dislocation interactions result in formation of gu#in boundaries with small
misorientations. With increasing strain, furthevelepment of the sub-boundaries leads to
high-angle grain boundaries that subdivide theimaiggrains. These mechanisms commonly
describe the grain refinement of the metals witjhrstacking fault energies (SFE), such as
Ni (128 mJ/m) and Al (166 mJ/if) [40]. Twinning is favourable for metals with 08FE,
especially at high strain rates and/or low deforomattemperatures. Thus, the grain
refinement for those metals is mainly achievedfgranation of deformation microtwins and
subsequent twin-twin intersections [40] or intei@t$ of microtwins with dislocations inside
the twin and matrix [41]. Twinning has been demmated in a surface mechanical attrition
treated single phase Inconel 600 [41] (which hastwedium SFE (28 mJ/[42]) and in a
severely surface plastically deformed C-2000 aWith an extremely low SFE (1.22 mJfm
[21]. It should be mentioned that the methods pcody serve plastic deformation in both

these alloys did not cause a high temperaturesatuhfaces of the alloys.
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The TKD and TEM observations can be used to afisennechanism of grain refinement of
the machined layer. In 720Li alloy no twinning wabserved in the deformed region.
Clearly, the grain refinement induced via machinmgs achieved by dislocation slip, as
revealed in Fig. 8a. In the region (e.g. the cebtritom of Fig. 8a) with relatively low strain,
multiple slip systems are activated and a high itheref dislocations is found while the
original grain is not obviously deformed. With ieasing strain and strain rate induced by
machining, a higher density of dislocations is e, which develops into dislocation
tangles and walls, leading to storage of the systeangy in form of crystalline defects (Fig.
8a), and which results in the formation of elondageain via rotational mechanism. Then,
the elongated grains can be subdivided into dislmes cells via those dislocation tangles
and dislocation walls (Fig. 8a). At the same tithe, massive dislocations could bow around
Y precipitates or cut them with coupled dislocatjdeading to heavy plastic deformation of
thosey particles (Figs. 4 and 9). With the further in@eaf strain and strain rate with
closing to the machining surface, a density ofadiations is further improved. In order to
reduce the stored energy, the dislocation cell$ atnsorb the dislocations and evolve into
subgrains with low misorientation (Fig. 11c), traifl keeping a strong texture (Figs. 10e and
11d). In this stage, dynamic recovery dominategtiaen development. In superficial layer,
cutting temperature reaches the highest value, hwiti@uses tertiaryy particles fully
dissolved (Figs. 9, 12, and 14). At the meantimghdr cutting temperature accelerates
atomic diffusion ofy/y constituent elements, thus promoting that the iaabg absorb the
dislocations and the grain boundary angles inceea3éis process brings about the
annihilation and rearrangement of dislocations #medgrowth of recrystallised grains, thus
leading to the formation of more grains with lowndiy of dislocations and high
misorientation. Eventually, the texture of the gtipmal layer becomes more random, as
evident in Figs. 10c, 11b, and 13d. It is thus a®red that in superficial layer dynamic
recrystallisation dominates grain structure evolutiTo better describe the microstructural
evolution of alloy 720Li during machining, a scheamadiagram summarising the major
aspects of the deformation microstructures formeddifferent regions (subsurface and
surface) during machining is given in figure 15.

Conclusions

Surface integrity characteristics of machined Udif0Li with slight damage and damage
conditions have been investigated using FIB-SEMSBBTEM-EDS, nano-indentation and
microcompression. The following conclusions cardtzevn.

14



Nanoindentation, SEM, EBSD and TEM are complemgntéechniques to
characterize the work-hardened layer induced byhmag.

The slight damage machining brings about the famnabf a 0.6~2um deep layer
with nano-sized grains from the machined surfaceng@ared to the slight damage
machining, a deeper layer with larger nano-sizeihgrwas observed in the damaged
sample, thus showing a clear profile of hardnesgiatian revealed by
nanoindentation.

Regions with no observable tertiayyin the machined surface were found in all the
samples, but the deeper region was observed idaimage sample.

In the ramps of the damaged sample, in additiocotrse nano-sized grains and the
thickest no observable tertiary layer, segregation of Ti to nano-sized grain
boundaries were observed.

In terms of the microstructure observations, graiimement induced by machining

was achieved by dislocation rather than twinning.
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Table 1 Chemical composition of the 720Li alloy .04}

Cr Co Ti Mo Al w Zr B Ni
16 15 5 3 2.5 1.25 0.03%5 0.015 0.015 B3
Table 2 Average grain and precipitate sizes in.vadoy
Matrix-y Primaryy Secondary Tertiaryy
12+ 4.0pm 3.7£1.0um 440+ 100 nm 71.5% 10 nm

Table 3 Average grain size (hm) estimated fromTB® of the machined surface

Slightly damage

Damage specimen

specimen

Normal region

Ramp

21+5

41+ 19

180+ 56

20 mm

(b)
Figure 1 (a) Kt 1.1 test piece, optical imageg)fslightly damaged and (c) damaged
machined sample.

(€)
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Secondary

Figure 2 SEM ima sowmg the orphology of thenpry and secondany precipitates
and large TiC precipitates. Inset is high magnifa@aimage showing the morphologies of
secondary and tertiagy precipitates.

