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Abstract This article aims at providing a fundamental perfor-
mance evaluation when grinding Ti, AIND intermetallics using
SiC abrasive. The wheel speed is fixed at 20 m/s while a range
of depth of cut (5-20 um) and workpiece infeed speed (3—
12 m/min) are applied. For better understanding, two kinds of
common difficult-to-cut materials, i.e., Ti-6Al-4V titanium
alloy and Inconel718 nickel-based superalloy are also ground
to form a comparison. As for the equal grinding parameters,
the normal and tangential grinding forces of Ti, AINb interme-
tallics are found to be about twice of those of Ti-6Al-4V alloy,
and be only a third and a half of those of Inconel718 alloy,
respectively. In addition, Ti,AINb intermetallics shows more
severe tool wear and associated lower G-ratio compared to
Inconel718 alloy as a result of strong affinity for SiC abra-
sives. For the surface integrity, Ti, AINb intermetallics reveal
the same ground surface roughness level, i.e., 0.3—0.6 yum for
the applied grinding parameters, with Ti-6Al-4V alloy and
Inconel718 alloy. A white layer is easily formed during grind-
ing of Ti,AINb intermetallics, which adversely affects the ma-
chined surface integrity.
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1 Introduction

TiAl intermetallics always possess low density, high specific
strength, and specific elastic modulus, superior resistance to
oxidation and creep at high-temperature serving environment
even above 800 °C [1-3]. Such excellent properties can even
allow it to be considered as a candidate for the replacement of
nickel-based superalloys, which have been widely used in the
intermediate-pressure and high-pressure compressor stators
and blades as well as low-pressure turbine blades of turbine
aero-engines. A famous application instance of TiAl interme-
tallics is the employment of a ,/y duplex TiAl intermetallic,
i.e., Ti-48A1-2Cr-2Nb in the production of the low-pressure
turbine blades of GEnx aero-engine [4]. In particular, Ti,AINb
intermetallics, as a newly developed branch and based on an
ordered orthorhombic (O(Cmcm)) phase [5—7], can provide
better elongation and specific strength than the conventional
TiAl intermetallics (e.g., y- TiAl) [8, 9], which render such
kind of materials a more promising application prospects.
However, it is a well-known fact that titanium alloys are
difficult to machine because of the combination of high
strength at elevated temperature, low-thermal conductivity,
and strong chemical affinity for carbon, nitrogen, oxygen,
and halogens, which could facilitate the occurrence of ma-
chining thermal damage, excessive tool wear, and poor work-
piece surface integrity in the machining process [10—14].
Grinding with conventional (i.e., SiC and Al,03) and
superhard (i.e., CBN and diamond) abrasive wheels is gener-
ally used to machine difficult-to-cut materials, e.g., titanium
alloys and nickel-based alloys in the aviation manufacturing
field [15-24]. In the past two decades, some researches have
focused on the grinding process of TiAl intermetallics, most of
which involved the evaluation of grindability and surface in-
tegrity [4, 25, 26]. For instance, Bentley et al. [25] have char-
acterized the grindability of Ti-48Al-2Cr-2Nb when using SiC
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Fig. 1 Metallographical structure for a Ti,AINb, b Ti-6Al-4V, and ¢ Inconel718

abrasives and found that, compared to Ti-6Al-4V alloy, a sig-
nificant increase in G-ratio from 1.5 to 45 and a reduction in
surface roughness from 1.4 pm Ra to 0.6 um Ra could be
obtained by using identical operating parameters. Creep feed
grinding (CFQG) tests on Ti-45A1-8Nb-0.2C have been con-
ducted by Hood et al. [26] using high grit content SiC abrasive
wheels, and a G-ratio of ~ 30 could be achieved by using a
wheel speed of 15 m/s, workpiece infeed speed of 150 mm/
min and depth of cut of 1.25 mm. The subsequent evaluation
of the surface integrity showed a deformation layer of the
lamellae with a thickness of ~4 pm and a moderate workpiece
hardening with a ~ 30% higher hardness over the bulk mate-
rial. Hood et al. [4] also detailed the performance investigation
during CFG of Ti-45A1-2Mn-2Nb + 0.8 vol.% TiB, using
monolayer electroplated diamond wheels with a wheel speed
of 35 m/s and workpiece infeed speed of 150 mm/min. For a
grit size of 46 um and a depth of cut 0of 0.1 mm, a roughness of
Ra = 0.28 um could be produced after a material removal
volume of 3200 mm> for a wheel width of 20 mm, which
stays at an acceptable level in terms of the requirments for a
aero-engine component. Moreover, when a grit size of
252 um was utilized, a considerably higher G-ratio (up to
100) than that during grinding with SiC abrasive could be
achieved with a depth of cut of | mm. However, though a
great progress has been made in understanding the grinding
performance of TiAl intermetallics, the grindability character-
istics of Ti, AIND intermetallics are still unclear.

