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Abstract Inconel 718 is a Ni-based superalloy that carfoper excellently at elevated temperatures.
However, surface and subsurface damages in the dormcrostructural and property changes and tensil
residual stresses are common in a machined In@di8&tomponent because of its poor machinabilitghSu
damages have a significant influence on performascd the life time of the part. To characterise
microstructural damages and understand how theycamelated to machining conditions are not only
important for the evaluation of surface integrityt lalso for the optimization of machining operaticio
minimise effects from the machining process. Thigpgr uses the ECCI (electron channelling contrast
imaging) and EBSD (electron back scatter diffrattimethods to study the effect of cutting tools antling
speeds on subsurface plastic deformation of madhineonel 718. When turning at 200 m/min, a
comparable level of plastic deformation was founder the surface machined with uncoated cubic boron
nitride (CBN), titanium nitride coated CBN and wkes reinforced alumina (WRA). With an increase in
cutting speed, the plastic deformation depth irsda and uncoated CBN tools showed superior
performance in term of subsurface microstructurerations compared to the other tool materials.
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1. Introduction

Superalloys which can maintain high performanceslavated temperatures are widely used in
aerospace, automotive, and power industries. Necbasperalloys are outstanding members in this
big family because of their high resistance to @sion, mechanical and thermal fatigue, mechanical
and thermal shock, and creep at high temperature®][ However, Ni-based superalloys are
difficult-to-cut materials due to their superior chanical properties and the low thermal
conductivity. High cutting heat tends to generatehie contact area between cutting tools and the
component during machining processes. The high eemtyre which can be in excess of 1200
leads to rapid tool wear because of softening of toaterials [3, 4]. These characterizations
consequently result in surface damages, and eubn@féect the mechanical performance and
service life of final products. In industries, tf@ish machining of Ni-based superalloys is gergral
performed by using traditional cemented carbiddst@i low cutting speeds (30-90 m/min) to
maintain a reasonable tool life [5]. However, icaet years, more aggressive cutting conditions,
such as higher cutting speeds, are promoted fgpuhgose of increasing production efficiency and
reducing manufacturing costs. These accelerat@ppécation of new tool materials like whisker
reinforced ceramics (WRC) and cubic boron nitride (CB\), 7]. WRC tools can maintain a high
hardness at elevated temperatures and the touglsndssmatically improved by adding whiskers
of silicon carbides. The achievable cutting speades from 200 m/min to 750 m/min, depending
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on the hardness of the superalloy [8]. Compared@/RC tools, CBN tools have a better strength
and resistance to fracture but poorer chemicalilgyap7, 8]. By applying coatings, a diffusion
barrier forms which can suppress the chemical we@BN tools [9].

During high speed machining operations, the alldi/lve exposed to high thermal and mechanical
fields which can lead to microstructure alteratiovesar the surface, such as plastic deformation,
phase transformation and recrystallization [10-IPjese alterations play a significant role in

determining the final fatigue strength of the maelki component [13]. Therefore, the surface
integrity provided by using these novel machiniagl$ should be investigated in order to predict
the quality of machined components. The aim of thiedy is to evaluate and compare

microstructure alterations with focus on the ptastieformation under the machined surface
produced with uncoated CBN, coated CBN and WRC todiggatcutting speeds.

2. Experimental details

Solution annealed and aged Inconel 718 with 45HRGress was chosen for this study. The
chemical composition is given in Table 1. A barhw0 mm diameter and 200 mm in length was
machined at finishing turning conditions. Cuttingol consisted of uncoated CBN (UCBN),
titanium nitride-coated CBN (CCBN) and whisker reinfatr@umina (WRA). UCBN and CCBN
tools have low CBN contents (approximately 50% volhe thickness of the titanium nitride
coating was 2um. Whisker reinforced alumina inserts with honedtiog edge and 0.1x20°
chamfer were employed. The insert was mountedartdbl holder provided 6° inclination and -6°
rake angle. Coolant was used throughout all cutisgs. Two cutting speed&,=200 m/min and
350 m/min, were selected. The cutting feed fat8.1 mm/rev and the cutting deph=0.3 mm,
were constant for all tests. Cutting forces in th#ieg, feed and radial directions were measured
with a force dynamometer, Kistler 9121.

