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INTRODUCTION

Two decades ago grinding wes almost totally applied as a
finishing process working at very low removal rates and correspon-
dingly low productivity. At those times grinding was used mainly
because other methodes could not provide the required geometrical
accuracy or could not cut hardened materials at all. In the recent
yvears, however, the situation has changed substantially. 5till used
re the dominant finishing process, grinding has been developed
such that encreased removal rates at constant or encreesed accu-
racy became possible. Alsoc high-efficiency grinding of difficult-
to-machine materials like stainless steels, tool and high speed
steels, titanium and nickel-cobalt-base alloys, is performed to-
day at & lsrger scale.

This development has nbeer osnticipated by a representative
group of manufacturing exrerte ousessing the undeveloped potention
of the grinding process & few years ageo /1/. Figure i reflects the
group opinion for some selected statements, The majority, for ex-
ample, expected new abrasive materials and exact analytical metho-
des to describe the grinding process to become effective between
1980 and 1990. The substitutiorn of other manufacturang processes
by grinding is expected toc encreese steadily; grinding itself,
however, is expectecd tc he never substituted by cther menufactu-~
ring processes completely. (ther ctatements were evaluated in a
more conservative wav: About 7% of the questioned experts think
that grinding wheel speeos applied in production will never be
encreased to 300 m/s (60000 sfpm), and 25% believe that grinding
will never cover 50% of all finishing operations,
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Figure 1: Delphi-Type Forecast of the Future of Grinding /1/

———€cmparing these statements with today's state of art we rea-
lize, that the actual developments are pretty well following the
predicted path: New analytical methodes are in use to describe and
contrcl the grinding processes, and cubic boron nitride is applied
as a new synthetic abrasive material for grinding hardened steels
and superalloys. Actuelly the development of grinding technology
as achieved in the last ten years can be split into three sections:

- Analysis of technological fundamentals,
- Development of processes and machines,
- Developments of tools and emuxiliaries.
In the following chapter a detailled list of the most relevant

advances in these three areaes is presented together with pertinent
raferences, Subsequently selected topics are discussed in detgil.

RECENT DEVELDPMENTS IN GRINDING
The most important prerequisite for & substantial progress

in grinding is the better understanding of the procasss fundemen-
tals. Consequently, in the recent years mejor efforts have been
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directed towsrds the analytical investigation of the kinematic and
mechanical principles of material removel in grinding. At the same
time pracesses have been studied and further developed siming to
achieve higher productivity and increased quality by means of modi-
fied ore improved machines, tools and suxiliaries. The following
list gives @ representative overview on the most important ad-
vances in the different areas of grinding technology:

t.
1.1

1.2

1.4

Analysis of Technological Fundamentals
Functional Description of Kinematic Relations /3/

- Number and distribution of stetic cutting edges,
- Number and distribution of dynamic cutting edges,
- Average chip cross section and chip thickness,

functional Description of Grinding Forces /3,4,5,6,7,8/

Mechanic principles of chip formation,
Total normal and tangential grinding forces,
Mean force per individual cutting edge,
Time-dependant character of grinding force,

Functional Description of Wheel Wear /2,3,9,10,11,13/

= Mechanic principles of wear at bonded abrasives,
- Difference between radius and edge wear on grinding wheels,
- Cost-optimal grinding conditions,

Functional Description of Grinding Temperatures /4,12,14,15/

- Basic influence of friction and chip formation,
~ State of temperature in contact zone,

- Temperature field in work surface layer,

-~ Wheel surface temperature,

Functional Description of Work Surface Roughness /11,16,17/

- Basic roughness due to wheel topography,
- Kinematic roughness due to process conditions,
« Mechanical roughness due to plstic deformations,

Development of Processes and Machines
Advances in Grinding Machine Design /18,19,20,21,22,23,52/

- Applicetion of axiomatic principles for machine tool design,

- Increased static and dynamic stiffness,

- Increased working power,

- Infinitely varisble drives for wheel and work,

- Electro-mechanical high-precision drives for tables and
slides,

~ Improved systems for cooling fluids, application and handling,

- Improved safety measures,

= Improved systems for precision feeding and stopping,
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2.2

