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Introduction

A cutting fluid can be defined as any solid, liquid or
gas appliedito a cutting tool in order to control the quali-
ty of the surface produced or to alter the facility of metal
removal, The idesa of using a fluid in connéction with a me-
tal cutting process came very long after machine tools were
in general use, In 1883, ¥, W. Taylor concei#ed the ideé .
of-using.a cutting fluid and applied a stream of Water'tq
his carbon steel cutting tool (52), It was not until 1884
thet a cutting fluid was first used commercially, ’Thé Mid-
vale Steel Company employed a soda water system to cool tools
engéged in rough turning operationé. In 1900, the firsf_oil
in water emulsion was used as a cutting fluid (52).

Since 1900, those using machine tools have become more
aware of the great benefits to be derived from the use bf
cutting fluids. At first, the chief function of the fluid
was to keep the plain carbon steel tools cool. With the de-
’velopment of high speed steels, this initial duty became
(less important but other functions appéared. Recéntly, Bél—
lard (5) has given the following list of duties of a cutting
fluid; ‘

l; To providellubrication between the tool and the chip.

(This would be more accurately described as the main-
tenance of an anti-adherent layer between the rub-
bing surfaces.) T '

2. To cool both the tool and the work,
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3., To minimize the power consumed,
4, To increase the tool life,

5., To assure a good finish and accurate dimensions of
the work piece, b

6. To prevent corrosion,

2. To flush chips away from zone of cutting.

From about 1900 until the present time, greater and
greater quantities of cutting fluids have been produced,_un-
til today, the production of these fluids is a large indus-
try. Durlng this period, very little has been done to eX~
plain the workings of a cutting fluid., Swift (86) sums up
the condition of knowledge in the cutting fluid field by
sayings "Up till the present time, no correlation has been
established between the efficiency of a cutting lubricant -
and any other physical or chemical properties, and tne only
satisfactory method of assessment is by direct test with a
cutting tool," | |

Almost without exception, the fluids which have been
used to any extent have been mineral, animal oi vegetable
0ils or oil in water emulsions. However, many instances are
to be found in the literature where very unusual materials
have been used for a particularly difficult job. For exam=
ple, Kopp (67) reports the successful use of cows' milk as‘
‘a cutting fluid for low carbon tungsten steel after the usu-
al cutting oils had failed, Huffmanb(64), in a report on’

a survey of many industrial plants, says the follbwing types?
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of fluids are in general use: emulsifiable oil, sulfurized
mineral oil, sulfurized mineral plus vegetable oil, sulfurized

vegetable o0il plus mineral oil and straight mineral‘oil plus

vegetavle oil,

The cutting fluid literature is large and is limited ,
entirely to engineering articles, 1In these papérs, the au-
thors do little more than describe equipment used in a spe-
cific application, describe tests involving so many uncon-
trolled variables that the data reported are almost worth-
less, or give the authors' ideas of the requirements of the
ideal cutting fluid, After a comprenensive literature search,
not one fundamental article dealing specifically with cutting
fluid action was found, About a dozen cutting fluid refer-
ences are given in the bibliography and these are typical of
the many other existing papers. |

Many authors say that it is necessary for a cutting
fluid to have good lubricating properties (5) and claim that
a good cutting fluid is one which assures a layer of fluid
between the tool and the sliding chip, attributing the abi-
lity of a fluid to maintain such a film to a property of the
liquid which they term "oiliness", Now, it is very unlikely
that such a fluid will maintain a hyd?odynamic film between
the too0l and the chip because of the extremely high pressures
and temperatures involved in cutting processes together with

the nature of the geometry of chip formation. It‘has been
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shown (43) that ih general no large gap between the chip -
and the Work piece extends‘beyond the tool point; The chip
follows the face of the tool very closely, and there is a
labyrinth of small capillaries between these two surfaces,
Such a condition is not favorable to the establishment of a
hydrodynamic £ilm, Cutting fluid action is therefore not
akin to lubrication but belongs to that large class of pro-
blems unfortunately called problems of»boundary lubrication.
(The word "lubrication" naturally conveyS‘the’idea of a hy-
drodynamic film which is completely incorrect in the case of
boundary lubrication). Since many of the prqblems involved
in a study of cutting fluid action are the same as those
which are met in boundary lubrication, a brief review of the
literature in this field is given below,

The great value of a cutting fluid, from the standpoint
of the finish produced is illustrated by fig. 1. Flg. l-a
is a photograph of an aluminum surface produced at a cuttlng
speed of 5.5 inches per minute using n,decanol as-a cutting
fluid (a good cutting fluid at this speed),while fig. 1-b
shows the surface formed at the samé'speed when bénzenekwas
the cutting fluid, Both of thése surfaces ﬁere photographed
forty times full gize. By reallzlng the great values to be
derived from the use of a cutting fluid, one of which is il-
lustrated above,and the great lack of work done in the develop-

ment of the theory and laws governing the actions of cutting
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fluids, it is easily seen that such a problem offers an

excellent field for research,
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Fig. l-a: Aluminum Surface Formed Using
n,Decanol as the Cutting Fluid

Fig., 1l-b: Aluminum surface Formed Using
Benzene as the Cutting Fluid
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Review of the Literature of Boundéry Iubrication
and Related Subjects —

Introduction

The field of lubrication can be divided into two parts - |
fluid lubrication and boundary lubrication, ‘Fluidylubrica-
tion usually occurs with felatively high sliding speeds and
light loads, This true lubrication exists only When avhydrd-
dynamic film is maintainéd continuously between'the slidihg
parts, Boundary lubrication usually occurs with relatively
low sliding speeds and high bearing’pressures, and the mov-
ing surfaces are not completely or céntinuously separated by‘k.
a fluid film, In fluid lubricafion,fthe property of prime
interest is the viscosity of the fluid while in boundary
lubrication, both the physical and chemical properties of
both fluid and surface are important (51). Oiliness is a
properfy which is peculiar to boundary lubrication, It is
defined by the Society of Automotive Engineers asvthat term
signifying a difference in the friction greater than can be
accounted for on the'basis of viscosity when comparing‘dif?
ferent lubricants under identical test conditions. Kyropoulos

(68) says that oiliness is not a fundamental physico-chémical

property of a lubricant, but that it suns up all lubricating
rhenomena not entering»into hydrodynamic theory, The origin

of oiliness is the discontinuous nature of the structure of
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matter, and a lubricant cannot be considered as a continuuﬁ
in boundary lubrication,

The boundary lubrication problem seems to have been ine
troduced by Lord Rayleigh (78) in an article in which he
seeks an explanation of the fact that a teacup is more stable
oh a saucer if the base of the cup is first wetted. Hardy

}becéme interested in this problem and as a result started
his famous investigation into the laws of sliding surfaces.
A knowledge of friction existed, of course, very much ear-
lier than this, In 1699, Amontons set forth his famous law
which states that friction depends upon the normal fnge
and is independent of the.area. Coulomb, in l785,_c1gimed
that practica;ly all friction was due to the interlocking
of surface irregularities., In 1854, Hirn first noted the
effect of a lubricant upon friction. -In 1892, Ewing put
forth the idea that friction is due only to the interaction
of surface forces, Hardy'!'s work dated from about 1920, 'He
studied the static friction of various materiais voth with
and without a lubricant. Since Hardy, there have been
many workers in the field of friction and boundary lubrica-
tion, but Bowden and‘his co-workers are the outstanding group

in this period.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Nature of Friction and Boundary Inbrication

The exact nature of boundary lubrication is not known,
but it is known that the coefficient of static friction is
related to this quality of a lubricant (46), and therefore
friction is very closely connected with any study of bound-
ary lubrication, A | | _

Hardy's theory maintains that friction is due to the
interaction between the surface layers of the adsorbed filmé
of a lubricent, Hardy (60) says that all resistance to
slipping is due to cohesion and he malntalns that when a
film is present, there is no metal to metal contact, the
only contact being between the stable ends of the adsorbed
molecules.' A lubricant decreases friction by partially
masking the cohesive forces of the solid surfaces.' Hardy
(60) says that the function of a lubricant is opposite to
that of a flux,

According to Adam (1), the surface atoms have a field
of force extending outward a distance of 1 to 3 & which devi
creases as the sixth power of the.distance from the surface.,
Adam (1) pictures welding and subsequent rupture of the high
spots on the surfaces‘at a high rate of speed. He gives 1074
seconds as a likely value for a cycle when the slldlng speed -
is 100 cm/oec. h

Beeck (11) says that surface irrégularities are greater;

than the thickness of a boundary layer and that, due to the
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. high local pressures developed at high points, even mono-
molecular layers will not stand up and metal to metal con-
tact will occur, High temperatures at lbcal contaét points
will cause decomposition of trapped molecules and the polar
groups will react with the metal sﬁrfacevat these points.