The objective of this paper is to perform a comprehensive
exploration of the grinding characteristics of Ti,AIND inter-
metallics, including grinding force, force ratio, specific grind-
ing energy, G-ratio, surface microstructure and roughness as
well as tool wear conditions, with a comparison of Ti-6Al-4V
titanium alloy and Inconel718 nickel-based superalloy. In

Table 1  Properties of the workpiece materials at room temperature

Materials ~ Tensile Yield Elastic Mirohardness  Density
strength  strength  modulus  (HVsg) O(g/m3)
(MPa)  (MPa)  (GPa)

TibAINb 1330 1210 130 310 5450

Ti-6Al1-4V 950 880 112 305 4390

Inconel718 1420 1250 210 365 8250
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addition, the reasons for the differences in the grinding char-
acteristics of these three kinds of difficult-to-cut materials are
also analyzed.

2 Experimental details
2.1 Experimental materials and conditions

The Ti,AINDb intermetallic used in the present work had a
nominal composition of Ti-22AI1-25Nb, which showed a
triphase structure, i.e., fine-equiaxed o,-phase, fine-grained
B2-phase, and ultrafine-lamellar O-phase, as shown in Fig.
la. The metallographical structures of Ti-6Al-4V alloy and
Inconel718 alloy are also given in Fig. 1b, c, respectively,
which showed a significantly larger phase size than
Ti,AINb. Some important physical/mechanical properties of
these three kinds of materials are listed in Table 1. Before
grinding, the workpiece materials were cut into
25 mm x 20 mm X 5 mm size via wire cut electrical discharge
machining (WEDM), and the grinding experiments were con-
ducted on the 25 mm X 5 mm surface.

The experiments setup is shown in Fig. 2a. All the exper-
iments were carried out in the up-grinding mode on a Blohm
Profimat MT-408 surface grinder with a maximum output
power of 45 kW and a maximum spindle rotating speed of
8000 r/min. A commercial available green SiC wheel
GC80GS5V (Fig. 2b) provided by Saint-Gobain Norton
Abrasives was employed to grind the workpiece, wherein
GC is for green SiC abrasive, 80 is for 160-200 um grain
size, G is for medial wheel rigidity, 5 is for 52% grain volume
ratio, and V is for vitrified bond. It was 400 mm in diameter
and 20 mm in width. During the grinding experiments for the
characterization of grindability and surface integrity, the
wheel was dressed by a single-point dimond using wheel
speed vq = 20 m/s, infeed rate f3 = 50 mm/min, and depth of
cut aq = 20 pm with a total dressing depth of 200 pm. In order
to yield a fair comparison, the wheel was dressed after each
grinding pass. A 5% emulsified liquid with a pressure of
1.5 MPa and a flow quantity of 90 L/min was used to cool
the grinding zone. A commonly used wheel speed when
grinding difficult-to-cut materials, i.e., vy = 20 m/s [12] was
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Fig. 2 a Experimental setup and
b surface topography of the wheel
used

employed while a range of depth of cut g, (5-20 um) and
workpiece infeed speed v, (3—12 m/min) were utilized for
the variation of grinding parameters. The specified parameters
combinations are summarized in Table 2.

