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Influence of Cubic Boron Nitride
Grinding on the Fatigue Strengths of
Carbon Steels and a Nickel-Base Superalloy
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The influence of cubic boron nitride (CBN) grinding on fatigue strength was investigated on an annealed
carbon steel, a quenched and tempered carbon steel at room temperature, and a nickel-base superalloy,
Inconel 718, at room temperature and 500 °C. The results were discussed from several viewpoints, in-
cluding surface roughness, residual stress, and work hardening or softening due to CBN grinding. The
fatigue strength increased upon CBN grinding at room temperature, primarily because of the generation

of compressive residual stress in the surface region. However, in the case of Inconel 718, this marked in-
crease in the fatigue strength tended to disappear at the elevated temperature due to the release of com-
pressive residual stress and the decrease of crack growth resistance at an elevated temperature.

Keywords alloy 718, cubic boron nitride, grinding, steel type craft engines and gas turbines for nuclear electricity generating
1042 stations due to its high thermal stability, good corrosion prop-
erty at high temperatures, and other mechanical properties.
1. Introduction However, Inconel 718 is extremely difficult to machine.

In this study, rotating bending fatigue tests were carried out
on an annealed and a quenched and tempered carbon steel at
room temperature and a nickel-base superalloy, Inconel 718, at
both room temperature and 500 °C. The results of the CBN
ground specimen were compared with those of an electro-
polished specimen and an emery paper polished specimen.

Recently, cubic boron nitride (CBN) grinding technology
has been extensively applied in machining of high strength al-
loys, and many studies have indicated that a CBN wheel has su
perior performance to a general abrasive wheel in terms of
machinability, grinding efficiency, and tool life, as well as sur-
face integrity of the workpiece, which has a great effect on the 15p1e 1 Chemical compositions
fatigue property (Ref 1-3). Conversely, CBN grinding gener-

ally results in a compressive residual stress in a surface region, Composition, wt%
which is considered to contribute to the increase of fatigue Element G10420 Inconel 718
strength, so that CBN grinding could be an excellent machining c 0.42 0.03
process even from the viewpoint of material strength. Never- Si 0.27 0.05
theless, the study of the influence of CBN grinding on the fa- Mn 8-313 gggg
tigue strength, especially the fatigue strength at an elevate 0.016 0.002
temperature, has been reported less (Ref 4). Ni 52.26
Inconel 718 is a precipitation strengthened nickel-base su-C" 12-88
peralloy that is extensively used in critical components of air- Cg 027
Cu 0.02
N. Kawagoishi, Q. Chen,andE. Kondo, Faculty of Engineering, Al 0.55
Kagoshima University, Kagoshima, 890, Japsin:Goto, Faculty of Ti 0.96
Engineering, Oita University, Oita, 870-11, Japan; Bndisitani, Fe bal 19.18
Faculty of Engineering, Kyushu Sangyo University, Fukuoka, 813, Ja- B 0.004
pan. Contact N. Kawagoshi at e-mail: hiro@mech.kagoshima-u.ac.jp. Nb +Ta 5.03
Table 2 Mechanical properties
Yield 0.2% proof True breaking Tensile Reduction
Material Temperature, °C  strength (og),MPa stress @ 5),MPa stress 0g),MPa strength (o7),MPa of area (),%
G10420 A RT 377 659 1190 54
G10420 QT RT . 975 1112 1756 56
Inconel 718 RT o 1320 1461 2320 70
500 1050 1254 1734 38

RT, room temperature
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to 1. Therefore, it can be considered a plain specimen. After
machining,thepartiallynotchedspecimenwaselectropolished

The materials employed were a carbon steel, which corre-aboUtqum from_the surfa_ce to remove t_he affected layer.
sponds to UNS number G10420 and is referred to as G10420 inS Jc?rieonijz:ité?%uocftggtglrjeecttljargr?g?hg]Igr:e tr(1: SfNa %rrgléﬂ(?n
this article, and a nickel-base superalloy, Inconel 718. Table 1 P Y 9

shows their chemical compositions in weight percent. t_he glectropollshed specimen was _measured using a pl_a_stlc_rep-
lication method under an optical microscope at a magnification