Bikerman (13) believes that friction‘is due‘entirely to‘
surface roughness, He says that friction cannot be due to E
welding of high spots and cites the friction of wood on wood
and wood on platinum as cases which are difficult to explain
onn the basis of adhesion, | |

Concerning the mechanism of boundary lubrication Bowden
and Leben (18) write:; "It seems probable that metai is defqrmed
plastically and flows until a joint is formed that-is-capable
of supporting the load. As a result of the deformation, a
film of lubricant will be trapped between the two metal sur-
faces and there subjected to a very high pressure., It is
reasonable to suppose that under a suffiiciently high pres-
sure, the lubricant film can be broken down allowing the me-
tal surfaces to come into contact and weld together. Only
a portion of the lub:i¢ant film in the region of contact (the
most compressed portion) will be broken dcwn and the extent
of breakdown and subsequent seizure will vary for different
lubricants, The formation of these métallic joints will
greatly increase the resistance to motion, and the extent to

which breakdown of the film occurs will therefore largely
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| determine the nature and magnitude of the friction force
necessary to maintain slidihg. Differences in the mnature
of sliding would be expected for different lubricants. Ac-
cording to this view, the frictional behavior and the'wear
between the lubricated surfaces are largely determined_by’

- the ability of the lubricant film to prevent metallickcpn-
tact, " Bo%den and Leben thus claim that fluids which "break
down' will give poor results, |

Bowden and Leben (18) explain the action of an acid in
reducing frictional resistance by saying}that the carboxyl
group of the acid mekes it polar and‘that’this end group is

~adsorbed strongly on the surface. Southcombe and his co-
workers (85) say that all extreme pressure addition agents
(in B, P, o0ils) are charaéterized by their chemical insta-
bility at high temperatures and that it would appear that
this instability is essential to their operation, Cohcern-
ing this question, Adam (1) states that if a fluid decomposes,
it is useless or worse than useless, Fogg and Hunwicks’(éé)
describe tests they made in order to see if fluids act by‘
chemical means, They allowed the metal to stand in the fluid
overnight in order to determine if it would be attacked by
the fluid, Upon noting no change, they thereupon'conoluded
that there was no chemical action when this fluid was used

as a boundary lubricant, Such a conclusion is not correct,
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. for the conditions of the tests were widely different}from‘v
those existing in the extreme boundary state, When two sur-

.faces are moved relatively, with a boundary film between
them, high temperatures and pressures are developed at the
surface together with the production pf considerable new
(nascent) surface, The reactivity of a‘metai and a fluid
will in general vary greatly under these two widely differ-
ent sets of conditions, | _

Clark and his co-workers (35), Andrew (3), and Finch

“and Zahoorbux (45) have made X-Ray and electron diffraction
studies of various types of films adsorbed on metallic sur§
faces., These workers claim that they can correlate the de-
gree of orientation of the film with its effectivenéSS’as '
a boundary lubricant, Little convincing work has been done
in thig field, and the Wrifer believes that the methods are
t00 new and incompletely developed to be sure of the results
claimed.

Beare and Bowden (9) show that actual contact between
surfaces occurs even when a fluid film is present and that
the solid surfaces are torn and distorted far into the body k
of the metal, Thus, friction is not a surface phenomenon %
but affects the body of the metal far below the surface. -

Blok (15) says that there are twé types of boundary
lubricants - those Wﬁich act by chemical means (sulfur,

chlorine and phosphorous compounds) and those which acﬁ by
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. physical means, The former changes the upper layer of metal
and prevents seizure by anti-flux action during actual slid-
ing, little or no chemical action oécurring with the surface
at room temperature and atmospheric préssure. Usually the
chemical reaction occurring is non-reversible and the chémi-
cal product is expendible,

Hardy (53) claims that two surfaces separated by a =
fluid film will sink to an equilibrium position depending "'}
upon the load. HBach load has an equilibrium value equal to}
the distance at which the capillary pressure (Leslie's pres-

- sure) is just balanced by the load, Bastow and Bowden {(8)
say that they could find no Leslie effect when clean air and’
clean vapors were employed, They explain the separation ob-
served by Hardy as due to dust particles,

Hardy (53) also reported a latent period - a period aft-
er which the coefficient of friction does not change with .
time due to either‘the establishment of the Leslie pressure |
equilibrium or to the orientation of the lubricant ﬁoleculeSQ

"Hardy found a latent period for polar fluids 6nly; Andrew
(3) reports increased orientation of a film on a surface With;
time as measured by electron diffraction methods, Beare andj;
Bowden (9) could find no evidence of a latent period, This
latent period may be the time requireﬁ for'sufficieﬁt reac-
tion to occur to supply the quantity of product needed to .
decrease the frictional resistance to its lower observed

equilibrium value, ' , , S
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Bowden and his co-workers report a»éondition which they€
call sticke-slip, They say that sliding is discontinuous « I;’i
that kinetic friction is made up of a large number of ¢ycle§
in which the two members stick together followed by a slip.
This slip tagés place in about 1/1000 second and the total
motion is of the order of 0.003 cm. The magnitude of the
slﬁirggg/found to be less as the melting point of the sta-.
tionary member was decreased, Bowden and Leben (20) say that
~stick-slip occuré,with poor fluids (benzene, Water, hydrocar-
bons, alcohols, etc, ) but does not occur with more effective
\bdundary lubricants {long chain fatty acids, etc.) These
authors report that no relation could be found between the \
hardness of the metal and its stick-slip action, '

| Bowden, Leben and Tabor (21) say there are three types
of sliding, First, the sliding of a hard metal on a soft
metal (molybdenum on steel), In this type of sliding, the
hard metal moves into‘the softer one until enocugh load is
on it to plow through. The second type of sliding occurs
when a lower melting metal slides upon one with a higher meit-
ing point, In this case, the stick-slip is much more pro-
nounced, the fluctuations are much greater and there is more .
smearing. The third type of sliding occurs Whenvidentical
metals are employed, In this caée, the coefficient of frie- .
tion is very high and there are large irregular fluctuations;’:

WVhen platinum slides on silver, the initial coefficient
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of friction is about 0.6 and the sliding is of type 1 variety.
Soon, however, type 1 gives way to type 3 and the cqefficient
of friction increases to about 1.5, the fluctuations being
great and irregulér. In this example, at first the coeffi-"
~cient of friction of platinum sliding on silvgr is being mea-
sured and thus the sliding is type 1. After é short time, a
layer of silver builds up on the platinum and the sliding is,~;
in effect, that of silver on silver (type 3). The coefficientj
of friction for silver on silver is 1,5, In metal cutting,
type 3 sliding is probably the type which obtéins,‘particu-
larly when a built-up edge is present on the nose of the
tool.

Bikerman (13) says that stick-slip has no bearing upon
the mechanism of friction, Blok (15) shows that stick-slip

is a characteristic of the particular mechanical apparatus

used in the investigation and not a fundamental frictional ;

phenomenon,

Iubricated and Unlubricated Frictionm Tests

"The boundary lubrication literature contains a great
deal of actual data, coefficients of friction for both lubri-
cated and unlubricated surfaces being given, It would be.
impractical to give all of the data and deductions furnished
by each author in this brief review of the literature, - Only

those few actual friction values which will prove to be of

t
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interest later will be given here,

| Bowden and Hughes (25) point out the difficulty ex-
perienced in getting values of the coefficient of frictidn -
between absolutely clean surfaces. They report a value of
6 for clean; outgassed nickel surface sliding on tungsteng’
This is twentyvtimes'the usual value for an ordinary "clean"i
surface, These/éufﬁors also show that the presence of 6xy-
gen lowers thé coéfficiént of friction.