- Improved systems for automatic wheel balsncing,
~ Integrated snd improved dressing devices,
- Temperature control of machine and coolant,

Advances in Control Techniques /23,24,25,26,27,28,29,30/

- Automatic compensation of wheel wear and dressing losses,
- Automatic control of dressing cycle,

- Control of thermally and mechanically induced distotions,
- Minimizing of idle operation times, '

- Optimizing of step grinding,

- Programmable contrel techniques,

- CNC-control of surface and external plunge grinding,

- Adaptive control techniques,

- Sensor development for force, wear and roughness,

- Establishment of grinding data banks,

Process Modifications /49,50,51,52,53,54,57,58,55/

-~ High speed grinding,

- Creep feed grinding,

- High speed creep feed grinding,
- Speed stroke surface grinding,

- Farm grinding of woxrws and gears,
- High speed belt grinding,

-~ High efficiency thread grinding,
~ High efficiency roller grinding,

Development of Tools and Auxiliaries
New Abrasive Materiels /31,32,33,34,35,36,38/

- Clustered diamond powder,
- Cubic boron nitride (CBN},
- Zirconia alumina,

New Bonding Systems /34,37,39,40,41/

- Vitrified bonding for CBN-wheels,

- Brittle bronce bonding for crushable CBN and diamand wheels,

- Resin bonding systems with metal filler and solid lubricents
for CBN and diamond wheels,

New or lImproved Dr;ssing Systems /21,42, 43,44,45,46/

- High precision diamond rollers,

- Roll-2-dress device,

- Crush dressing of metal-bonded CBN and diamond wheels,

~ Dim-dress system for vitrified (BN wheels,

- Single-point dressing for conventional wheels with poly-
cristalline sintered diamond tocl marked by posive rake
angle,

New or Improved Auxiliaries /22,24,47,48/



~ New clamping system for high speed grinding wheels,
- Grindo-Sonic device for wheel grading,
- Hydraulic wheel balancing system,

The analyticel study and description of the grinding process
is the key to a hetter understanding and control. Controversal
findings as experienced in using super-abrasives and applying
high speed and creep feed techniques can well be resolved in the
light of better understood fundamentals. For advanced control
techniques, on the ather hand, a reliable modeling system, in form
of mathematical functions es well as pertinent sensors, is the
most important prerequisites for the crucial identification of the
controlled processes. Based on these fundamentals and on emperical
investigations, the realisation of significantly improved producti-
vity and work piece quality in grinding can be achieved by improved
machines, tools and auxiliaries. The great variety of recent ad-
vances proves, that grinding indeed offers a considerable contri-

bution to increased manufacturing productivity.

SELECTED EXAMPLES OF PRACTICAL ADVANCES IN GRINDING
I. Analytical Description of Grinding Forces

The force generated during grinding is one af the most rele-
vant process criteria because it determines energy consumption,
wheel wear and thermal load in the work surface., Using the symbols
vg = wheel speed, vw = work speed, a8 = depth of cut, D = d, « dg/
(dw £ dg) = equivalent wheel diameter, ds = wheel dismeter, d, =
work ?}ameter, C1 = cutting edge density at wheel periphery, lk =
(a:D)!'/2 a contect length between wheel and work piece, 1 = vari-
able of contact length, (1) = average chip cross section as a
function of the contact lenth variable, N(l1) = number of active
cutting edges as a function of the contact lenth variable, the
following definition for the grinding force per unit of grinding
width by cen be determined from the basic law of chip formation
forces /6/: '

1, ‘
EEruolk ( [Q(l)]n « N(1) dl (1)
n o

/U
Inserting the functional equations for Q(1} and N{l) as de=

rived and described in /2,6/, this function yields to a simply
structured grinding force model:

- B B b
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where:  £= = [(1en)ea(1-n)];  0.5<£<1.0
(3)
¥= f{1-n) : c<¥ <10