2.2 Metrology and measurements

The grinding forces were monitored by a Kistler 9272 piezo-
electric dynamometer. After grinding, a sample with a thick-
ness of 2 mm was carefully cut off from the wheel to detect the
grinding-induced wheel surface topography. Then a 45 steel
razor blade was ground to measure the radial loss of the wheel
for the calculation of G-ratio. The ground surface roughness
was measured by a Sensofar S neox 3D confocal profilometer,
while a Quanta 200 SEM was used to identify the ground
surface microstructure. The metallographical structure before
and after grinding of the workpiece materials was identified by
a Leica DMC 4500 optical microscope. For the
metallographical observation, a 3 mm x 3 mm x 4 mm sample
was cut off from the ground workpiece via diamond sawing,
polished, and then etched using a mixture solution (i.e.,
HF:HNO3:H,O = 1:3:7 for Ti,AIND,
HF:HNO;:H,O = 1:2:30 for Ti-6A1-4V, and
HNO3:H,SO4:HCI = 3:5:92 for Inconel718). During the eval-
uation of surface integrity, three samples for each grinding
conditions were prepared to yield a fair conclusion.

Table 2 Specified grinding parameters combinations used in the

current work

Test no. Grinding Depth of Workpiece infeed
speed vs (m/s) cut a, (um) speed vy, (m/min)

1 20 10 3

2 20 10

3 20 10

4 20 10 12

5 20 5

6 20 15

7 20 20 6

3 Experimental results

3.1 Grinding force, force ratio, and specific grinding
energy

Grinding force is one of the most important parameter in
grinding process, which affects machined surface roughness,
heat flux, residual stress, and surface defects. Figure 3 shows
the variation of grinding force as a function of depth of cut and
workpiece infeed speed. For the three kinds of workpiece
materials, the normal and the tangential grinding forces in-
creased gradually with the increase of the depth of cut and
workpiece infeed speed, which could be considered as a result
of the increase of undeformed chip thickness. With the same
process parameters, the grinding force of Ti,AINb was about
twice larger than those of Ti-6Al-4V, while the normal and the
tangential components were only a third and a half of those of
Inconel718, respectively.

The grinding force ratio calculated from the force values in
Fig. 3 are provided in Fig. 4. For the applied grinding param-
eters, Ti,AINb showed a slightly higher average force ratio
than Ti-6Al-4V, i.e., 1.58 versus 1.29, which was significantly
lower than that of Inconel718 with a value of 2.84.

Specific grinding energy is an important indicator of
grindability, which represents the required energy to remove
per unit volume of workpiece material. Figure 5 shows the
trends of specific grinding energy against depth of cut and
workpiece infeed speed. In general, the trends showed a phe-
nomenon known as “size effect” for each workpiece material,
revealing the inverse relationship between specific grinding
energy and undeformed chip thickness [4]. As the grinding
parameters were identical with those in Fig. 3, the quantitative
relations between the specific grinding energy of the three
workpiece materials were identical with those between the
tangential grinding force.

3.2 G-ratio

G-ratio means the wheel wear volume when removing per unit
volume of workpiece material, which is another important
parameter to characterize the grindability. The G-ratio results
for Test 7 are plotted in Fig. 6, which were achieved with a
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reasonable amount of workpiece material removal, i.e.,
100 mm? for per unit width of the wheel. It is no surprise that
Ti,AIND exhibited a lower G-ratio value over Ti-6Al-4V, i.e.,
0.49 versus 0.73 due to the larger grinding force; however,
what is not expected is that the G-ratio of Ti,AINb was also
slightly lower than Inconel718 (0.56), despite the much lower
grinding force than the latter. This will be discussed in detail
subsequently.

3.3 Surface integrity
3.3.1 Surface microstructure and roughness

Figure 7 shows the SEM observations of the ground surface
for Test 1 and Test 7. Except the grinding striations, a natural

attribute of ground surface as a result of cutting behavior of the
grain, there were two main microstructure characteristics ob-
served on the ground surface for all the three workpiece ma-
terials. One was smeared material formed due to side flow of
the workpiece material from the cutting path into the ridges
when a grain plowed rather than cut the workpiece. The other
was redeposited material which size was generally up to
10 um. It is interesting to note that more redeposited metal
debris is found on the ground surface of Ti, AINb and Ti-6Al-
4V than Inconel718, especially when a higher material remov-
al rate was used.