Ernst and Merchant (42) state that the coefficient of
friction is 1little affected by the roughness ofkthe surface
for clean surfaces. They give many values for the coeffici-
ent of friction for clean like metal pairs as well as for
unlike metal pairs, It was found in general_that the mixed
pairs for mutually éoluble‘metals gave higher values than
the mixed pairs for insoluble metals, These authors repoxrt - -
the coefficient of frictiom for aluminum on aluminum as 1,05
and for aluminum on iroﬁ also as 1,05, | |

Beare and Bowden (9) have made the following observa=
tions on the friction of lubricated surfaces:

1. The coefficient of friction is independent of the
sliding velocity (from 5 cm/sec to 600 cm/sec),

2. The coefficient of friction is independent of the
area of contact. ' }
3. The coefficient of friction varies with the load in
two ways: . , A
a) Remains constant with load (for example when oc-
tane, tetradecane, cetyl iodide, ethyl palmitate,
or bayonne o0il are used),
b) Decreases with load (for example when octanol,
heptylic acid, oleic acid or rape oil are used),
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These authors say that there is no satisfactory eX=
planation for this phenomenon and that it cannot be ex-
plained on the basis of polarity or viscosity. It was also
found by these authors that there was no change in the coef-~
~ficient of friction with load when octanol or‘heptylic acid
were used on glass surfaces., Might not ail of these find-
ings be explained by the fact that the chemical.reactivity
increases as the pressure and temperature between the sut-
faces are increased? Those compounds which show no change
in the coefficienﬁ of friction with load are rather chemi~
cally inert, No change in the coefficient of friction with
load would be expected for glass surfaces even with the more

chemically active alcohols and acids.,

4, The coefficient of friction decreases {not linearly
however) with increase in the length of an alkyl
5. Abrasion of the rubbing surfaces was noted even with
the best fluids, thus indicating that actual metal
to metal contact occurs at all times,
| Bowden and ILeben (18) made tests with thin films pro-
duced by the Langmuir - Blodgett technique. They found that |
the rate of rise of the coefficient of friction increased
rapidly as the number of layers deposited decreased,
Hardy has done a considerable amount of work in the field

of static friction of lubricated surfaces. A few of Hardy's

many deductions are given below:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



«l8e

- 1., Glycerol, water and benzene are neutra} gubstances
and do not appreciably lower the coefficient of
friction (57?. .

2., When water is present and is miscible with a fluid,
the coefficient of friction is increased by the pre-
sence of the water.. However, if water is immiscible
with the fluid, the coefficient of friction is de-
creased (57), Campbell (32) has also reported a rise
in the coefficient of friction when moisture is ad--
sorbed on a surface, :

3. Hardy (56) gives the following formula for the coef-
ficient of friction («) of any homologous series:

~« = b - al
where "b" is a constant for any homologous series-
solid surface combination, "a" is a constant for a
given homologous series, and "i" is the molecular
welight of the fluid. o

This equation says that the relation between . and “L"
;s lineaxr and does nbt:agree with either the findings of‘Boww
den and Leben (18) or with the writer's data, Both Hardy and
Bowden plot their data against the molecular weight, The wri-
ter believes such curves have much more meaning wheﬁ'plotﬁed
against the number of carbon atoms in the molecule,

4, No ring compound is a good lubricant (60).

Hardy ﬁékes many other observations which, in the Writer‘s
opinion, are based upon insufficient data (some statements
are based on one or two isolated examples) or the basis fdr

~the observation is unsound, For example, in making a certain

deduction, Hardy compares a ketonic double bond (= 0) with

an olefinic double bond, treating them as though they Were
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alike. While Hardy's work is not entirely correct and has
been much criticized both here and by other writers, it must
be remembered that he was a pioneer in this field and as

such, did not have the literature advantage which all present

workers possess.

o ‘
The Temperaiure of Sliding Surfaces

The actual temperatures at the interface between two
sliding surfaces may resch quite high valués, depending upon
- the surface speed, the load, and the physical constants of
" the metal.(hardness, melting point and heat conductivity). -
éhore (84) seems to have been the first oﬁe to employ the
thermoelectric principle té measure the surface temperaﬁure
developed between.sliding surfaces, He cut metal with a
steel tool and made the tool - work interface one junction
of a thermoelebtric circuit, Shore showed that the éutting
vressure had no effect upon the’e‘m.f. generated, In‘cutting
brass at 16'/min., Shore reports a temperature rise of from
42° to 1069 depending upon the depth of cut, For steel cut
at 13.5'/min., the temperature rise was from 112° to 292°%,
Herbert (63) has also made numerous tests using the thermo-
electric method to measure cutting temperaiures. Herbert re-
ports surface temperatures up to 700°C for steel. Temperatures

were found to increase with the cutting spéed.-
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Bowden and Ridler (29) calculated hypothetical surface
températures based upon the following conditions: Load = 100 —
grams, diameter of specimen = lmm., velocity of sliding = 100
cm/sec., coefficient of friction = 0.23 and heat distributing

factor = 1/2. Based upon these assumptions, the following

data were calculated:

Fraction of Surfaeé// Calcﬁlated Temperature
Area in Contact . ‘ Rise °C
1 . 15
1/10 414
1/100 - 2372

Bowden and Ridler (30) measured the surface temperature
of sliding mgtal pairs using the thermoelectric method. With
fusible metals, the temperature reached was that of the low-
er meliing metal. The foliowing data for lead (melting point

3289C) are typical.

Sliding Speed cm/sec Surface Temperature ©C

0 17

15,8 42

48,4 ' —_— 54

134 215

485 327

720 S 327

1570 327

Bowden and Ridler (29) report a rise of surface tempera-
ture which is directly pr0portional’to the load and to the
sliding speed {except near the melting point), but inversely
proportional to the square root of the thermal conductivity.

For a lubricated surface, the rise in temperature is propor-
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tional to the coefficient of«friction, and the film is con-
tinually destroyed and reformed during sliding;thocal tem-
peratures may exceed 1000°C, and even when a boundary lgpri-
cant is present, the temperatures may exceed 600°cC,

Morgan and his co-workers (76) claim that the local
Bowden et. al., are too high due to the shunting effect of
parallel couples formed during sliding. These authors re-
port that in no case did they find tempeiature rises beyond
500c¢, |

Macaulay (71) introduced the idea that in polishing,
%emperatures sufficient to cause surface melting afe produced,
The lower melting metals lose ithe most weight during polish-
ing. The}amount of surface flow is governed not by the pro-
.perties of the solids at room temperature but by their rela-
tive mechanical properties at the higher temperature of the
sliding surfaces, It is shown that only 1/100,000 of the
frictional heat is required to melt ten monoclayers, thus

| producing the Beilby layer (the layer of floﬁed metal on a
polished surface). Bowden points out that the hardness of
a polishing medium is not theAimportant eriterion but rather

its melting point relative to the surface being polished,
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The Real Area of Contact

Beeck (10) points out that the area of contact between
two surfaces depends only on the load; it is independent of }
the size, shape and roughness of the surface. The real area &
of contact varies as the normal load. The pressure developed

yd .
is a constant for any given material (22) and is equal to the

hardness of the metal,

Bowden and Tabor (22) say that in friction, the plastic
and not the elastic theory holds., From conductivity experi-
ments, it was found that 21l of the deformed surface was in

contact, Bowden and Tabor (22) give the following interest-

ing datas
Fraction of Macro Area
Load : in Contact
300 , 1/300
100 ‘ 1/700
20 1/10,000
3 1/170,000

It was further found that there was considerable variation

in the area of contact with moving surfaces.

Wear and Wear Prevention

Bowden and Leben (18) say that the rate of wear is great-

ly increased as the thickness of the fluid film is decreased,
Beeck (10) claims that there is no relation between the coef- '

ficient of friction and wear. Beeck (12) further says that
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wear preventing agents act by a chemical polishing action in
which the load is distributed over a larger sﬁrféce and the
pressure and temperature thus decreased, The pracfice of us-
ing an antiweld material (S, P, or Cl) adds corrosive wear‘tog
mechanical wear. If only the high spots are corrodéd aWay, '
~then we have a tem@eratqig/%referential polishing'agent.
Beeck explains this préferential polishing on the basis of a
eutectic theory of wear prevention., With tricreéylphcsphate,
a2 phosphide layer is formed which alloys with the metallic
surface, lowering the meliting point and meking polishing easi~
er. The same Wear‘pieventing agent will obviously not be
gobd for all metals, Beeck carefully distinguishes betwéén-
extreme pressure agents and polishing agents., He says eitreme
pressure agents must of necessity be corrosive in their action.
Brownsdon (31) has devised a simple test foi quickly mea-
suring the wear producinglproperties of a fluid, He rotates
a crowned hardened steel disc against a plane metal plate in
the presence of thg fiuid, measuring the length of the ellip-
tical wear pattern after a given standard runnihg.time._ The
axis of the disc is kept parallel to the plane metal surface.
Brovnsdon reports that with a brass plate, no reduction in
wear is found with acetone, petroleum ether or beﬁzene. mbst
of Brownsdon's very interesting data~ére, unfortunately, for

mixtures of fluids and complicated oils,
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Statement of the Theories Held Concerning the Chemlco-Phy31cal
Action of a Cutting Fluid

- In order that the following work‘may he mére eésily in~-
terpreted and more effectively discussed, a brief statement
of the position taken by the writer is inserted,ét this point.,
Here an attempt will be_mg%g/%q give a broad descriptibn of
the principles which the }Lrthcoming data are meant to sub-
stantiate. E |

The fact that cutting fluid action cannot be accounted

for on the basis of hydrodynamic theory has already been
pointed out. The nature of éutting fluid action is rather

that of '"very extreme boundary lubricatidn". The field of

boundary lubrication is @ very broad and ever widening one,
It is generally uﬁderstood to include all problems involving
the reduction of the resistance to sliding, experienced by
rubbing surfaces which make direct contac£. Blok (15) has
divided boundary lubrication into four main types on the
basis of the existing temperature and pressure:

l. Low pressure and temperature boundary lubrication
which he calls "Mild Boundary Iubrication",

2. High Temperature Boundary Iubrication.

S. High Pressure Boundary Inmbrication.

4, High Pressure and Temperature boundary lubrlcatlon '
called "Extreme Boundary Iubrication",
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The first two of these types are represented by ligptly
loaded, sliding surfaces at low and high température.‘ The
chief requisite for an effective fluid for these two low
pressure types of boundary lubrication is that the compound
be highly polar and capable of being strongly bonded to the
surfaces, These two clas§§§/df boundary ;ubrication can be
explained in terms of thé same mechanism, the effect of in-
creased temperature upon the stability of the boundary layer
being just an additioQal consideration.