The exponential coefficient n depends on the material ground
and represents the degressive nature of increasing cutting forces
versus chip cross section. Its numerical value is mlways positive
and smaller than 1.0. The coefficients £ and 8 represent the na-
ture of cutting edge distribution in the wheel periphery and de-
pend on wheel structure, dressing process and state of wear. The
proportionality factor K is dependent on the cutting edge geomstry,
the cooling fluid properties, and the work material properties,

Its dimension kp/mm¢ (pounds per square inch) is identical to the
specific energy dimension,

Equation (2,3) can be derived on a much simpler way, too. 0Ob-
wiously the total grinding force is composed of two different com- °
ponents: friction and chip formation forces. frictionel forces can
be related to the actual contact length li = {a+D)1/2 and the
~cutting edge density Lt{., Formationel forces, on the other hand,
are directly related to the total sum of all instantaneous chip
cross section in the contact zone Q. , = a-vy,/vg. Superimposing
these two terms such that the influence of both varies recipro-

cally beween 0 and ! by employing an exponential coefficient 0<8(4:

F{n = C1x [K Va- D]g . [K'(a-vw/vs)J1-g

frictional term formaticonal term

leads to exactly the same equation for the grinding force as (2,3)
by applying the substitution §= 2 - 2f. Thus, the nature of
grinding forces ms a superimposed system of frictionel and forma-
tional forces, which both depend on mechanical, kinematic and
geometric process parameters, has been proven.

For practical applications it is important to notice, that
materials with high £ -velues neer 1.0 have & very good grindebi-
lity with respect to thermal conditions, They have a ductile-hard
character end don't generete much friction in micro-cutting; they
form reqular chips, do not tend to load the wheel surface with
work material, and show & clear tendency for constant work tempe-
ratures when the wheel speed is increased. Materials with low E-~
values near 0.5 have a rigid-hard or ductile-soft nature, they are
marked by an very high component of frictional forces in chip
formation, form a debris-type of chip, and show a significant
tendency for increased work temperatures when the wheel apeed is
increased, These materisl-dependent characteristics of the micro-
chip formation process in grinding are being studied extensively

7
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in Eurocpe, and grinding databanks are being established at the
same time, thus, making use of the snalytical and practicel re-
sults of university~industry cooperation /24,5/. As an example
for these activities Figure 2 shows the application of the des-
cribed force model to practical results obtained in external

plunge grinding of a medium carbon steel (equivalent to AISI 1045)
being ground with a conventional Al503 wheel using o0il as coolant.

11. Application of Higher Wheel Speeds and Temperatures Aspects

The energy consumed in grinding per unit of grinding width bg
can be understood as the product of the tangential grinding force
F'y and the wheel speed vg. Assuming as a first approximation,
that the emount of energy flowing into the work surface is a con-
stant proportion of the total energy, whereas the rest becomes
effective in the chips, the grinding wheel and the cooling fluid,
then the maximum temperature Tmpx in the work surface can be re-
garded as proportional to the total energy E per unit of ginding
width:

Tmax *E =F t ~ Vs (5)

This meana that the work surface temperature incresses pro-

portionally with the wheel speed vg, prnvided'that the tangential
grinding Force F'¢ per unit of grinding width remains fairly con-

7



stant versus vs. This is exactly true when the coefficient € in
(2,3) is pear 0.5, i.e. with brittle-hard or ductile-soft mate-
rials. However, when £ has 8 value near tao 1.0, as velid for duc~
tile-hard materials with good grindability, then the tangential
force decreases at the same rate the wheel speed goes up, snd con-
sequently the work surface temperature must remain constant and
independent from the wheel speed vg in this case.