The carbon steel G10420 was heat treated by annealing af¢ 109x The crack len :
o L LA o9 . gth was defined as the length along the
840 °C for 1 h, which is referred to as G10420 Ain this article; oo, mferential direction on the specimen surface. The residual

or itwas treated by heating at 840 °C for 1 h and water quenchy.oss \vas detected by an x-ray diffraction device (XRD-6000

ing, then heating at 400 °C for 1 h followed by water cooling. SHIMADZU, Shimadzu Corporation, Kyoto, Japan), Ca-K
The material in this condition is referred to as G10420 QT. The ray, the wavelength ¥ 1.54178 A, the angle of diffractio2

nickel-base superalloy, Inconel 718, was solid solution treated_ 155.6°, and the area of irradiation x 10 mn?). The stress

by h?atlng at 982 °C for 1 h and Wateor quenching, aging at,5|e referred to was the nominal stress amplitude at the mini-

720°C for 8 h, furnace cooling to 620 °C and heating at 620 ),y ¢ross section, neglecting the partial notch in the partially
C for another 8 h, and finally by air cooling. Table 2 shows the |, ji-hed specimen. The machines employed were the Ono-

mechanical properties of the materials after heat treatment. type rotating bending fatigue testers with a capacity of 15 N

Figure 1 shows the shapes and dimensions of specimensim, operating at about 50 Hz for the tests at room tempera-
The notched specimen (Fig. 1a) was used to investigate the intyre, and 100 NIm, operating at 55 Hz, at 500 °C.

fluence of CBN grinding on the fatigue strength. A dull circum-

ferential notch of 5 mm radius was made at the center of the

specimen. The notch was CBN ground or electropolished after3, Results and Discussion

machining. Cubic boron nitride grinding was performed at

31 m/s of wheel velocity and 0.1 m/s of table speed using a

CBN wheel CB170N75VN5GP (CB, CBN abrasive; 170, 3.1 Fatigue Strength at Room Temperature

mesh size; N, grade; 75, concentration; V, vitrified bond; Figure 2 shows the stress amplitude and number of cycles
N5GP, symbol of specific bond; manufactured by NORITAKE 9 A P cy
(S-N) curves of electropolished and CBN ground specimens

Co., Ltd, Nagoya, Japan) with an emulsion type coolant sup- . .
plied. For some specimens, the notch was lightly scratched byfor all the materials at room temperature. The fatigue strength

two types of emery papers (No. 120 and 800) after electro-Of the CBN ground specimen was much higher than that of

polishing to assess the effect of surface roughness on the fa?leCtrOpO“Shed specimen. Therefore, CBN grinding may be a

tigue strength. The partially notched specimen (Fig. 1b) Wassuperior machining process from the criteria of the excellent
used to observe the crack initiation and propagation behavior_performance of CBN grinding and the high fatigue strength of

Although the specimen was partially notched to localize the CBN ground specimens at room temperature.

NI . : Figure 3 shows the crack growth curves in the partially
crack initiation site, the strength reduction factor was close .
g notched specimens of G10420 A and Inconel 718 at the stress

2. Materials and Experimental Procedures

Q 0 of each fatigue limit, which is defined as the stress amplitude
™y "’% n for the specimen not to fracture after repetitions dfci@les.
Figure 4 shows the surface states after stress repetitiorf of 10
—_ e _Fﬂ - — | —— gﬁ T cycles for the specimens shown in Fig. 3. In both materials,
nonpropagating cracks were observed. Figure 5 presents the
. 20025) | 20(30) .1, 20(25)
— . 1000 —
« 60(80) - O o Blecro-polished [ OB ound
(a) () For elevated temperature test I I
800f- 800~
A N G10420QT & [
. = [ ~ = [
Y ,& Partial notch § 0o D\Z{ e é, 600
2 [ 2 [
YN, N g | cio4204 s [
4 - —— —|= - -q_e_:" %‘——— _EL -1 § 400~ - g 400_— Electro-polished
o g TAA_ _ e g
10,110,170 s I % ok
’ 80 S . _
9 o I E _
& o Q—LU—‘-'”‘]-—'—'-'-‘-‘“d—'—'-'-'-“"‘—‘ ]
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(b) Detail of notch @ ®)