Table 1. Chemical composition (wt. %) of Incone871
Ni Cr Nb Mo Ti Al C Si Fe
53.8 18.1 55 2.9 1 0.55 0.25 0.04 Balance

The ECCI (electron channelling contrast imaging) mégie is based on variations of the collected
backscattered electrons intensity, and observedchneliing contrast is attributed to lattice

misorientations introduced during fabrication ofadmation processes [14]. The EBSD (electron
back scatter diffraction) technique can be usedjuantitatively measure the extent of plastic
deformation beneath the machined surface by offegrain orientations as well as information

about intragranular misorientations [15]. In thisady, ECCI and EBSD techniques were used to
characterize microstructure and measure the defanmiatensity and depth. All these studies were
conducted on a Hitachi SU-70 FED electron scanmingoscope installed with an EBSD set-up.

Results of the density of low angle grain boundawese obtained using the Channel-5 software
from HKL technology.
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3. Results and discussions
3.1 Subsurface microstructure

Typical microstructure alterations introduced dgrthe machining process are presented in Fig. 1a.
Based on the observed morphology, four obvious zarees be identified in the machined
subsurface region [16]. The very thin layer (ldsant 1um) close to the top surface is the heat
affected zone. The microstructure was stronglycsdig by the heat generated during the cutting
process, as a consequence of the high cutting sféedhigh resolution image shows that the
structure in the heat affected zone is highly eddirwith nano-scaled grain size which is much
smaller than the grain size of the bulk materiagd.(Bb). This ultrafine nanostructure corresponds to
the white layer often found after high speed cgttjd7]. The formation of the white layer is
generally attributed to a high cutting temperattolbowed by rapid cooling or severe plastic
deformation [18]. Beneath the heat affected zone,severe deformation can be characterized by
bending and elongation of grains, grain boundaaied slip bands towards the cutting direction.
This morphology varies as the depth increasesdrslight deformation zone, only some slip bands
can be observed. The intensity of the plastic ae&bion declines following the temperature and
mechanical load gradient from the surface to tHk material.
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Figure 1. Typical microstructure of (a) machinedace and subsurface layers (b) the heat affeaind z
(CCBN tools, 350 m/min)

Figs. 2a and b show the effect of cutting speedshenplastic deformation beneath the surface
machined with WRA tools. When the cutting speed wmaseased from 200 m/min to 350 m/min,
more distinguishable bending and slip bands wesemed and the whole deformation area in the
subsurface layer became much larger. Since thimguttrce components of WRA tools were found
to slightly decrease with the increased cuttingedp@-ig. 3a), it may be concluded that the
increased cutting temperature at the higher cugpeed is responsible for the greater level of the
plastic deformation in the subsurface zone [19F $ame influence of cutting speeds was observed
in the machined surface produced by UCBN tools and C@&i% (Fig. 2c-f). Besides cutting
speeds, the type of cutting tools is also an esdgrarameter affecting the plastic deformation in
the machined subsurface. At 350 m/min, the mostreeand deeper plastic deformation was found
in the subsurface machined with WRA tools (Fig. 2bwas also found that cutting with CCBN
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tools resulted in a larger extent of plastic defation in the machined subsurface compared with
UCBN tools (Figs. 2d and f). These observed diffeesnin the plastic deformation level can be
explained by the increased cutting forces (Fig. 3tie highest force level found for WRA tools
leads to the largest plastic deformation undemtlaehined surface. For the case of CBN tools, the
higher cutting forces given by CCBN tools are respaador the greater level of subsurface plastic
deformation. It is expected that CCBN tools shouldwslaolower cutting force than UCBN tools
due to a lower friction coefficient and thermal dantivity of the titanium nitride coatings [20].
The opposite result is mainly due to the differ@ microgeometry. Simulation and experimental
results indicated that cutting forces increasehastaol radius increases [21, 22]. In this stulg, t
edge radiusglis 15-18um for UCBN tools, 20-22um for CCBN tools, 25-2&m for WRA tools. At
the higher cutting speed, the cutting tools hadtrang influence on the subsurface plastic
deformation level. However, when cutting at 200 im/naomparable plastic deformation was found
in Figs. 2a, ¢ and e, and no obvious differenceshbmadistinguished in the microstructure images
for the different tools.
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Figure 2. Microstructure images showing surface atburface deformation (loaded on the right side)
(a) WRA toolsy. =200 m/min (b) WRA toolsy. =350 m/min (c) UCBN toolsy.=200 m/min
(d) UCBN toolsy.=350 m/min (e) CCBN tools,=200 m/min (f) CCBN toolsy, =350 m/min
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Figure 3. Comparison of cuttingdFfeed (k) and radial (F force components for (a) WRA toolg,=200
m/min andv,=350 m/min (b) UCBN, CCBN and WRA tool,=350 m/min