This interrelation has clesrly been proven by practical in-
vestigations /56/, and it is well known by general prectical ex-
perience, too. Figure 3 shows the temperature behaviour of eight
different materials, obtained by practical measurements in surface
grinding. Basically two groups of materials can be distinguished:
The first one does on an average not show higher work surface
temperatures when the wheesl speed is increased 100% from 30 m/s
(6000 afpm) to 60 m/s (12000 sfpm). This group consists of the
_following materials: High-alloyed steel X 210 Cr 12 (Chromium
steel with Cr = 12%, C = 2,1%), high speed steel S 6-5-2 (equiva-
lent to M1 steel), medium carbon steel Ck 45 N {equivalent to
AISI 1045), and cobalt-base superalloy ATS 115 with Lo = 52%,

Cr = 20%, W = 15%, Ni = 11%, and all aof them do qualify for the
applicetion of increased wheel speeds. The other group shows a
significant increase of work surface temperature when the wheel
speed is doubled: Low carbon steel C 15 (equivalent to AIS] 1015),
cast iron with globular graphite GGG 70, nickel- lloy
RGT 12 with Ni = S8%, Cr = 20%, Co = 18%, Ti = 2%, Fe = 2%, and

BOO
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Figure 3: Surface Temperstures at Increased Wheel Speeds /56/
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austenitic stainless steel Remanit 1880 SS5T with Cr = 17%, Ni =
12%, Mo = Ti = 2%, These materials are not suited for grinding
with higher wheel speeds, because they are marked by a high fric-
tional force component indicated by a low f-~value. Consquently,
this second group of materials shows a more significant drop of
temperature when oil instead of emulsion is used as coolant, thus,
reducing the considerable frictional energy by better lubrication.

If these simple force-related fundamentals would have been
known ten years earlier, a lot of frustrating asttempts could have
been avoided, aiming to increase productivity in grinding at all
means by applying higher wheel speed with all materiels. In the
bearing industry where group-1 type of meterials with outstanding
grindability sre used by tradition, high speed grinding is regar=- '
ded as a strong and successful methode to increase productivity.
In the turbine blade industry materials of group-2 type sre used

mainly; here the implemertation of high speed-gygrinding-wes—bound —
to fail. .

Some examples for successful application of increased wheel
speeds in production grinding are:

a) External cylindricel grinding of standard ball besring rings
/20/. The race of the internal ring is ground with 120 m/s
(60000 sfpm) on a FAMIR RTF-C2 high speed grinding automat,
using a vitrified sandwich-type Al203 wheel and an emulsion as
coolant., The part time was reduced from 39 to 2.1 seconds, a
2000% productivity gain resulted in the production of 1370
races per hour, and production cost could be reduced 75%.

b) High speed ~ creep feed grinding of twist drill flutes made
from S 6-5-2 high speed steel, which is according to Figure 3
well suited for higher grinding wheel speeds /51/. Both flutes
are ground out of the annealed full material in one pass on a
specially designed machine, using resin bond Al,03 wheels at
120 m/s (60000 gfpm) and oil as roolant. Achieved metal removal
rates of 115 mm”/mm/s are 15 times higher than in milling the
flutes, and surface integrity standard is clearly increased.

c)} Crank shaft grinding with wheel speeds increased up to 80 m/s
(40000 sfpm) and increased metal removal rates /57/. Work
material: chilled iron, hardness: HR. = 50.

I11. Creep feed Grinding

One of the most promizing recent developments in precision
manufacturing is the creep feed grinding methode. In comparison
with the conventional pendulum surface grinding technique this



process provides a great potential to encrease productivity and
accuracy at the same time /19/. This is especially true if deep
and/or profiled slots have to be machined in difficult to machine
work materials., furthermore, creep feed technology offers an im-
proved stability of the grinding wheel profile, and it showa & con-
siderable reduction of thermal effects in the work surface.

Generally the creep feed surface grinding process is marked
by a specific.mode of operation. In contrast to the conventional
pendulum technique, the depth of cut is increassed 100 to 10000
timees and the work speed is decreased in the same proportion. Thus,
it is possible to grind slots with a depth of 1.0 to 30.0 mm (0.04
to 1.2") and more in one pass, using work speeds from 0.75 to
0.025 m/min (30 to' 1 ipm), and reducing machining times 40 to BD%.
In addition, profile stability is increased considerably, ’

An important prerequisite for making full usage of the econo-
mic end technologicael advantages of this high efficiency /- high -
precision technoleqgy is the application of specially developed
and constructed machine tools, grinding wheels, dressing methodes,
and controlling techniques. Such a system should provide the fol.
iowing features:

