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Abstract:
The' extraordinary physical and thermal

properties of CBN abrasives area primary fac-
tor in !:hegeneration ofbenefidal residual com-
pressi.ve stresses, These residual stresses have
,iI favorable influenceOI\, the fatigue life of com-
ponents ground wi th CBN abrasives, This art-
icle suggests 'thaI, the effects of CBN grin.ding
should be factor d into the original design of
highly stressed, fatigue-prone drive train
ccmponents,

Inlrodurtion
Modem manufacturing processes have

become an aUy of the product designer in
pmducing higher quality, higher perferm-
ins components in the transportation in-
dustry. This is particularly true in grinding;
systems where the physical properties of
CBN abrasives have been applied to irn-
pr,oving cycle 'times, dimensional con-
sistency, surface integrity and everall
eosts, Of these four factors, surface in-
tegrity offers the greatestpotential for in-
f1uencing the actual design of highly
stressed, hardened steel components.

The purpose of 'this article is to' review
both the empirical studies and theoretical,
analyses which substantiate the surface in-
tegritycharaeteristics inherent with CBN
grind:ing. In addition, some important
new empirical, findings of direct interest to
this subject are presentedand discussed.

BaCkgfOund
Significant evidence empiricaJly sub-

stantiates the fact that grinding with CON
abrasives can produce a significant level of
compressive' residual stress In the surface
of hardened steels. Most bibliographies in-
clude the work of Navarro, (11 the first to
establish that both CBN and diamond
abrasives produce residual compressive
stresses,

Navarro's key results are shown in figs ..
Ia, b and 'c. Figs. 131 and Ibcontrast
typical residual Str1SS distributions found
after grinding with CBN. diamond and
aluminum oxide. The positive Conse-
quences of CBN grinding are illustrated in
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Fig. I. - Residual stresses in SAE4340 after grinding
with CBN and diamond.
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.Fig:..lb - Typical residual' tresses In SAE <t340after
grinding with alumina.

FATIGU CHARACTER1S,T1CS OF AISI 4340
(OUENCI'tED AND TEMPERED. 50 Rci

METAL REI,4OYAL CONornoNS SURFIICE GRINDING
fo!ODE CANTILEVER iBENDING ZERO MEAN STRESS

TEI\IIPERA.TU RE '7S"f

I 111111 I I 1111111 lit'"

~
!

-/-(.1101
~I~I----- ------- 'GEN,11 III AUl.

~ J jlJl'~
'11; ....

"'"'- ~.!------ ... ~ -.- t-'CON
j

I

I
,

I

C\'CI.ES TO FAlWFlE

_D' IIoNII-.uON I
IIOTII CONDITIONI

, .IMIZ·Dow" 1-1

TlE ,GRIND
XWHER

VEHTIOIU. _
IlI.Ol! WHEEl.

Fig. Ic - ~N data for SAE4340 ground with various abr lves,

1e, where the bending [atigue
characteri~tics of AISI 4340 samples
ground with three different abrasives are
compared. In recent years, several. other
studies (2-5) have served to substantiate
the work Hirstreported by Navarro.

However, Httle work has been done to
increase our fundamental. understanding
of the mechanism by wh:ichthese residual.

compressivestresses are generated. Pro-
duction grinding of steel components in
the metalworking industries has been
dominated by the use of aluminum oxide
abrasives for over 80 y MS. Therefore, ,the
total context of OUl' ,thinking about the
grinding process is oriented around
aluminum. oxide a.brasive grainJ>and their
specific properties. Fer example. "grind-
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ing" will generally leave a residual tensile
stress in the surface ofa workpiece, such
as AJSI 4340, unless special precautions
are taken to avoid this -phenomenon. (6) It
is also generally agreed that these residual
tensile stresses are created because the
"grinding" process rapidly increases the
temperature of the ground surface, which
is then subjected to various rates of quen-
ching, depending upon the specific nature
of the operation ..This process can lead to
the generation of bothuntempered and
over-tempered martensite as weU as SUf-

face cracking. Expensive and tedious pro-

cedures, such as low stress grinding (LSG),
nital etching or shot peening, may have to
be employed in certain cases to overcome
these inherent problems.

That the crucial importance of the
specific thermal properties of aluminum
oxide grain have been overlooked is
understandable; but in view of the grow-
ing importance of CBN grinding, com-
parison with the extraordinary thermal
properties of CBN abrasives must now be
made.

Selected physical properties of CBN
and aluminum oxide abrasives are shown

in Table I. The density (e), thermal con-
ductivity (k), and specific heat (c) are
listed along with the calculated value of
thermal djffugjvity ..Thermal diffusivilty (a
thermophysical property, k/,,,c), is the
ratio of heat conducted versus the heat ab-
sorbed in a body. (7) In transient situa-
tions, such as the grinding process, <I high
value means that much heat is transmitted
through the abrasive relative to the
heating of the abrasive itself. As reflected
in Table I, the thermal diffusivity of CBN
is almost two orders of magnitude greater
than that of aluminum oxide.