A very much different mechanism will hold for the lat-
ter two types of boundary lubrication. Under such high‘pfes-
sure, there will be a coﬁdition of much ﬁore concentrated
qontact between the surfaces. A physically bonded surface
layer would not be capéble of withstanding the: very high
pressures involved and therefore another theory of action
must be considered, Under high local pressure, it is quite
feasible that certain fluids will react with the metal, giv-
ing a reaction product between the sliding surfaces, Crganoé
metallic compounds or metal salts are generally solids and
are thus capable of withstanding very much higher pressures
than liquids. In general, metal compounds have much lower
shear strengths than the corresponding metals andkhenCe the
cﬁtting force will be considerably reduced if metal to metal

contact is decreased by the formation of such a metal compound
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between the sliding surfaces, The same general mechanism.
can be considered to hold for both boundary lubridation
t&pes 3 and 4, the only difference being ﬁhgt some fluids
‘will become effective at a much lower temperature than
others.

In addition to temperatﬁre and préssure, a third va-
riable should be considered inm the classification of bound-
ary lubricants., This third guantity is the amount of fresh
‘metal surface producéd. The amount of nascent surface pre-
sent will have an important bearing upon the chemical reac-
tions taking place between the metal and the fluid., 1In
boundary lubrication types 1 and 2, the amount of fresh me-
tal surface formed will be a minimum since the actual area

of contact is small due to the relatively low loads involved.

In types 3 and 4, contact is more complete because of the
higher pressures and therefore, the amount of nascent sure
face produced during sliding will be greater. In the case
of metal cutting, the amount of freshiyéformed surface will
be a maximum since all of the cut surface is nascent at the
instant of rupture,

It is thus clear ﬁhat cutting fluid action occupies one
small corner of the huge field of boundary lubrication, In
metal cutting, extreme preséures are involved (pressures up

to the hardness of the metal cut), the surface temperatures
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will vary from moderate values to very high values (up to

the melting point of the metal being cut) depending upon

the cutting speed, and all of the newly formed chip surféce
will be in a nascent state, Thus, it appears that the only
type of mechanisn feaSible in cutting fluid action is the

one in which the fluid regg}é/chemically with the newly

formed metal, This mechahism has been termed chemico-physical

because the action is %nitiated by a chemical reaction bee
tween the fluid and the nascent surface apd-is followed by
the decrease in frictional resistance accounted for by the
relative shear strengths of the metal compound and of the

work material,
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Experimental Pari

Eaeh of the various pieces of apparatus employed in the
cutting fluid investigation is described below, The low
speed cutting tests involved a planer type of cui, while the
tests made at higher speeds used a fly type of milling cut-

~ter., In all tests the toq;s/Qére made of 18-4-1 high speed
-steel. The "rakevangle" éf these tools was always 15° un-
less otherwise specified and the clearance angle was 59,
Tools were checked frequently for dulling by means of a
standérd fluid (carbon tetrachloride) and when necessary,

were reground on a universal tool grinder,

Simple Planer Apparatus

The first cutting tests were made using a relatively
simple set-up in which metal could be removed at-various
cutting speeds by means of a planer tool, A diagramatic
sketch of this first apparatus is sﬁown in fig. 2. A Ho, 4
Plain High Power Cincinnati Milling Machine was the baéis for
this apparatus. The cutting tool was held firmly by means
of a holder which was fastened to the overarm of<the machine,
The'work piece was clémped to the table of the machine and
was fed against the stationary tool By means of the table
feed, The cutting speeds availablelwere those ofkthe taﬁle

feed which ranged from 1 inch per minute to 125 inches per
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minute (the rapid traverse). Most of the tests'were’made at
a cﬁtting speed of 5,5 inghes per minute; The depth of cut
was adjusted before each cut by raising the table by‘meghs
of the vertical feed screw, The depth of cut used was 0.005
ineh in nearly all cases. | | | |

The horizontal componen gf the cutting force was measured -
by noting the deflection of the tool block relative to the.
column of the machine. Thisvdeflection was measured by means
of a dial type indicat&r reading in units of l/lO,COO'inch.
A preloading device was used to take up.any‘lost motion in
the entire dynamometer set-up and to obtain a linear relation-
vship between load and defiection. The assembled'apparatus '
was calibrated by putting known horizontal loads on the ¢u£~'
ting tool and noting the éorreSponding deflection of the in-
dicator, '

The fluid tested was introduced between fhe chip removed
and the tool face by means of a dropper. The work piecevwas
3 inches long and 1/4 inch wide in all'caéeé. Eéch chip reQ
moved was recovered and saved and the length of the chip‘was
subsequently measured, This chip length was determined by
means of a speciallyAconstructed phosphor bronze spiral écale.
The scale was hooked to the chip and made to follow>ifs con-
tour (usually s§ﬁe sort of spiral), the length being read ffom

the scale at the far end of the chip.
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The tools used in all of these tests were planer type
finishing tools, A sketch of such a tool is shown in flg.r
3. The apparatus descrived above will be referred to hence-
forth as "the simple planer apparatus".

High Speed Turning Apparstus
s

A few tests were made using the No. 4 high power milling
machine mentiohed aboﬁé with the same type of planer tool but
 {his time, the cutting operation was that of turning. The
arrangement of the apparatus is shown.roughly in fig. 4. The
work piece was slotted and clamped tovﬁhe>spindle ofxthe’maf
chiine, Rotation was as shown in the flgure and tae tool was -
flxed rigidly to the table, The cutting speed was Varlable
from 120 to 2500 inches per minute by changing theVSPeed of

~rotation of the spindlé.. The diameter of swing ofkthe work

was kept approximately constant by sliding'the work piece out
- after every few éuts. The tooi was fed down 0.005" after
each cut by means of the table vertical feed screw. The
fluid was applied by means of a dropper. It shéuld be noted
that w1th this arrangement, the rake angle and clearance an-
- gle will be sllghtly dlfferent from those given in fig. 3,

due to the curved path of the work piece,
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Improved Planer Apparabus

A more elaborate apparatus was constructed tp test the
cutting fluid action of very pure samples of organic\chemi-
cals. The basis for this new.equipment was a new 0-8 Cin-
cinnati Milling Machine, Fundamentally, this apparatus is
the same as the simpler modely but in thisinew device, much
more sensitive dynamometers éré used, The tool is fixed to
the overarm of the machine by-méans of a dynamometer Whigh

| is capable of deflecting in the horizontal direction only,~
The deflection is read by means of a 1/10,000 inch dial type
indicator, each division of which represents a horizontal
force of 5.65 pounds, The same type of cutting tool is used
in this apparatus as was employed in. the simple planer ap-
* paratus. Fig. 9 is a drawing of the improved’planer apparatus.
The work piece is carried by a second dynamometervwhich

is used to measure the verticai component of the resﬁltant‘

forcé.b This dynamomete; is not independent bf horizontal
loads and a correction must be made for the horizontal com-
ponent of the force which is present. The' deflection of this
dynamometer is likewise measured by means of a 1/10,000 inch
dial type indicator, each division of which représents a ver-
tical force of 2.70\pouhds. The vertical compdnént of the
force varies a small amoﬁnt Wiﬁh the-height of the work sur-
face above the dynamometer, but this variation is easily al-

lowed for by a correction,
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‘This improved‘apparatusyhas been designed for cutting
tésts wiﬁh pure aluminum., In order to make the senéitivi%y"
of this apparatus a maximum,-it ﬁas necessary to fix the
upper limits of the fbrcé componeﬁts to values slightly-
greater than those obtained when cutting aluminum. Hence,
this apparatus cannot be used f r cutting tests with’steel_'
or other hard metals, This aébaratus Wasvdesigned for a |
0.005 inch depth of cut and the cutting speed is 4.85 inches