- High steatic and dynamic stability of machine tool,

- High accuracy, stick-slip free slides with favourable
damping characteristics,

- Lonsiderably increased spindle power,

- Infinitely variable spindle revolution number,

- High-balanced and directly connected motor-spindle system,

- Pre-tensioned, high performence, high accuracy spindle
bearings,

- Non-hydraulic, single unit table drive covering the whole
work speed area from creep feed te pendulum region,

- High pressure cooling and cleening system,

- Interated dressing devices,

- Pertinent grinding wheels,

- Up-dated process know-how.

Conventional surface grinders cannot at all provide these ad-
vanced features, and even modified conventional machines cannct
meet with most of these necessary requirements, This is the reason
why many attempts to change over to creep feed technology failed.
The first creep feed prototype for surface grinding was developed
in 1958, and in 1963 the first couple of production creep feed
grinders were applied in practice /58/. Since then this technology
has steadily been improved, and application has grown significant-
ly. Today severel grinding machine manufacturers offer creep feed
machines, even for externel plunge grinding, and as a consequence
this technology can now be regarded as & well established and com-
petitive manufacturing alternative.
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Figure 4 illustrates the major technological differences bet-
ween conventional pendulum and creep feed grinding. Total grinding
forces, single edge cutting forces and maximum surface temperatu-
res are plotted versus depth af cut and work speed. The specific
removal rate Z' is the product of both the depth of cut and the
work speed (Z'=a-v,}, end it is kept constant. Thus, the left part
of the diagrams represent pendulum conditions, whereas the right
parts refer to creep feed conditions.

It is obvious, that the total grinding forces increase de-
greseively with greater depth of cut. As & consequence, in creep
feed grinding the power requirements and the machine stiffness
must be significantly higher compared with conventional surface
grinding machines., The reason for this specific charactesristic is
the much larger contact length between whesl and work pisce at
creep feed conditions., In strong contrast to this, the mean force

_per individual cutting edge decreases significantly versus depth
of cut, and is much lower at creep feed conditions, As a conse-
quence, wheels used for creep feed operations must show a reduced
hardness, because otherwise the wheels tend to a glazing type of
wear. In other words, the average load per cutting edge would not
be high enough to secure the required steady state of wear, In
practice this phenomenon is well recognized, however, the very
reason why softer grinding wheels are necessary in creep feeding
is not really understood. Mostly it is explained by the influence
of a more open wheel structure as applied in creep feed grinding
because more cooling fluid can be carried into and through the
contact zone by such a wheel,

The most importent prerequisite for the successful application
of creep feed technique as an edveanced monufacturing methode is
the very low thermal load &s being induced into the surface layer
of the work piece, Figure 4 showe, that the maximum surface tempe-
rature increases first with greater depth of cut, then it reaches
a maximum, and towardas the creep feed region decreases steadily.
This observation seems to be in contradiction to the permanently
increasing grinding force, indicating that the total energy con-
sumed incresses permanently, too versus depth of cut. However, with
carrespondingly lower work speeds the increasing amount of thermal
energy flowing into the work surface, has more time to dissipate
deeper into the work material. Thus, a larger amount of energy is
effective in an even larger work volume, and results in reduced
temperatures, If this epecific mechanism would not be in effect
then creep feed grinding would not be possible at all.

Figure 5 shows & modern surface Grinder specially designed
far creep feed and pendulum operations /58/. This model has al1
features and characteristics necessary for creep feed operations
as mentioned above. The work piece illustrated in Figure 6 is a
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typical example for creep feed application. Turbine blades like
this made from nickel-cobalt-based superalloys are ground in cone
or two roughing passes and a subsequent finishing pass. Frequently
both the profiles are cut at the same time by means of a double-
disk creep feed grindzr, The grinding wheels are dressed and pro-
filed by high precision diamond roller dressing devices /44/, With
work speeds less than 0.1 m/min (4 ipm) and oil or emulsion as
coolants, &8 very good surface quality in terms of roughness, ther-
mal integrity, and profile accuracy are accomplished. In addition
the floor to floor times are reduced 25 to 50%. - Another frequent
example is the slotting of air pressure rotors and hydraulic pump
rotors, In these cases milling and subsequent finish grinding was
cften substituted by one single creep feed pass out of the full
and aften hardened material. Savings of machining time do run up
to 75% especially when lang slots with small widths are given.