In order to investigate the signficance of
these properties on temperatures gener-
ated in the workpiece surface, Shaw and
Ramanath (8) have determined the frac-
tion of grinding energy (R) going into the
workpi.ece to be
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R - 1 + (~::;~;~r
Thus, the fraction of heat generated in the
grinding process which flows down into
the work is governed by the ratio of the
products, kec ofabrasive/kec of work.

Fora1uminum oxide abrasive, the
calculation shows R = 0.76 and for CBN,
R= 0.37. These writers demonstrate that
this difference in R is sufficient for the
aluminum oxide grinding process to gener-
ate temperatures well in excess of the
softening temperature of-steel, while CBN
grinding will not reach such temperature.
This analysis strongly suggests that the
aluminum oxide grinding process subjects
the workpiece surface toa severe thermal
disturbance in. addition to the normal
mechanical process of chip formation.
CBN grinding, on the other hand, may
only subject the workpiece surface to the
normal mechancial disturbance with min-
imal thermal disturbance.

Johnson (9) Illustrates the importance of
the extraordinary differences in thermody-
namic properties by use of a simple finite
element analysis. In a typical grinding
process, any single abrasive grain will be in
contact with the work for onJy80 micro-
seconds. The analysis examinesthe tem-
perature distribution in both an abrasive
grain and a steel workpiece durin.g the 80
microseconds aftera grain at room temper-
ature is placed in contactw:itha. steel
workpiece at 648°e It must be noted that
Johnson has not in any way attempted to
simulate the complex heat generation and
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Fig. 2h - Comparison of temperature distribution
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heattransfer dynamics of Itheactual grind-
ing process. The initial conditions are
shown in Fig,. 2a, while the temperature
distribution after 80. microseconds is illus-
trated in Fig,. lb.. This study graphically
reinforces the concept developed by
Ramanath and Shaw that heat is forced
down into the work in the aluminum oxide
case. but can flow up into the abrasive
grain itself in CBN grinding.

Dodd and Kumar(lOf have also studied
this problem. using yet a diUerent analysis.
Their work suggests that 6,3% of the heat
generated in aluminum oxid grinding goes
down into the work, while in CBN grind-
ing, only 4% goes into the work. They
have concluded that chip fermadentakes
place ata much lower temperature in the
case of CBN grinding than in the case of
aluminum oxide grinding.

While none of these studies in and of
themselves eoadusively prove that the ex-
traordinary thermal properties of CBN
abrasives are solely responsible for the
residual compressive stress phenomenon,
they dearly establish that these properties
are the predominant factor'S.

Experimental Investigation.
Most investigators have conducted. em-

pirical residual stress studies using some
form of plain surface grinding and flat
workpiece specimens. This in.vestigation
will utilize cylindncally shaped specimens.
In addition, most studies concentrate on
the residual stresses obtained on only two'
or, at the most. thr-ee sample surfaces fora
given combination of abrasive grain. and
grinding conditions. This study will. utilize
a total of 93 individual workpiece samples,
all ground with the same CBN wheel spec-
ification ..This investigation is comprised of
the following steps:

1. Sample preparation - Two sets of
steel cylinders, 1" in.diameter by SII long,
have been carburized, heat treated and
quenched to produce a hardness of Rc
62-64. A total of 40 cydinders of SAE 8620
and 501cylinders of SAE 4620 have been ac-
cordingly prepared. Each sample cylinder
has been cylindrically plunge ground with
a one inch wide wheel containing CBN
abrasive. The details of this procedure are
shown in Table II. Fig.. 3 illustrates the
dimensions and configuration of the fin-
ished samples.

2. X-ray diffraction residual stress
analysis - The surfaces of the samples pre-
pared in. Step 1 above have been analyzed
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fig. 3-Details of SAE 4620 and 8620 cylinders used to compare residual stresses - as-heat treated and
CBNground.
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fig. 4.- Details of SAE 4620 and 8620 cylinders used to determine effect of CBN grind depth on residual
stresses.

using established techniques of x-ray dif-
fraction analysis. This analysis has been
conducted on both the unground and the
ground surfaces of each sample. Peripheral
and longitudinal stresses have been selec-
tively measured on the unground surfaces ..
The peripheral stresses in the direction of
grinding and longitudinal stresses at right
angles to the grinding direction have been
measured on the CBN ground surfaces.