The microscopic observations of the ground surface for
Test 7 have been also identified for the investigation of ground
surface roughness, as shown in Fig. 8. The ground surface
morphology for all three workpiece materials were mainly

Fig. 5 Specific grinding energy

variation against a depth of cut
(v,, = 6 m/min) and b workpiece
infeed speed (a,, = 10 pm)
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Fig. 6 G-ratio of Ti,AIND, Ti-6Al-4V, and Inconel718 for Test 7

characterized by relatively regular peak-valley configuration
formed due to cutting behavior of the SiC grains. Since the
peak-valley distance for all the workpiece materials stayed on
asame level, i.e., ~2 pum, their surface roughness Ra exhibited
a same range, i.e., 0.3—-0.6 um based on an evaluation length
of 660 um (Fig. 8). The surface roughness for Test 1 was also
measured; because of space limitation, only surface roughness
values were given here, i.e., Ra=0.35, 0.37, and 0.33 pm for
Ti,AINb, Ti-6Al-4V, and Inconel718, respectively. Such sur-
face roughness results may indicate that the ground surface
roughness of Ti, AINb is more sensitive to the grinding param-
eters than that of Ti-6Al-4V.

3.3.2 Metallographical alternations

During the grinding process, the workpiece is exposed to ex-
cessive thermal and mechanical loadings, which may lead to
some metallographical alternations, of which the plastic de-
formation and the white layer are of particular concern.
Figure 9 shows the typical metallographical structure of all
three workpiece materials after grinding process for Test 1

and Test 7. Due to the not-very-high material removal rate
used, Ti-6Al1-4V and Inconel718 showed hardly any
metallographical alternations. However, a white layer with a
thickness of below 2 um could be observed on the workpiece
subsurface of Ti,AINb, which evolved from a noncontinuous
form (Fig. 9a) into a relatively continuous one (Fig. 9b) when
the material removal rate was increased. Such severely de-
formed workpiece material reveals not only a much higher
hardness than the bulk material but also a brittle characteristic
[10], which may act as a riser for the fatigue crack during
serving time of a ground part. Therefore, for safety concerns,
a post-processing technique may be needed to remove the
grinding-induced white layer in actual engineering.

3.4 Grinding-induced wheel surface topography

The wheel surface topography after grinding has been also
identified to further analyze the grinding mechanisms of
Ti,AIND, as shown in Fig. 10. Some workpiece material ad-
hering to the cutting edges of SiC grains could be observed for
all three workpiece materials, primarily revealing a thin-slice
pattern. As reported in Ref. [27], during the grinding processes
of high-temperature oxidation-resistant metals, including tita-
nium and nickel-based alloys, the uncontaminated material
tends to adhere physically to the wheel surface, thereby
dulling the wheel. Such adhering behavior of workpiece ma-
terial will also therefore contribute to the improved power
consumption. During the subsequent cutting process, the me-
chanical loading arising from the cutting behavior of the ad-
hered grain can peel off part of the adhering workpiece mate-
rial, which can be redeposited to the ground surface (Fig. 7) by
the squeezing effect of the grain. Such separation of the ad-
hering workpiece material form the adhered grain could also

Smeared material

Smeared material

Grinding striations

a LY

Redeposited material

SE & m K E

"y

Grinding striations

Grinding striations

.

}Redepositeﬂ material
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Fig.7 Ground surface microstructure of a Ti, AIND for Test 1, b Ti,AIND for Test 7, ¢ Ti-6Al-4V for Test 1, d Ti-6A1-4V for Test 7, e Inconel 718 for Test

1, and f Inconel718 for Test 7
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Fig. 8 Ground surface roughness of a Ti, AINb, b Ti-6Al-4V, and ¢ Inconel718 for Test 7

render a very few part of the grain material to be chipped off,
accelerating the wear rate of the wheel. On the other hand,
compared to Inconel718, more adhering workpiece material
could be observed on the wheel surface when grinding
Ti,AINb and Ti-6Al-4V, thereby leading to more redeposited
material on the ground surface (Fig. 7).