One important constraint for creep feed grinding is its sen-
sitivity with regard to deviations from the optimal working con-
ditions, Because of this, creep feed technology can economically
be epplied only, when at mass production of suited parts the spe-
cialknow=how is—genersted and-conserved-by a- group of. dedicated
engineers and operators, provided that the best equipment in form
of maschines, grinding wheels, dressing tools and fixtures are
aveilable. : .

IV, Speed Stroke Grinding

Speed stroke Grinding is & new surface grinding technique,
which employs a normal pendulum surface grinder with a newly de-
veloped table drive system: A thyristor-contreolled DC motor moves
the work table back and forewards by means of a pre-tensioned gearx
belt. This system has a significantly higher degree of control,
and &8s the crucial feature it provides a much higher table stroke
rate at small stroke lenths, Thus it overcomes one of the major
deficiencies of conventional hydraulic table drives, as they are
in common use today /59/.

Figure 7 clearly demonstrates the superiority of the new
methode over the old technique: At a stroke lenth of Lg <50 mm
(2") a conventional hydrsulic drive produces 30 strokes per minute,
With the new speed stroke system up to 300 strokes per minute,
that are S5 strkes per second, are achieved, and productivity is
increased 10 times. Actually, the table speed is kept in the eco-
nomic renge above 10 m/min (30 fpm). With greater stroke length,
i.e. larger work pieces, the differencesin stroke rates are less
pronounced, however, there is still a 30% edventage in this regime
for speed stroke grinding to be used. As a second advantageous

feature the grinding wheel is not fed stepwise after each pass
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down into the work piece but moves in continuously. This infeed is
automatically controlled in relation to the stroke rate such that
the grinding wheel never comes out of contact with the work piece
until the operation is finished. Thus, the contact shocks as efw
fective in normal pendulum grinding at the beginning of each indi-
vidual stroke, are eliminated in speed stroke grinding, resulting
in a significantly reduced wheel wear.

Speed stroke grinding is best suited for grinding slots and
profiles in small work pieces, and when the number of parts to be
ground is small, as given normally in shop and tool room grinding,
However, also for &mall and medium batch production of small work
pieces it could become an economic alternative to creep feed grin-
ding, becsuse the machine is significantly less expensive, the
technological know-how required with regard to grinding wheels and
cooling fluids is rather conventional, the metal removal rates are
equivalent or even better, and the speed stroke system needs less
gservice and set~-up time, then creep feed machines.




V. Cubic Buron Nitxide {CBN) 8 New Abrasive Material

Cubic boraon nitride is a crystal synthesized by a high-tem-
perature / high-pressure treatment.Simular to the graphite-diamond
transformation the hexagonal boron-nitride powder is thereby chan-
ged 1into the cubic CBN crystal. CBN is commercially available
since 1969 as a GE product /S55/, and was first used as abrasive
material in form of resin bonded wheels for grinding of high speed
and taool steels. More and more, however, CBN conquers the ares of
production grinding of superalloys, hardened steels of all kinds,
and chilled cast iron. It has properties which are somehow similer
to diamond, but some decicive minor differences (Teble 1) result
in completely different fields of applications for both of these
socalled "superabrasives".

Diamond is by fare the hardest material of all. Therfore it
is predestinated to grind rigid-hard materiels like sintered car-
bides, refractory materials, and granites., However, diamond is
sensitive against elevated temperatures, especially in the pre-
sence of oxygen &s always effective in normal grinding processes.
In grinding the obove mentioned rigid-hérd'materialﬁ“fhé_fiifical
oxidation temperature of about 700°C is not reached. With ductile
materials like soft or hardened steels, however, the effective
chip formation temperatures are in the resnge of 1200°C and more.
As a consequence, the hardest sbrasive is not qualified to grind
steels. CBN, however, has a much higher oxidation temperature and
in spite of its lower hardness it is well suited to grind steels
especially in the hardened state. Due to the lower hardness CBN on
the other hand cannot effectivly grind sintered carbides and other
refrectories.