3. Effect of grinding depth on residual
stresses - The amount of material to be
removed in production grinding opera-
tions cannot always be precisely con-
trolled. The slight distortions incompo-
nents which have been heat treated can
lead to variations in grinding depths in
such cases; thus, detemrining how residual
stress will vary as material is removed from
the unground, heat treated surface is im-
portant. Therefore, another set of cylin-
drical samples have been plunge ground to
a range of finished diameters in. order to
determine this eff·ect. The configuration of
such samples is illustrated in fig ..4. The
grinding conditions used to produce these
surfaces are !he same as shown in Table II
except for the use of a 0..5" wide wheel.
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.Fig. S - Residual stresses in SAE 4620 bef,ore and after grinding with CBN abrasives(S1 samples) .
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Fig. '] - Residual stresses in SAE 8620 after CBN grinding to various depths below hardened surface .
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Fig. 6 - Residual stresses in SAE 8620 before and after grinding with CBN abrasives (40 samples).
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Results
Tne results of this work are detailed as

follows:
1. Residual stress analysis - The

unground and ground SAE 4620 resul.ts in
±Z sigma limit bars illustrated in Fig. 5.
Analysis of these results using the student
'T' test for signiticanee reveals that CBN
grinding has had the following effects on
the residual stress levels of the ground
samples:

4620 - 95% confidence that the
longitudinal stress is increased from
- 96250 PSI to -148600 +/ - 5900 PSI,
and the peripheral stress from- 61800 PSI
to - 88UO+ I -5200 PSI.

8620 - 95% confidence that the
longitudinal stress is increased from
- 45200 PSI to -133300 +/ - 3600 PSI,
and the peripheral stress from -43300 PSI
to - 92700 +/ - 3900 PSI.
. 2...Effect of grinding depth on residual

stress - The effect on both the SAE8620
and SAE 4620 ground samples are shown
graphically in Figs. 7 and 8. In the case of
both workpiece types, the consequences of
CBN grinding dearly have been to further
increase the residual compressive stress as
thetotal grinding depth is increased.

Discussion
The general character of the residual

stresses which result from CBN grinding in
this work is in agreement with previously
reported work. This investigation, how-
ever, has shown dearly that the residual
compressive stresses created by CBN
grinding are additive to the inherent
residual. compressive stresses found on as-
heat treated surfaces (Figs. 5,6,7,8). This
isa completely new finding which should
trigger further investigation.

Recently we obtained samples of auto-
motive transmission gears ground with an
electroplated CBN wheel. Five gears were
selected at random during the course of
grinding a. run of approximately 250,000
gears. The midflank residual stress in the
radial direction has been analyzed, and the
results of these analyses are shown in
Figs, 9a and 9b. The residual stress distrib-
ution is developed to a depth of.'OOB"
below the flank surface. The results show
a remarkable consistency of compressive
residual stress level. at the flank surface.
The small subsurface profile variations in
the residual stress distributions will be due
to variations in the heat treated profiles.
Overall, these results again confirm the in-
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herent capacity of CBN to produce signifi-
cant levels of favorable residual stresses in
gear components ..

All of these findings tend to support the
results of four-square fatigue testing of
CBN ground gears reported by Kim-
met. (11) This work found significant im-
provement in fatigue life of gears with
CBN ground flanks and fillets over con-
ventionally hardened and lapped gear sets
(Fig. 10). In drawing these conclusions,

Kimmet placed emphasis on the benefits of
gear-to-gear uniformity and precision
which result in more uniform load distribu-
tion in power transmission. In some cases,
this aspect of CBN grinding may be as im-
portant or even more important than the
residual stress benefits.

Yokagawa(12) has also reported in-
creased wear resistance of the CBN ground
surfaces of hardened steels over similar sur-
faces ground with aluminum oxide.

Honda Motor Co. has reported that the
use of CBN grinding has made it possible
to design and manufacture final drive gears
of reduced weight and which operate at
lower noise levels. These attributes derive
from both the increased uniformity of
tooth form and beneficial residual stresses.

Conclusions
This investigation has established that:

• CBN grinding of carburizedand hard-
ened parts can impart additional residual
compressive stresses to the part surface.
These stresses may be from as littl as
30 % greater to as much as 250'% greater
than the heat treated surface stresses.

• CBN grinding develops an increase in
compressive residual stresses as grinding
progresses from an as-heat treated sur-
face into the case. The generation of
compressive stresses has been shown in
Figs. 7 and 8 to be independent of the
amount of case depth removed at
equivalent hardness. CBN grinding wiU
also remove oxides, carbides and bainite
from the surfaces.
The major thrust of these findings is that

the beneficial effects of CBN grinding
should be considered in the original design
of drive train gear components. Coupled
with the ability to remove all inherent
distortion from the previous heat treatment
process, one can also consider reducing
backlash, root clearance and foot con-
figuration foru1timate beam strength. Such
grinding processes offer the design engineer
the confidence of knowing exactly what
design loads a gear can withstand and opti-
mizing gear size and weight in overall de-
sign to take advantage of this knowledge.
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