- per minute, | | | |
Both the tool and the work dynamometers are equipped
,with'heafers s0 that their tempeiatures may be varied in-
dependently. The entire apparatus is surrounded by a sheetl
metal hood which is connected to an efficient exhaust fan;
Thus, obnoxious organic vapors are QuiCKly disposed of,

With this improved planer apparatus, it is possible to
calculate the coefficient of friétidn involved when alﬁminum
is cut in the presence of any cutting fluid. In fig. 6, the
forces acting on the planer tool are shown, together ﬁith |
their relation to the coefficient of frieﬁibn - A o In this
figure, "V" represents the vertical component of the resuls-

~ tant force, and "H" the horizontal componeht of the resultant
force. |

An idea of the reliavbility of thejyalueswof the coeffici-
ent of friction may be obtained from the following examble.
By averaging individual readings, the horizantal and vertical,

i
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deflections when cutting with a good fluid can be obtained
 with an accuracy greater than that indicated inithe example
‘shown below:

Vertical deflection = 0,00048" * 0,000002
Horizontal deflection = 0,00113" + 0,000002

‘Values have been calculated below/for the coefficient of
‘friction with the various possible combinations of the fa—

lues given above.

Deflections Considered Coefficient Percent
Vert, -in, _ Hor, - in. of friction _Error -
4,8x10"% 11,3x107% 0.294 0
4,6 x10"%  11,1x10 =4 0,300 2
5,0 x 104 11.5 x 10~4 0,300 2
4.6 x10"%  11.5x10°4 0.281 4,4
8.5

5,0 x 104 11,1 x10-4 0.319

It should be noted that the above example is for a good

fluid (.« is small) and therefore for a given deviation from

the correct value, thé percent error will be large. By
averaging values and making readings carefully, it is safe
to say that the maximum deviation of the coefficient of

friction from the correct value will be about 5%.

Attachment for Testing Fluids in the Vapor Phase

An attachment was made for the improved planer apparatus

with which the cutting action of a Vapor could be studied,

.

This apparatus consisted of a glass vaporizing apparatus coi=-
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nected to a box fixed to the work dynamometer. ‘This box
was equipped with a sliding lid (attached to the tool by-"
meané of a rubber diaphragm) which kept the vapor from es~-
caping during the cutting operation, The apparatus used is
shown diagramatically in fig. 7',/ _ _

The vapor was generated in/éhe flask "A" and rose %o
the superheating coil "B" where it was superheafed many de~
grees, The température of the superheatedivapor was measured
at "C" and the vaﬁOr was then conducted thrbugh the‘héated -
tube "D" to the chamber "E", The chamber, tool dynamometer
and work dynamometer were heated by the previously mentioned
electric heaters so that their temperature was kept above
the boiling point of the fluid being tested, The vapor was
free to escape at the right end of the chamber (at "F") and
the temperature of the exhaust gas was measured by the ther-
mometer YGY, - |

By means of this relatively simple arrangenment, it was
possible to test vapors above their boiling point; wifhout
any chance of the 1iquid fluid 'veing present at the cutting
point, Cutting forces could be measured Just as without the
chamber since thelsliding lid offered no resistance to the
horizontal movement of the work. The front of the’chémber was
equipped with a window through Whichyfhe cutting prbcéss could

be observed while tests were being made,
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Jilling Appa

An apparatus was built with which to study the chemical
breaétions involved in the use'ofvcutting fluids over a wide
range of cutting speed, In brief, this device consists of a
single point cutter whlch removes chlps from an alumlnum Work\
piece in a small closed chamber, Thls chamber holds the cut~
ting fluld and cutting is carrled/out ln direct contact w1th
the liquid. The chlef feature of this apparatus is that a
1arge amount of cuttlng can be carried out in the presence

-~ of a small amount of liguid, thus 1ncrea51ng the quantity of
any chemical product available for analysis,
| Fig. 8 is a drawing of the final equipment. The appara-
tus is also shown photographed in figures 9 and 10, The 1/4
inch diameter aluminuﬁ specimen is fed down into the cuttihg
chamber through the top of the block. The fly milling butter
is made of high speed steel and has a 156 rake angle and a 3°
clearance ahgle, This quttef is inserted in the 3/4" diameter
end of the shaft and is held in place by an Allen head set
screw. A detail view of the cutter is snovn in flg.,S. The

kshaft is carried by two seazaled ball begrlngs and is rotated
by a V-belt drive,. Two pulley sizes are available in"ordér
to further exténd the 9 to 1 infinitely varigble speed éhange
supplied by the 3/4 H,P, Master "Speed Ranger" motor. This

| motor will gi?e any speed, at its higﬁ'speeékshaft, from 600

R.,P,M, to 5200 R.P.M, An arrangement is employed (as shown
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in flg. 8) such that a fly Wheel may be attached to the shaft
of the: apparatus when it is operating in the slow speed range. Jg'fé

This glvea much steadler speeds and smooths out any slow1ng

~down ‘produced by the action of the cutter. The cuttlng*sneeds
 ’ava1lable at the cutter cover the range from 55 surface feet
: per minute to 950 surface feet. per mlnute. 1 ‘ ,‘ o
The tip of thae cutter projects about O, 001 1nch above the
'surroundlng shaft and between outs, the work plece rides on’
~the snaft. Weights are placed on the work piece to make sure
that it feeds down and rides on the shaft after each cut A
~window is supplied in the front of the block through whlch
'the cutting can be observed. This window is°ground in with
~the plock and thus no gasket need be used, The-bottom of the
.folock nas an opening fitted with a 7/8 inch diameter lapped
vplunger, through whlch onenlns, the chips and fluid can be
removed at the end of a run, The shaft enters the block - ‘
 tﬂmough a close fitting hole and the llquld is kept from leak-
‘flng out,through this opening by a stream of nitrogen 1ntro-
‘duced at the center of the hole (see fig. 8). L
Nitrogen is also introduced at the mldnoint of tne hole
: through which the specimen enters the block The nurpose of
; thls nltroven i3 to exclude air from the chamber and tuaus sup-
ply an inert atmosphere in the chamber at all times. - The nltro-
gen is carefully purlfled by passing 1t through the system

. _shown dlagramatlcally in fig. 11, The excess nltrogen leaves
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the chamber by the exit supplied on the left side of the
Telocks e
The liquid to be tested is introduced through the speci-

“men hole and then the specimen is inserted and the air.dis-
placed by nitrogen. The chamber is filled with the liquid,
nearly to the top of the rotor, and if a great deal of cut-
ting is necessary, the plunger can be lowered at a rate eqﬁal
to the production of the chips, thus kéeping the liguid level
approylmatnly constant, A thermometer well is drilled in the

':7, de of the block Wlth its end very close to the chamber.
Thus, any_dpprec1able rise in temperature of the 11qu1d in

>£he‘chamber can be noted approximately.“

‘Fractidhal Distillation Anparatus

The chemicals used in this work may be divided into two
classes - those of unknown purity and those which were highly
.purified. In the preliminary work, a great number of chemi~
cals of unknown purity were used (such as those chemicals of
‘Eastman grade distributed by the Eastman Kodak Company), La=
fer, the morerinteresting findings of this pre;iminary in-
vestigation were re-examined using highly purified fluids,

A very small zmount of a fluid is requlred o ma&e a test
S ‘w1th the planer type aﬁparatus (abovt 10 ml. iscample). There-
';fore, a speclal fractlonal distillation apparatus for handllng

very small,quantltles-was de31gned and constructed from Pyrex

i
i
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glass., Such a special still was necessary for, in many cases,
the chemicals used were very expensive and consequently only

s small amount was availlable.