In order to increase the application of CBN in production
grinding two major obhstacles must be overcome., The first one is a
non-engineering problem: the extreme high price of CBN, With in-
creasing usage there will be a good chance that prices go down,
Competition, if encouraged, could help, too. The second problem is
of mechanical nature: it is extremely difficult to dress and true
CBN wheels to the required shapes and sharpness, especislly when
profiled wheels are used.

Property BN i Diamond I Al,04
—Hardness [kp/mm?) 200 19000 | 2100
Decomposition Temperature [OC] 550 l 1400 l 2400
Oxidaticn Temperature ([OC] 1300 | 700 | e

Table 1: Hardness and Thermal Properties of Different Abrasives
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The main problem still is, that after dressing with diamond
dressing devices [BN wheels do not cut becsuse the dressed surfaces
of common resin and metal bonded wheels are completely closed and
glazed. Only after a lengthy truing process is applied by treating
the surface with a3 sintered Al1503 stick for 30 to 60 minutes and
more, depending on the wheel size, the BZN wheel might become
sharp. This is an absolute impracticel methode, which is rejected
unanimously in industry. i

Some recent developments seem to clear the way out of these
difficulties, The first one is a metal bond of brittle character/44/
enabling to profile CBN arddiamond grinding wheels by means of the
well known crushing methode, A roller from hardened steel, sinte-
red carbide, or though refractories, which possess the negative
wheel profile, are forced into the revolving wheel, thus, working
the positiwve into its perephery. Because of the very high grinding
ratios (6 = work material removed / worn wheel volume) those tools
achieve, the loss of [BN grains during crush dressing can well be
afforded. fFigure B shows & crushing tool penetrating into a brittle
bronce CBN wheel. Recent praectical results,-especially in cresp .
feed grinding are extremely positive with regard to simplified
dreseing, achieved remaoval rates and grinding ratios, and the ex-
perienced profile accuracy and life time, The only minor disadvan=-
tage is , that metal bonded wheels generally show higher grinding
temperatures, what has to be compensated by a8 well designed and
properly applied coonling system /44/,

[

Figure B8:
FERE% ) Ccrush Dressing of a
gy | Brittle Bronce CBA
RILs % Grinding Wheel /44/
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Figqure 9:

Surface of Vitreous Bond CBN
Wheel for Internal Grinding
Operations /37/

Figure 10:

Grinding Ratios as Achieved
in Internal Grinding with
Vitreous Bond CBN Wheels /39/
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The second novelty are vitreous bonds for internal grinding
CBN wheels. Vitreous bonds are expected to provide a much better
dressability, however, the conventional type requires a baking
temperature near the decomposition temperature aof [BN. This pro-
blem has been sclved now by the development of 2 new glass-type
of bond with significantly reduced -processing temperature /45/.
Fiqure 9 shows the dressed surface of such a CBEN wheel, It has &
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open appearance and cuts very free and cool /37/. As an additianal
advantage, the vitreous bond acts as an abrasive component, too,
resulting in higher performance, caontrolled bond wear, and excep-.
tionally good surface roughness. Fiqure 10 represents some results
of recent investigations achieved at the Technical University in
Hannover, West-Germany /39/. In internal grinding of hardened

ball bearing steel these wheels showed extremely high grinding
ratias of G = 4000 to 16000, depending on the abrasive grit size
and the applied metal removel rate. Obviously the system is sensi-
tive against mechanical overloading, because the tests reveal a
strong decreasing gradient of the G-ratio with higher removal
rates, especially in the case of the finer grit size. Therefore
these tools need a careful selection and control of the applied
warking parameters. During the tests all other conditions have been
kept identical to conventional grinding with Al503 wheels. forx
dressing a specially designed, fest rotetating, electro-plated cup-
type of diamond tool hes been used /45/.