3.2 EBSD measurement

The EBSD maps were scanned with a step size jofiin both vertical and horizontal direction
from the surface. The crystallographic orientatidreach measured point was collected according
to the Kikuchi pattern and then the crystallograpimisorientation associated with plastic
deformation between each two points was calculateadisorientation angle within the range of 1°
and 10° was defined as a low angle grain bounddry.EBSD maps in Fig. 4 reveal the subsurface
plastic deformation induced by turning using WRA |sooAreas where the value of the
misorientation angle is within the range of 1° &idire marked by white lines, and those within the
range of 5° and 10° are marked by red lines. Thlelires were found to concentrate in the top
surface showing a greater level of plastic deforonain this area. Meanwhile, when moving away
from the surface into the bulk material, a gendearease of the white lines can be observed which
shows the decrease of the plastic deformation. fEmdency is corresponding to the microstructure
variation from the heat affected zone to the undeénl zone. By calculating statistical data
obtained in five random areas under the machinethge misorientation variations versus the
depth were delineated to demonstrate the plastarmation level and depth beneath the machined
surface (Fig. 4c). The increase of subsurface iplagformation at the higher cutting speed was
confirmed by the higher density and the greatertitde the misorientation. The EBSD results
combined with the microstructure observation dertrates that the higher cutting speed tends to
result in a larger level of plastic deformatiorttie subsurface area

Microstructure observations in Section 3.1 haves@nathat the choice of cutting tools had an effect
on the subsurface plastic deformation level, bigt éffect highly depends on the cutting speed. Fig.
5b confirmed the increase of plastic deformation tftte machined surface from UCBN tools,
CCBN tools and WRA tools at 350 m/min. This increas&trigngly related to the increased cutting
force level. However, at the lower cutting spee@@® m/min, although the cutting forces for WRA
tools still maintain the highest level comparedhwitCBN and CCBN tools (Fig. 5c¢), the plastic
deformation generated during machining operatioits WRA tools shows a slightly lower level
instead (Fig. 5a). Such a significant change ibgloty attributed to the lower cutting temperature a
a relatively low cutting speed. The coherency sthardening has been reported to be the principal
strengthening mechanism in aged Inconel 718 [23 Major strengthening phase in Inconel 718 is
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the y” phase. When the cutting temperature is belowythsolvus temperature, due to the strain
hardening, the further plastic deformation is tettd. Therefore, at the lower cutting speed, the
cutting forces had a limited effect on determinitige plastic deformation in the machined
subsurface. UCBN, CCBN and WRA tools give a similar pdaggformation level.
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Figure 4. EBSD maps of subsurface deformation (RAVibols,v,=200 m/min (b) WRA toolsy,=350
m/min (c) Misorientation within grains beneath theface machined with WRA tools
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Figure 5. Misorientation within grains beneath skigface machined at (a) 200 m/min (b) 350 m/min (c)
Cutting force components at 200 m/min (d) Deforomatiepth under different cutting conditions
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Deformation depth is an essential parameter tosagbe damage in form of structural alterations
produced by mechanical machining processes. Fig.s&umarises the influence of cutting
conditions on the plastic deformation depth. Ite@s that a higher cutting speed can significantly
increase the plastic deformation depth under thehinad surface. This tendency is more obvious
for WRA tools, suggesting that the performance of WiB@\s is much more sensitive to the cutting
speed. Comparing the effect of the three cuttingstdbe plastic deformation depth varies within a
small range of 2-3um at the lower speed. However, when cutting atiigber speed, a noticeable
increase of the deformation depth from UCBN tools, CG8Ms and WRA tools was found.

4. Conclusions

Microstructure alterations of Inconel 718 machineith UCBN, CCBN and WRA tools at two
different cutting speeds have been investigatedgusiCCl and EBSD techniques. An attempt has
been made to characterize the performance of tree tadvanced cutting tools in high speed
machining in terms of influence on the subsurfagerastructure. The results reveal an obvious
alteration of subsurface microstructure associatgti the gradient of mechanical forces and
temperature along the depth direction for all th#iieg conditions. The cutting speed was found to
have a significant influence on subsurface plad&étormation with a larger plastic deformation
level at higher cutting speeds. For the effectudtilng tools, comparable plastic deformation was
observed under the surface machined with UCBN, CCBNMR@ tools at the lower cutting speed.
However, at the higher cutting speed, the UCBN toakperformed the other two types of cutting
tools. Hence, for the cutting conditions studiedti® current work, UCBN tools should be
considered when a higher cutting speed is requiredder to increase the production efficiency.
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