4 Discussion
As expected, the grinding force of Inconel718 was significant-

ly higher than those of Ti,AINb owing to its higher strength
and deformation-resistance ability, requiring a greater force

1.25 pm White layer

1.52 pm

White layer

and associated improved power consumption to cut into and
remove the workpiece material. However, as stated above,
Ti,AINb exhibited somehow a slightly lower G-ratio com-
pared to Inconel718. To find out the reasons, the friction co-
efficient ;4 between the SiC grains and the workpiece mate-
rials, which can quantitatively represent the affinity extent
between them has been selected and analyzed.

For a conventional grinding configuration, wherein a shal-
low depth of cut is utilized, the force conditions of a single
grain (Fig. 11a) can be characterized by a chip formation force
component F, which results from the elastic-plastic deforma-
tion of workpiece material, and two frictional force compo-
nents Fp and Fyp,, which are required to overcome the friction

Fig.9 Metallographical structure of a T12A1Nb for Test 1, b Ti,AIND for Test 7, ¢ Ti-6Al-4V for Test 1, d Ti-6Al-4V for Test 7, e Inconel 718 for Test 1,

and f Inconel718 for Test 7
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Fig. 10 Wheel surface topography of the after grinding a Ti,AINb, b Ti-6Al-4V, and ¢ Inconel718

of the rake and the frank face of the grain with the workpiece,
respectively. Based on such analysis, the grinding force com-
ponents F; and F;,, measured using a dynamometer, can be
divided into the chip formation and the friction segments, as
shown in Fig. 11b, such that

Ft:Ft,C+Ft,f (1)
Fn:FnA,c'f'Fn?f

According to the grinding force model proposed by S.
Malkin [28], the frictional force F rshows a linear dependence
on the contact area A, through a constant pressure p and
friction coefficient ;. between the wear flat and the workpiece.
As such, F; and F,, could be further expressed as:

{ Ft = Ft,c + upconAcon (2)
Fn = Fn,c +l_700nAcon

Fig. 11 Force condition during
grinding process for a a single
grain and b the whole wheel

Fc/<_

a | Workpiece

Vw |
- b | Workpiece F nf Fu,

By transforming Eq. (2) to remove the effect of the param-
eter group p.,,Acon, the mathematical relations among the
force components can be given by [28]:

1 Foo—F
Fy = — F, 4 1 Tee
I jz

(3)

For the given grinding parameters, /', . and F, . are reported
to be independent of wheel properties, e.g., wheel sharpness
and abrasive options [27, 29]. In the current study, the authors
have measured a range of force components F; and F, for Test
2, by varying the dressing conditions to generate different
wheel sharpness. The applied dressing parameters and the
corresponding grinding force responses are summerized in
Table 3. Then the F; and F, values are re-presented by
Fig. 12 to yield the friction efficient, i.e., 0.63, 0.76, and
0.33 for Ti,AINb, Ti-6Al-4V, and Inconel718, respectively.
This friction coefficient results clearly showed a significantly

Ftc
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Table 3  Applied dressing parameters and corresponding grinding force responses for calculation of friction coefficient

Dressing parameters Ti,AINb Ti-6Al-4V Inconel 718

vq (/) Ja (mm/min) ag (1m) F () Fry (V) F () Fy (V) Fr(N) Fa V)
20 50 5 34.8 56.1 26.1 33.8 62.5 1933
20 50 10 31.1 49.8 215 28.5 57.6 169.5
20 50 15 28.6 45.2 20.8 26.1 47.6 138.4
20 50 20 28.1 45.6 20.2 25.2 46.2 136.6
20 50 25 27.8 44.8 19.1 243 459 133.1
20 50 30 26.8 43 17.8 232 42.6 129.1
20 10 20 349 56.3 27.1 345 63.1 187.9
20 20 20 315 50.2 24.8 323 51.2 153.7
20 30 20 30.6 49.2 223 28.1 48.3 148.6
20 40 20 313 49.2 20.5 27.2 48.1 1493
20 60 20 31.1 48.6 20.4 26.3 47.6 143.5
20 70 20 30.2 47.8 20.1 26.1 46.6 141.3

higher affinity of Ti,AINb and Ti-6Al-4V for SiC abrasive in
comparison with Inconel718.