1t is very likely, that developments like these will in near
future lead to a highly increased consumption of CBN abresives in

grinding, thread grinding and centerless grinding.

VI. New Sensor for In-Process Detection of Work Surface Roughness

The work asurface roughness is, besides the thermal integrity,
the most important criterion of the working result in grinding.
The only way, however, to check on surface roughness in production
is to measure it externally by means of a conventional surface
analyzer, which use a stylus to pick up a two~dimensional repre-
sentation of the three-dimensional esperity distribution of the
work surface. This on primnciple is a very slow process, because
during measuring the effective praofile frequency must be clearly
below the natural frequency of the pick-up system to avoid over-
riding.,

A newly developed detection methode turns things round and
makes beneficial use of this disturbance by having & stylus res-
panding in his natural frequency to the high and randum frequency
of a fast moving wark surface. As a result the average stylus am-
plitude comes ocut as being proportionel to the average asperity
hight of the work surface, and to the work speed /27/.

Figure 11 shows the system in principle. ln the diagram at
the right hand side the total roughness R and the center line ave-
rage R, as valid for differnt weork surfaces are plotted against
the recorded system out-put 5, The constant work surface speed of
S50 m/min is at the higher end of the range for conventional speeds

{9



150 | v TR
v,,= SUmimin ]/j
mm .0
“ o
z 1
g 00 ﬁ
7 P
5 50—t——— O/
3 y |
10 Q s j
0 1 5 pm 10
ROUGHNESS R
100 4
' vy= S0m/min O]/O ‘\
iR
Work Piece Surface = 50— /0/0 __*_.g-\
% 10k= l SN 'fr.--o-—¥1__ﬂ [
° 0 01 05 pm 10

——— CENTER LINE AVERAGE Rp

Figure 11: Principles of New Methode for Roughness Detection /27/

in external qgrinding, and it is more then 1000 times higher than
applied with conventional roughness analyzers,

The new system was originally developed to work &8s an in-pro-
cess sensor for an adaptive control (Af) external grinding system.
It might, however, be of more immediately use as & module for in-
process control of surface roughness in conventional external and
centerless grinding cperations. First practical experiences in
production are being made actually at a major German sutomobile
manufacturer.

VII. Electro~Sonic Determination of Grinding Wheel Hardness

Measuring the hardness of grinding wheels is an important
operational process in wheel production and application. However,
the traditionally used methodes were inaccurate and destructive to
o certain degree. An e=xgmple for this is the sand blasting methode
where sand is blested g8t defined rates, pressure and time onto the
wheel surface, and the depth of the created hole is taken as a
reference for the wheel hardness or softness respectively.

20



CRINDO - SONIC -n

Figure 12: Grindo-Sonic Instrument for Wheel Hardness Testing /60/

Since 1970 a new non-destructive methode, the Grindo-Sonic
system / / is available (Fiqure 12), by means of which the hard-
ness is determined from the elastic characteristics of the entire
wheel volume. Actuelly, the grinding wheel or any other body like
honing stones, sintered carbide parts or composite structures, are
positioned such that they can vibrate free. Then after a slight
impact with a screw-driver handle or a resin stick, the natural
vibrations are picked up by a microphone and processed in a spe-
cially designed micro-logig unit., Taking the specific geometrical
conditions into account, the hardness of the investigated body can
be read from the display immediately. Some of the effective advan-
tages are:

- 100% increased sccuracy in hardness determination,

- Investigation on uniformity of structures possible by im=-
pacting different places,

- Same accuracy with large and small parts,

- Unlimited repeatability,

- Predominant consideration of the external structural volume,

21



whach are most relevant for the working hardness pnf graisn-
ding wheels,

- 100% chaecks are possible,

- Jow operstional costi.

Today same 200 Grindo-Sonic instruments sre applied in prac-

tice all over the world. They are not only used by manufacturers
and users of abrasive tools, but also in the ceramic end gless in~
dustry, graphite manufacturers, construction industry, sintered
metal and carbide manufacturers, and in manufacturing laboratories,

10,
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