Fig. 1 The shapes and dimensions (in mm) of specimens.
(a) Notched specimen. (b) Partially notched specimen
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Fig. 2 S-N curves at room temperature. (a)G10420 A and
G10420 QT. (b) Inconel 718
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surface states of CBN ground specimens for all of the materials Figure 8 shows the influence of surface roughness on the fa-
after stress repetition of 10ycles at the stress of each fatigue tigue limit at room temperature, wherds the ratio of the fa-
limit. In all of the materials, nonpropagating cracks were recog- tigue limit of the emery paper polished specimen or the CBN
nized among the ground flaws. That is, the fatigue limit was de- ground specimeng,,, to that of the electropolished specimen,
termined by the limiting stress for crack growth in both o,zp meaning the relative fatigue limit. In the case of Inconel
electropolished and ground specimens. As for the emery papei718, the result at 500 °C is also plotted in Fig. 8. As seen from
polished specimen, it had already been reported by Nistani andhe results of the emery paper polished specimen, in which the
Imai (Ref 5) that the nonpropagating crack was observed as well.influence of machining was almost eliminated except for the
surface roughness, it is clear that the decrease of the fatigue
3.2 Fatigue Strength at an Elevated Temperature limit caused by CBN grinding flaws can be nearly disregarded
in all of the materials. Similar results were obtained at an elevated
temperature for Inconel 718 as well, although the chemical com-
position differed a little from the alloy used in this study (Ref 6).
Figure 9 shows the distribution of the hardness (Vickers’
rdness, or HV, under the load of 50 g) on the cross section be-
neath the notch root in both the CBN ground and the electro-
polished specimens. The ordinate is the ratio of the hardness
measured in the grinding affected layé, to that of the inner
. . matrix, H, which was not affected by CBN grinding. The ab-
3.3 Discussion scissa is the distance from the surface. The surface layer was
Figure 7 shows typical profiles of a CBN ground surface work hardened through CBN grinding. This can be ex-
around the notch root. In all of the materials, the values of maxi-plained by the remarkable plastic deformation yielded in the
mum height roughnes®,, were nearly the same, that is, ap- ground layer (Ref 7). In the case of G10420 QT, however, it

Figure 6 shows the S-N curves of electropolished and CBN
ground specimens for Inconel 718 at 500 °C. The fatigue
strength of a CBN ground specimen is a little lower than that of
the electropolished specimen through almost the entire regionhel
of stress levels except near the fatigue limit, where the fatigue
limit of the CBN ground specimen was nearly equal to or a little
higher than that of the electropolished specimen.

proximately 1.5um. was work softened lightly. The hardened surface layer was
100 _' Partially notched specimen i ' :'- ."‘, -a :- .
| iy .F = 1 r. J & J B
g 80[ G10420 A - el J . h‘
= (0. = 245 MPa) W : f - ¥,
= 60 - w0 A A A - Wi e -
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Fig. 3 Crack growth curves at fatigue limit — g 20 H.m y ¥ 10 pm
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Fig. 4 Nonpropagating cracks shown in Fig. 3. (a) G10420 A
(owo = 245 MPa| = 62pm). (b) Inconel 71840 = 460 MPa|
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Fig. 5 Nonpropagating cracks in a CBN ground specimen. Number of cyctes
(a) G10420 A. (b) G10420 QT. (c) Inconel 718 Fig. 6 S-N curves at 500 °C (Inconel 718)
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consideredto contribute to the improvement of high cycle fa-
tigue strength.

Figure 11 shows the distribution of residual stress measured

on the cross section beneath the notch root in the CBN ground

Figure 10 shows the microstructure of an affected layer on specimen for each material. In the case of Inconel 718, the re-
the cross section in the CBN ground specimens of two carbonsults before and after heating the specimen for 1 h at 500 °C un-
steels. Marked plastic deformation was observed in G10420 A,der zero load condition are illustrated. The compressive
while a thin fused layer that seemed to be a Beilby layer was ob+residual stress was generated on and near the surface region in
served in G10420 QT. These changes in microstructure correthe CBN grinding process, but when heated, the compressive
sponded in hardness to those shown in Fig. 9. The generation ofesidual stresses were greatly reduced.

the plastic deformed zone in the affected layer was reported for

Inconel 718 also (Ref 7).