A drawing of the fractional distillatipn apparatus is
given in fig., 12, The distillihg flasks are of 50.ml. ca~
pacity. The columa of the still is packed with siﬁgle turn
glass helices which constitute a very efficient packing ma-

terial, The air surrounding the column is heated by means

of a hichrcme"fibbdn wound around the heater wall and a third
Waii sufibundévthe heater to insulate further thé cblumn and
heéter from,drafts, The still head is designed so that the
hold up will be a minimﬂﬁ; Allréohdensers andréonnections
“are made as small.as possible and the take off is made of
capillary tubing, brbp@ing;tiﬁéwaié located at foth the re~- -
flux and take off ends of the still head in order that the
reflux ratio may be easily determined, Ground glass joints
are used at all connections., A pressure regulating device
and the pressure measuring apparatus are shown diagramati-
cally in fig, 12, ThiS”SﬁillvhaS an efficiencyrequivalent
to about nine theoretical plates and the hold up is from 3

to 5 ml,
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Data ahd Discussioh of the Dataji_

A gfeéé deal ofddaté has been gathered’inﬂthe'codrse"'”
of the cuttiﬁg fluid_in?ggpigation, mainly because‘this~has'
préven t0 be such a ferﬁile field of endeavbflrronlyjthat pa:t
of the data directly related to the chosen subject will be
presented here, The discussion will be givéﬁ under seve:al‘
sub-headings‘and.the dafa will be introduced as it is neéded.

The photomicrographs presented in figs. 13 to 17 show
~at a glance the great effectiveness of a good cutting fluld

~ and also the wide variation in the mechanism of chip forma-
tion as influenced by the fluid used, In thése illustra-
tlons, all of the varlablea were held constant exsept the.
cuttlng fluid gmployed. The work materlal.was SARE 1020 steel,
the depth of cut was 0,005 inch and the cutt lng speed was 5,5
~inches per minute, The nhotomlcrographs are presented in
the order of decreasing effectiveness of the fluid used.
‘The chips can be seen to grow thicker as the‘cutting fluid
becomes less effective. The chip is seen to change from |
type 2 (43), which is continuous and has é confinuoﬁsly eééan-
| ing compressed layer adJacent to the tool face, to type l which |
is dlscontinuous. It is obv1ous that less power will be re-
quired and a smoother surface created with cutting as shown

in fig, 13 thanwwith the cutting shown in figs, 16 or 17,
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SAR 1020 Steel Cut in the Presence of Yarious Fluids

Fig, 13: Carbon Tetrachloride
100X

! T

Fig. 17: Benzene 100X
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Some Genersl Concepts

It has been shown above that the type 2 chip is’desirable
from the point of view of minimum power consumption and the
quality of the surface prbduced. This type’of chip is pro-
duced only when the tbol point is kept from adheriﬁg to the
work material., One of the best methods of preventing the

chip from adhering to the tool is to introduce a film between

the tool and the work piece,

In the first tests made, tools were coated with various
films and then tested., The gquality of the surface was noted,

and it was found that different films produced widely differ-

ent results which were found to be fairly reproducible. These
‘preliminary tests with coated tools showed definitely that

the presence of a film prevents the formation of a built-up
edge, The fact that none of the tfeatméﬁts used ﬁroduced»
films that would remain on the tool for’more than a short |
time, indicates that some means must be employed to continual-
1y replenish the layer between the tool and the work.

In previous experiments performed in the laboratory of
the Cincinnati Milling Machine Company, Dr, lMartelotti had
found carbon tetrachloride to be a promising cutting fluid,

It was therefore decided that other organic compounds should
be appligdiin order to try to disco?er,what properties 6f the
carbon tetrachloride (physical or chemical) made it such a

good cutting fluid,
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Generalizations from the Preliminary Survey

The apparatus used in this work was the previously de-
scribed simple planer apparatus, Soon after starting the'
investigation, it was found that the length of the chip had
a2 definite bearing upon the efficiency of the cutting fluid
employed, The chips were therefore saved in all cases and
the cutting ratios recbrded. The cutting ratio may bebde-
fined as the length of the chip divided by the length of the

- work piece, The longer the chip, the greater will be the
cutting ratio and the better the cutting process.

The following generalizatioas have been made from the

data of the preliminary surveys:

/. 1. In general, the saturated hydrocarbons are poor cut-
ting fluids, the longer chain length compounds be-
ing slightly better than the lower homologs.

5, 2, The saturated chlorinated hydrocarbons were found to
be very effective cutting fluids, but no relation-
ship could be found between the cutting efficiency
and the degree of chlorination.

6. 3, The unsaturated chlorinated derivatives of ethylene
were found to be very inferior to the corresponding
saturated compounds.

4, Aromatic compounds were found to be very poor cutting
fluids, - v

O. The presence of halogen substituted in the benzene

ring improved the surface quality in the order: Cnlorine,
bromine, iodine. For example, phenyl chloride, ‘phenyl
bromide and phenyl iodide had respectively the follow-
ing cutting ratios: 0.143, 0. 177 and 0,207. 2 i e

2 |/ SR
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6. In several cases, the phenyl group gave about the

Z
/ same effect as the methyl group. To illustrate this,
the following pailrs are citedﬁr G A
Cutting Fluid ~ cutting Ratio
' : 19 .
Acetophenone ; ’ 0.187
Acetone : ‘ : 0.183
Nitrobenzene 0.193
Nitromethane 0.173
Fhenol . 0.253
Methanol - 0.250

., 7. ALl of the mercaptans, sulfides end disulfides gave
very good results and the cutting ratio increased
with the chain length. .

ti. 8, The presence of sulfur in the molecule was not suf-
ficient, since several such fluids gave poor results
(i.e. carbon disulfide, dimethyl sulfate and benzene
sulfonyl chloride).

7. 9. The normal primary monohydric alcohols were found to
give good surfaces, their efficiency increasing ra-
pidly at first with increase in chain length and then
remaining about constant,

z. 10, The various isomers of the normal primary alcohols
were inferior to the straight chain alcohols of egual
molecular weight, This observation shows that the
members of an homologous series should be compared
on the basis of chain length and not molecular weight,

1l. Polyhydric alcohols were found to be inferior to the
corresponding monohydric alcohols,

v 12, The organic acids gave a considerable increase in cut-
ting ratio with chain length. The lower homologs were
quite poor, but the higher fatty acids were good fluids,

4y 13. The cutting ratio was found to increase with the mole-
cular weight for esters.

14, Bistilled water gave a surface nearly'as bad as that
proouced with a avy tool,
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Some of the above statementis can not be rigorously pro-
ven by the data of the preiiminary survey; The chemicals
used in this initial work were not highly purified (most of
them were of Eastman grade of purity) and in some cases, the
generalizations are based upon too little data., It is inter=-
esting to note,.however, that already there are several state-
ments which can readily be explained in terms of the chemico=

physical theory of cutting fluid action, previously described,

On the:basis'of this theory, the hydrocarbons and aro-
métic compounds would be expected to be poor cutting fluids
because they are noted for their chemical stability. The
_fact that the unsaturated chlorinaied derivatives of ethylene
are so much poorer than the corresponding saturated compounds
is also significant. Wilson {94) points out that if a halogen
atom‘is attached to a carbon atom holding a double bond, then
the halogen atcom is very stable. However, if the double bond
is one removed from the carbon atom holding.fhe halogen, then
the reactivity of tﬁis halogen will be greater than in the

; corresponding'saturated molecule., In gﬁg preliminary survey,
the séturated and unsaturated chlorinated hydrocarbons have
been found to act in the order of their chemical reactivity.

The most effective phenyl halideé were also found to be
the most reactive, It is well known fhat phenyl chloride is
much more stable than phenyl bromide which, in turn, is more
stgble tian phenyl iodide, Those sulfur compounds which are

3

3
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reported above as being inefficient cuttzng flulds are rela-
tively unreactive compounds toward aluminum. Water would be
eypected to be quite 1neffect1ve according to tﬂe chemico-

physical theory because of its chemical stablllty toward

aluminum.

The Effect of Cutting Speed

A

Since all of thé’preliminary cutting tésﬁs were made at
- the very low cutting speed of 5.5 inches per minute; it was
important to know how the efficiency of cutting would change
‘as more practical cutting speeds were approached. iBy chang-~
ing the cutting speed of the simple planerhapparatus, a great
deal of data was obtained. Thése data showed that a few flu-
ids were still good at the higher speeds whilé others were
much less efficient at increased speeds, ’

A number of tests made with the high speed turning ap-
pa?atus showed that at higher, more practical speédé, the‘
difference between the chip lengths of the very good fluids
and of the very poor fluids was much l&ss‘than‘at a cﬁtting
épeed of 5.5 inches per minute, A series of tests was made
at varibus speeds using carbon tetrachloride as the fluid.

. These data are shown in fig. 18, It will be noted that the
’cutting ratio was high at very low cutting speeds, reached a
minimum at avout 750 inches per minute and theﬁ rose slowly

with further increase in speed. The chips produced are shown
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opposite the rate at”ﬁhiéh”fhey'were removed.