An important contributor to such friction coefficient results
may be that, apart from the physical adhesion, some particular
chemical reactions between the SiC grains and the workpiece
materials can occur during the grinding processes of Ti, AINb
and Ti-6Al-4V. Actually, for the SiC grinding of titanium al-
loys, the dissociation of grain material can commence at ele-
vated temperature by the chemical reaction in Eq. (4) [13].
Such chemical reaction will facilitate a firm bonding between
the workpiece and the SiC grains through another chemical
reaction shown in Eq. (5), which can significantly improve the
adhering effect of the workpiece material to the SiC grains.

SiC + 0,—8i0; + C 4)
Ti + C—TiC (5)

The abovementioned findings imply that, the wheel wear
and associated G-ratio results are affected by two factors: (I)
mechanical loading acting on the SiC grains, which can result
in the routine wear of the wheel, i.e., flattening, fracture, and
pullout of the grains and (II) physical and/or chemical bonding
between the workpiece and the SiC grains, which can result in

chipping off of the grain material. That is, Ti,AINb showed a
slightly lower G-ratio than Inconel718 because of the relative-
ly strong affinity for the SiC grains, despite much lower grind-
ing force; Ti-6Al-4V showed a higher G-ratio than Inconel718
because of significantly lower grinding force, despite much
stronger affinity for the SiC grains. Based on the relationship
in Eq. (2), the grinding force ratio can be represented by Eq.
(6), indicating that the high friction coefficient between
Ti,AINb/Ti-6Al-4V and the SiC grains owing to the strong
affinity in both physical and chemical between them, is one
of'the main causes of the low grinding force ratio for these two
materials.

Fn,c +1_700nAcon

"fr = (6)

Ft,c + ,uﬁconAcon

The findings of the current study suggest to utilize CBN
abrasive in grinding of Ti,AINb, the good wear resistance and
chemical stability of which are expected to facilitate a favor-
able machining performance [30-35], including low grinding
force, smooth ground surface, and high G-ratio. An appropri-
ate coolant option is also necessary for the sufficient lubrica-
tion of the grinding zone.

= 60 = 40 = 200
= Slope < Slope < Slope
w Value: 1.60; Standard Error: 0.075 uws Value: 1.29; Standard Error: 0.061 we Value: 3.06; Standard Error: 0.163
8 551 statistics 8 357 statistics 8 1801 statistics
L Adj. R-Square=0.98 ° Adj. R-Square=0.98 _§ Adj. R-Square=0.97
o o o
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2 9 S
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a Tangential grinding force F, (N) b Tangential grinding force F, (N) C Tangential grinding force F (N)

Fig. 12 Fitting of linear relationship between normal and tangential grinding forces listed in Table 3 for a Ti,AINb, b Ti-6Al-4V, and ¢ Inconel718
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5 Conclusions
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When using SiC abrasive, Ti,AINb is harder to grind
than Ti-6A1-4V with about twofold force, twofold-
specific grinding energy, and 34% lower G-ratio, and is
generally easier to grind than Inconel718 with about a
half of tangential force and associated a half of specific
grinding energy, a third of normal force and slightly low-
er G-ratio. All three workpiece materials show a same
ground surface roughness level, i.e., 0.3—0.6 um for the
applied grinding parameters. In addition, a thin continu-
ous or noncontinuous white layer can easily be formed at
the workpiece subsurface when grinding Ti,AIND,
which adversely affects the surface integrity.

During the grinding process with SiC abrasive, Ti,AINb
experiences more excessive tool wear compared to
Inconel718 due to strong affinity for the abrasive.

The findings of the current study point to the utilization
of CBN superabrasive when grinding Ti,AINDb for a fa-
vorable machining performance, including low grinding
force, smooth ground surface, and high G-ratio.
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