In general, it is considered that the influence of residual

stress is equivalent to the effect of mean stress (Ref 8-10). The

It is known that a tensile residual stress usually results in effect of mean stress can be recognized mainly in the propaga-
general abrasive grinding, while in CBN grinding, a compressive tion process of a crack (Ref 11,12.) Moreover, the crack propa-
residual stress is usually generated in the ground layer (Ref 3, 4, 7)gation is important not merely in the finite life region but also
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Fig. 7 Profiles of CBN ground surface around the notch root

1.6 e o G10420 A
F O € G10420 QT
- & 4 Inconel 718
| Inconel 718 (500°C)
1.4
-~ |
) 5
s 1.2
o; L CBN ground
e [ .
TR
- Paper polished
0.8 1 1 lllllll '} 1 IlIlIl]

0.1 1

Fig. 8 Effect of roughness on the fatigue limit

Journal of Materials Engineering and Performance

H: 168

CBN ground

/

065 56 100 150 200
Distance from surface pum
(@)
"*F H:350
1.2 :—
- o CBN ground

a ]

H'/H
of

AN '
oshk Electro-polished
085 50 100 150 _ 200
Distance from surface pm
(b)
T 4 540
1'2:— CBN ground
?/
% 1_"0'_@_9_'0‘_‘—
[ Electro-polished
0.8[~
F'Illlllllllllllllllll
0.6 50 100 150 200
Distance from surface pm

©

Fig. 9 Distribution of the hardness beneath the notch root. (a)
G10420 A. (b) G10420 QT (c) Inconel 718

Volume 8(2) April 19991 155



(@)

LA\
|25 B Ay

Fig. 10 Microstructure on the cross section in a CBN ground specimen. (a) G10420 A. (b) G10420 QT
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Fig. 11 Distribution of the residual stress under the notch root. (a) G10420 A at room temperature. (b) G10420 QT at room temperature.
(c) Inconel 718 before heating. (d) Inconel 718 after heating for 1 h at 500 °C

at the fatigue limit (Ref 13). Therefore, it can be concluded that sive residual stress induced by CBN grinding and (b) the big
(a) the main reason for the increase of fatigue strength in thedifference between the fatigue strengths of CBN ground
CBN ground specimen at room temperature is because thespecimen of Inconel 718 at the room temperature and the ele-
crack propagation was effectively suppressed by the compresvated temperature in the finite life region can be explained by
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the decrease of both the compressive residual stress and Figure 13 shows the crack growth curves of a partially
the crack growth resistance at the elevated temperaturenotched specimen at both temperatures for Inconel 718. Figure
(Ref 14). 14 shows the relationship between the crack growth rate and
Figure 12 shows the effect of elevated temperature on the fathe crack length. The growth of a crack smaller than approxi-
tigue strengths of (a) an electropolished specimen and (b) anately 20Qum was extremely suppressed, while that overr#0
CBN ground specimen in Inconel 718. In the case of the elec-was accelerated by the elevated temperature.
tropolished specimen, although the fatigue strength at the high  Figure 15 shows the variation of the HV (50 g) at the surface
stress level is lower at 500 °C than at room temperature, the faregion and inner matrix with the heating time at 500 °C under
tigue limit is much higher at 500 °C than at room temperature. zero load condition. The surface region was hardened rapidly,
In the case of the CBN ground specimen, the fatigue strengthand a peak was reached after heating for approximately 7 min,
decreases through almost the entire stress level due to the elavhereas the inner matrix was softened lightly. After heating for
vated temperature, but the fatigue limits at both temperaturesapproximately 15 min, the softening tended to saturate. But a
are nearly the same. This means that the improvement of fabig difference in the hardness existed between the surface re-
tigue strength by CBN grinding cannot be expected at an ele-gion and the inner matrix; that is, the surface region was consid-
vated temperature. Moreover the nickel-base superalloy waserably hardened at elevated temperature.
mainly used at elevated temperatures so that it was not usefulto  Figure 16 shows the scanning electron micrographs of sur-
apply the CBN grinding technique for the improvement of the face state around the initiated crack at both temperatures. The
fatigue strength of a nickel-base superalloy at an elevated tem-marked oxidation was observed at an elevated temperature.
perature, though the CBN grinding dose improved the surfaceThis suggests that the oxide films formed in the surface region
integrity and the grinding efficiency. may be the main contributor to the hardening of the surface re-
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Fig. 15 Variation of the hardness with heating time (Inconel
718)

gion and were correlated to the suppression of crack growth
through the oxide induced crack closure phenomenon at an ele
vated temperature.