The above data can be logically explained on the basis
df the chemico-physical theory of cutting‘fluid action, It
is probable that the amount of product formed in a given time
when carbon tetrachloride reacts with nascent aluminum will
increase with increased temperature and pressure, The tem-
perature and pressure at the cutting point Will be greater
at higher cutting speeds and therefore, the total amountfof
product formed in a given time will increaée~with cutting ‘
speed. Hdmevér,.as the speed is increased, the time of con-
tact of the tool with any particular infiniteSimal’area.Will
decrease. The amount of product per unit aréa of surface
will decrease with increased cutting speed due both to the
finiteness of the reaction time and to the fact that more
area 1s traversed at the higher speed, in a given time.

Thus, there are two oppbsing conditions which are affécting
the way in which the cutting efficiency Wili vary‘withb speed,
It is generally found that either a maximum or a minimum
point is reached when two opposing forces.act upon a systenm
in such a way that as one increases, the other decreases,
This explanation thus partly accounts for the ﬁinimum voint
occurring in fig, 18.

> A further factor which was not considered in the above

discussion is known to influence the efficiency of metal ree
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moval. Schmaltz (81) reports that the built-up edge is great-
ly reduced as the cutting speed is increased, He explains
this by saying that anvincrease in stress occurs With an in-
' crease in the rate of deformation, and that this increase in
stress is caused by the decrease in relaxation time of the
material at the higher rate of deformation. He says that at
lower speeds of deformétion, a cértain amount of stress dis-
~tribution occurs due to the rate of relaxation being appre-
ciable, compared with the rate of cutting. The writer has
also observed an improvement in surface quality and an in-
crease in cutting ratio with increase in cutting speed when

cutting with a dry tool.

The BEffect of Surface Condition

Tne direction of eutting relative to the direction of
rolling was found to be significant., Tests were made with
rolled pieces of lead, cuts being taken both parallel and
transverse to the direction of rolling, The following data
were obtained; ' |

Parallel to Direction of Rolling

- Fluid Cutting Ratio
. Carbon tetrachloride | 0.267
s Benzene . 0.4390

Trangverse to Direction of Rolling

Carbon tetrachlioride : 6.247
RBenzene _ 0.417
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The above data show that lead cut parallel to the di-
rection of rolling requires less force than the lead cut
transverse to the direction of rolling, It is interesting
to note that carbon tefrachloride is a much pobrer fluid for
cutting lead than benzene., This is just the reverse of the
usual order of effectiveness of these two’fluids when used
with other metals. The pressure developed in cutting lead
is quite low compared with the values obtainéd,when other
metals are cut. Carbon tetrachloride and dther calorinated
and sulfonated fluids that are quite good under extreme boﬁnﬂ-
ary conditions are relatively poor (compared to higher polar
compounds) when used as low pressure boundary lubricants.
Thus, it may be said that carboq tetrachloride is a poor cut=-
ting'fluid when used with lead, because thé pressure developed
is not sufficient to cause the fluid to form a low shear
strength compouna/between the chip and the’tool; Another ppsé
sible explanation for the fact that carbon tetrachlcridé is a
poor cutting filuid for lead can be giveﬁ in terms of the re-
lative shear streangths of:lead and léad chloride. It is quite
possible that %ead Ehloride may ha#e a greater shear strength
than the lead itself as some calcuiations of Dr, ierchant in-
‘dicate,

. Another surface condition affectihg the meﬁal cutting pro-
cess is that of work hardening of the surface.’ If a cut is

tgken with a dry tool, the surface produced will be much better

g
i
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The Effect of Cold Working of Aluminum on the
Quality of the Surface Produced with a Dry Tool

CATET {} it

Yo

a

Fig. 19-b; ,003 Inch Cut Preceded by .025 Inch Cut
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if the metal has been previously work hardened. In fig, 19,

two photomicrographs of aluminum surfaces are shown. Fig., 19-a

is the surface produced by making a ,003 inch cut preceded by
several ,003 inch cuts, Fig. 19-b is a surface formed by

1 making a .003 inch cut preceded by a 0.025 inéh‘cut.} It is
obvious that the surface which was work hardened most (fig. 19-b)
gave the bvetter finishs The above example>is for a dfy tool,
Similar results were obtained when work hardened and’unwork~
hardened surfaces are cut in the presence of a fluid, It is
‘feasible that the work hardening of a surface will change 1its
chemical reactivity under the conditions éxisting in the ex~
treme boundary stéte, so that this efféct of work hardening
will be superimpoéed upon the dry tool phenomenon described

above,

The Effect of a Film between Chiv and Tool

The preliminary tests cited above, using-coated tools,
demonstrate the effectiveness of the existence of a film‘be~
tween the ciip and the téol. As long as‘a tool is covered
with a layer of low shear strength iron chloride, little me-
tal to metal contact occurs and the surfacé'produced is quite
smooth, However, as.soon as the layer of chloride is worn

away, metal to metal contact is estabiished and the surface

is just as rough as one produced‘using a dry tool,
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In order to prove further that a low shear strength
halide film is capable of decreasing the coefficient of fric-
tion, aluminum was cut with several miXtures 6f iodine in -
pure benzene. The improved planer apparatus was used in
this determination. Benzene was chosen as the solvent since
it is very ineffective when used as a cutting fluid, The

data obtained are given in Tabie I belows

Table I

| R Coefficient

Fluid Cutting Ratio ' of friction
Benzene 0,123 - L8902
0.001% 12 in benzene - 853
0.01% I3 in benzene -  .853
0.1%4 Ip in benzene 0.146 - .838
1% I in benzene 0,160 . 707
10% Io in benzene 0,223 .613

It is quite evident from these tests that the iodine
is effective in decreasing the coefficient of friction by
reacting with the freshly formed aluminum surface, producing

an aluminum halide with a low shear strength.

Dependence of Cutting Fluid Performance upon the Metal Cut

Iin genéral, the same cutting fluid will not be found to
be equally good when used with different metals. The data-given
in Table II show the results of a series of tests with four
- different cutting fluids on two different work méﬁerials. The
fluids have been selected to show four representative cases:

1. A fluid bad on gluminum but good on steel
2. A fluid good on aluminum but bad on steel
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3. A fluid excellent on both aluminum and steel
4. A fluid very bad on both aluminum and steel

It is obvious that a statement that a certain cutting fluid is

good or bad only has meaning when the metal cut is also spe¢i-

fied,
Table II
‘ .
: Surface Cutting Cutting
Case Cutting Fluid Work Material Condition Ratio f€§gey
. s
Acetic Anhydride Aluminum Bad 0.18 154
1 Acetic Anhydride SAE 1020 steel Good 0.41 363
5 Turpentine Aluninun Good 0.35 738
~  Turpentine SAE 1020 steel DBad 0.25 ° 493
3 Carbon tetrachloride Aluminum Excellent 0,39 65
Carbon tetrachloride SAE 1020 steel Excellent 0.48 212
4 Benzene Aluminum Very bad 0,13 182
Benzene SAE 1020 gteel Very bad. 0.22 535
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A test was made in the fly milling apparatus at a cutting

id, and the vapors were superneated,

dry tool,

A Butting Fluid Need Not be a Ligquid

speed of 300 feet per minute, in which vaporized carbon'tetra—
chloride was used in place of ligquid, 'The entirevapparatus
was heated to a tgmperature above the boiling poinﬁ of the fiu-
The chips formed had
‘exactly the same appearance as those when liquid carbon tetra-
chloride was used - they were colored red aﬁd their appearance

was definitely different from that of chips produced using a
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Following the above initial test, others were made with
~the improved planer/apparatus using the attachment for teséing
fluids in the vapor phase, Thevdata thus obtained are given
in Table III and in al} casés, the tool, work, dynamometers,

’ ete. were kept above the boiling point of the compound.