‘nonmal:
region

(b)
Figure 3 SEM images taken from the surfaces ofdheslightly damaged and (b) damaged
specimens, showing machining marks and defectswan in fig. 3b).
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Slight damage

(©) (d)
Figure 4 SEM images taken from the slightly dandage and b) and damaged (c and d)
specimens. Inset to fig. 4a taken @& away from the surface, showing a shear band
(arrowed). Inset to fig. 4b taken from the markedaain no observable Fig. 4b, showing
severely deformed secondary and tertiargrecipitates and a ~ 400 nm wide layer (from the
surface) with no observabié precipitates. Inset to fig. 4c taken from the oagarrowed in
white (140 um away from the surface), showing sheared secondawy tertiaryy

precipitates. The arrow in fig. 4d indicates selyeshearedy precipitates; the wavelike
bands observed in the inset to fig. 4d was takem fthe marked rectangle in fig. 4d; the

areas circled in white in the inset to fig. 4d shosible tertiaryy precipitates.
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Local misorientation

damage

Slight

(b)

o %

4

5 .
I - 1 00 Hm. Local Misonentation. Step=0.5 pm. Gnd323x340

I— 00 Lo Slep=0.5 ym. Gt

(d)

Figure 5 EBSD inverse pole figure (IPF) and lao@éorientation maps of deformed areas
near the machined surface, (a, c) slight damagarapa and (b, d) damage specimen.
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Figure 6 Micro-indenter hardness maps for (ahslygdamaged and (b) damaged samples,

and (c) nano-indenter hardness profiles.
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Figure 7 SEM images of the square pillars machfred the severe deformation layer of the

damage sample (a) and true stress-strain cunibe gillars (b)
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& (©)

Figure 8 (a) A montage of BF-STEM images takemftbe slight damage specimen, (b) A
TEM image taken from the top surface of fig. 8aj &) an SAD pattern taken from fig. 8b.

Cr K series Co K series

Electron Image 4

Region of ¢ dissolution

f 500nm J f 500nm J

Ni K series Al K series Ti K series

| e e— |
500nm

500nm 500nm

O K series

500nm

Figure 9 EDS maps from top surface of fig. 8a.eNtiey phase is rich in Cr and Co while

they phase is rich in Ni, Al and Ti.
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JOORMm

(d) (e)

Figure 10 (a) A montage of BF-STEM images takewmfrthe ‘normal’ region of the
damaged specimen, (b) A TEM image taken from tipepiasition (arrowed) of fig. 10a, (c)
SAD pattern from fig. 10b, (d) A TEM image takemrfr the middle position (arrowed) of

fig. 10a, and (e) SAD pattern from fig. 10d.
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Deformation

| =05 pm: Map3: Step=0.01 um: Grid225x150
X0  ZO: Cutting direction

(b)

= 1pm; Maps; Sep=0.01 ym; GridZ25x150 =

—> X0 Z0: Cutting direction

() (d)

Figure 11 (a) Inverse pole figure map from theabfig. 10a, clearly showing three regions:
recrystallisation, dynamic recovery and grain defation, (b) pole figure of the rectangular
region marked in fig. 11a showing a weak texturd times random), (c) inverse pole figure
map from the middle of fig. 10a, and (d) pole figwf fig. 11c, demonstrating that most
grains in fig. 11c are subgrains. Note: The regi@rked via white dash lines in fig. 11lais a
recrystallisation region. The black regions in fig.a are non-indexable. The formation of
fine grains probably occurs on a prior austenig@rgboundary (arrowed in fig. 11c).

Co K series

Cr K series

Ni K series Al K series Ti K series

500nm

500nm

500nm 500nm

Figure 12 EDS maps from the top surface of themad region of the damaged specimen,
showing a ~ 600 nm thick area without the origiteatiaryy particles but with elongated
secondary (arrowed) particle. In the region below that, the size & #fmally particles is ~
30 nm, which is much smaller than the size of thgimal tertiaryy particles (71.5 nm)
shown in fig. 2.
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(d) () (h)
Figure 13 (a) A montage of BF-STEM images takemfia ramp of the damaged specimen,
(b) a schematic of the ramp, (c) a TEM image tdkem the surface of the ramp, (d) an SAD
pattern from fig. 13c, (e) a TEM image taken frdma middle of fig. 13a, (f) the SAD pattern
from fig. 13e, (g) a TEM image taken f#in away from the surface of the ramp, and (h) the
SAD pattern from fig. 13g.
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Figure 14 EDS maps for the surface of the rantpendamage specimen, showing Ti
enrichment at grain boundaries.

0.6 — Undeformed
—— Chips

dislocation peg
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Temperature,’C

Figure 15 Differential scanning calorimetry curweigh a heating rate of 2&/min for chips
and undeformed material.
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(d)  Recrystallisation zone (e)

Figure 16 Schematic illustration of microstructueaolution and grain refinement induced
by machining. (a) original equiaxed and coarsergimicrostructure with some
dislocations, (b) original grains elongated aldmg shear plane and elongated dislocation
cells formed within grains via generation of newldcations, (c) well developed elongated
dislocation cells with dense dislocation walls, fd@no-sized grains with sharp boundaries
formed via reorganising the dislocations within éhengated tangled dislocation cells; some
grains started to recrystallise, (e) well developado-sized grains with occasional
recrystallization and growth.
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