4. Conclusions

Through CBN grinding, the fatigue strength was increased
considerably at room temperature because the crack propage
tion was effectively suppressed by the compressive residual
stress generated in the CBN grinding process. However, the
similar improvement was not recognized at an elevated tem-
perature because both the compressive residual stress near tl
ground layer and the resistance to crack propagation were de
creased at the elevated temperature. The effect of surface
roughness on the fatigue strength can be neglected within the
range of this study.

References

1. H.K. Tonshoff and F. Hetz, Influence of the Abrasive on Fatigue
in Precision GrindingASME PED Vol 16, 1985, p 20-25

2. N. Kumagai, Grinding of Difficult-to-Cut Materials, J. Jpn. Soc.
Precis. Eng.Vol 12,1992, p 12-15

3. T. Ishikawa and K.V. Kumar, High Performance Grinding of Ni-
Base Superalloys with Superabrasive Whéelpn. Soc. Precis.
Eng.,Vol 4, 1992, p 597-600

4. M. Yokogawa and K. Yokogawa, Improvements in Surface Integ-
rity and Fatigue Strength by the CBN Wheel Processingpn.
Soc. Precis. EngVol 5, 1988, p 909-914

5. H. Nisitani and R. Imai, Effect of Surface Finish on the Fatigue
Strength of Heat Treated S45C and SCM435 St&edsis. Jpn.
Soc. Mech. EngVol 442, 1983, p 693-698

6. A. Ueno, N. Kawagoishi, Q. Chen, E. Kondo, R. Iwamoto, and
M. Tomari, Influence of Surface Roughness on Fatigue Strength
in Ni Base Super Alloy at Elevated Temperatiegprint of Ja-
pan Society of Mechanical Enginegidp. 978-2), 1997, p 43-45

7. N. Kumagai, Grinding of Inconel 71Bublications of the 14th Spe-
cial Committee for the Grinding of Difficult-to-Cut Materia{3a-
pan Society of Precision Engineering), Japan, 1993, p 1-10

8. S. Taira and H. Murakami, Residual Stresses Produced by Plastid 4.

Tension and Also Shot Peening and Fatigue Stredgfipn. Soc.
Test. Mater.Vol 10, 1961, p 610-615

1580 Volume 8(2) April 1999

10.

11.

12.

13.

we—

Fig. 16 Scanning electron micrographs of surface state near an
initiated crack (Inconel 718). (a) At room temperature. (b) At
500 °C

Axial direction

9. S. Kodama, Residual Stress and Fatigue Strength of Métals,

Jpn. Soc. Mech. Engvpl 642, 1972, p 1026-1033

S. Kodama and T. Nakajima, Influence of Grinding Surface on
Fatigue Strength of Mild Steel, Jpn. Soc. Mater. Scipl 280,
1977, p 56-61

H. Nisitani and N. Yamashita, The Influence of the Mean Stress
on the Crack Initiation and the Crack Propagation of 70/30 Brass,
Trans. Jpn. Soc. Mech. Enlygl 242, 1966, p 1456-1461

H. Nisitani and M. Goto, Effect of Mean Stress on Crack Initiation
and Initial Propagation in Axial Fatigue of an Annealed 0.45%C
Steel,Trans. Jpn. Soc. Mech. Enlygl 460, 1984, p 1926-1935

N. Kawagoishi, Q. Chen, H. Tanaka, I. Maeno, and J. Kiyofuji,
Fatigue Strength of Notched Specimen in a Nickel-Base Superal-
loy at Elevated Temperatur@&ans. Jpn. Soc. Mech. Eny/ol

596, 1996, p 1926-1935

N. Kawagoishi, Q. Chen, H. Tanaka, |. Maeno, and J. Kiyofuji,
Characteristics of Small Crack Growth in a Nickel-Base Superal-
loy, Trans. Jpn. Soc. Mech. Enyol 611, 1977, p 1398-1402

Journal of Materials Engineering and Performance