‘Iable III

Cutting Ratio Coefficient of friction
Fluid Vapor Liguid Yapor Liquid
Carbon tetrachloride .327 « 243 .814 v L7717
Bromine 333 240 o L,724 S 547

Chloroform .250 317 687 .468

The above data prove conclusively tnat a vapor can act
effectively as a cutting fluid, It is seen that the vapor is
even more effective than the liquid in the case of carbon tetra-
chloride, These tests indicate that it is possible that all
cutting fluids may be vaporized before penetrating between the
chip and the tool. The fact that cutting ‘fluids are effective
in the vapor phase is of importance because it makes available_
for consideration fluids which are gaseous under ordinary con-
ditions, and also because much less fluid need be used if ap-
plied in the gaseous rather than in the liquid phase. The ade
vantageous use of vapors as cutting fluids appears to be a
very promising pbssibility from the practical poiunt of view

and more work in this direction should be carried out immediately,
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Preliminary Evidence of the Chemical Action of Cutting Fluids

In making cuts xf;ith carbon tetrachlloride, a white ’v§,por
was noticed coming from the tool, Alsc after the cut had been
completed and the remaining carbon tetrachloride had evapo-
rated, a2 white powder was observed clinging to the work sur-
face and to the tool, This powder was very hygroscopics it
was soluble in carbon tetrachloride but inéoluble in benzene.
Upon analySis of the water solution, both aluminum épd chlore-
ide ions were detected, From the above analysis and physical
proPerties; it was concluded that this Whité ppﬁder was glumi-
num chloride, Alunminum chloride was visible, as described
above, only at low cutting speeds, |

Uponwmaking numerous other tests at very low cutting
speeds, it was found that chloroform and pentachlorethéne
likewise produced visible'quantities of reaction products,

The chloroform deposit was s mixture of black and white while
the pentachlorethane deposit was colored pink and white., The
nature of these deposits will be discusséd later,

Another interesting experiment giving ;vidence of the
chemical nature of cutting fluid sction was that in which an
acid copper plating solution Waé used as a cutting fiiégi&uzﬁfs
liquid gave a good surface when steel was cut but a poor‘sur-
face when used on aluminum. Copper does ﬁot ?late oﬁt on alu-

minum; consequently, it does not cover the freshly cut metal
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with a 1éyer of copper and thus prevent the formation
of”§f§§§1¥i§§3§§gé. In the case of steel, the coppei plates
out on the freshly cut metal thus preventing the formation
of a built-up edge. When the copper plating solution is
used in the cutting of copper, the results are about the
same as if a dry tool were used.

Indirect evidence of the chémical action of cutting
fluids is offered by the demonstration that no relation ex-
ists between the physical properties of the various fluids

tested and the cutting ratio. Several of the writer's

charts showing the cutting ratio plotted against such pro-
perties as a:bsolute visAcosity, boiling point, surface ten-
~sion, specific heat, dielectric constant, electric moment

and density are given in figs, 19 to 25 in "Chip Formation,

Friction and Finish" {42),

Ihe Coefficient of Friction in lietal Cutting

A numver of tests were made with highly purified organic
chemicals in order to study the variation of the coefficient
of friction; between the chip and the tool, with the fluid
used. The improved planer apparatus was used in this work,
Three members were chosen from each of several homologous ser-
ies in order to check the effect of.the active end group. In

order to study the effect of the chain léngth, the 02, Cé and
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Cio normal compounds were included in all cases., _

Many tests were made with the tool and the work at room
temperature, The tool was checked frequently for sharpness,
using carbon tetrachloride as the control fluid. In making
these tests, the first two or three cuts were neglected to
allow conditions to come to a steady state, In this way,
very consistent resu;ts were obtained, In returning the tool
to the starting point, it was raised so that it would noﬁ
drag over the surface of the specimen. The data obtaingd
is given in Table IV and is arranged in groups according
to the chemical structure of the compound, Each of these

values is the average of five or more individual cuts.,

Izble IV
Tes£ ‘ : Cutting Coefficient
No. _Fludid Ratio of friction
1 cc1, _‘ | 427 .288
2 CHClg .40L 312
3 CH,CL, .265 477
4 CoHCLg .230 648
5 0150 - CClp 320 1,419
~ H H
, 6 ClC - CCl, ' V .344 | 407
Hg H )
Vi 013b ~ CHz L340 .422 —
8 B8y~ Se 250 | .481
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Table IV {cont,)

Test Cutting  Coefficient

No. Fluid Ratio of friction
9 H‘C - CHy | L350 . .406
Cl, :

10 f50 - ¢ o1 | .255 511

2 .

11 C1,C = ccl, .195 .503
12 '5120 = cc1 .188 ; ;625

13 gl g " .185 612

H Cl |

14  Leuryl chloride 385 369
15 Hexyl chloride . 308 « 440
16 Bthyl Acetate 227 .518
17 ‘Hexyl Acetate 403 .299
18 Lautyl Acetate 440 . 240
‘19 Ethyl Ca@roate $391 + 383
20 Ethyl Laurate .447 .244
21 Lauryl MMercaptan AT « 237
22 - Heptyl Mercaptan .483 ~ .255
23 Hexyl Mercaptan AT .262
24 Amyl Mercaptan | 473 .265
‘25 Butyl Mercaptan 473 .267
26 Propyl Mercaptan . T .440 .276
27 Ethyl Mercaptan 437 .308
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Table IV {cont.)

Test ; Cuttihg Coefficient
No, Fluid Ratio of friction
28 Amyl Disulfide 462 .250
29 Butyl Disﬁlfide : +457 257
30 Propyl Disulfide . 457 .256
31 Ethyl Disulfide | .448 271
32 Methyl Disulfide «4L7 | .302
33 Leuryl Alcohol . +38D o e 931
34 Undecyl Alcohoi .412‘ .325
35 Decyl Alcohol - 400 .325
36 ~ Hexyl Alcohol .396 . .320
37 Etnyl Alcohol .327 - .425
38 ' - Dodecane ' . 156 . 703

39 . Hexane 163 | .639
40 : Benzene 123 , .892
41 Dry .140 _ - .785
42 Distilled Water .187 .690
43 Acetic Acid ' . 247 ' .496
44 Hexanoic Acid 0349 «3D3
45 Heptaldehyde 430 .298

The coefficients of friction found in this investigation

are of the same order as those reported by Bowden and Leben (18)
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for steel sliding on steel in the presence of various organic-
liquids. The relative efficiencies of these pure ligquids check

those found in the preliminary investigation.

The cutting ratio is shown plotted against the coefficient

I

of friction in fig. 20. All points are seen to lie fairly

‘close to the curve, except those for water and pentachlorethane.

The relation between the coefficient of friction and the cut-
ting ratio is seen to be linear for the better cutting fluids
(i.e. for fluids giving a coefficient of friction less than

.

about 0.,5).
The equations given in Merchant's thesis (72) which were
| derived for homogeneous and isotropic material, can be used
tp calculate ﬁhe coefficient of friction for a tool with a 159
rake angle. This hgs'been done and the result is plotted in
fig. 21. The curve of fig. 20 is plotted to the same scale
- for comparison. The differeﬁce between the obsérved ahd cal-
culated coefficients of friction for a givenvcutiing ratio,
Ernst snd Merchant (42) atiritute to the work hardening ca-
'pacity of the material. |
A few tests were made to determine the magnitude of the
effect of cold working upon the data obtained by taking suc-
cessive cufs. The first cut using a poor eutting fluid fol~
lowing a cut using a good fluid will give a reéult worse than
the equilibrium condition reached after several successive cuts

have been taken, The final equilibrium value in all cases re-
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fers -to a slightly differénf’work hardened condition., How=-
ever, the effect of this difference is not large as can be

seen from the following example,

Iable V
Fluid  Cutting Ratio  Coefficient of friction
Carbon tetrachloride JA17 .341
Ethanol - 1lst.cut . 323 _ .500
Ethanol - 2ad cut . 327 .478
Ethanol - 3rd cut. ‘ . 327 478

Of course, the result of recording the equilibrium values
~is that the poorer cuﬁting fluids will tend to look bet%er than
they really are while the better cutting fluids will tend to
look worse than they really are, The spread between the very
~ good fluids and the very poor fluids will bé slightly reduced.
' Several tésts were repeated using a heated tool and heated
work piece, The tool was heated to 79°C and the work to 76°.
The dé%a obtained are given in Table VI below:

Table VI

Cutting Coefficient

. Test No. Fluid ' _Ratio_ of friction
1 cel , .250 .540
2 CHC 3 . 317 .468
3 CHCLS .213 .480
4 HexyI chloride . 229 .510
5 - Lauryl chloride + 255 475
6 Perchlorethylene . 167 755
7 Trichlorethylene 172 .618
8 T.Dichloroethylene - 172 581
9 Hexanol «255 . D37
10 Hexyl liercaptan W417 .312
11 Amyl Disulfide «448 . 247
12 Hexyl Acetate _ ' « 375 . 208
13 Ethyl Caproate ) 364 .338
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Table VI {cont.)

: ‘ Cutting Coefficient
Test No. Fluid = ; Ratio of friction
14 Hexanoic Acid - G T Y S X
15 Benzene «135 .63
16 Dry : , - - .842

-

It will be noted that the order‘of effectiveness for many
of the compounds at the higher température»is different than
at the lower temperature., The effectiveness of cérbon{tetra-
chloride is seen to drop off rapidly with rise in temperature,

Other fluids such as the esters, mercaptan; and particuiariy
the disulfide, are seen to remain quite'good orbeven’to be
more effective at the increased temperature., The unsatursted
chlorinated hydrocarbons are still ver& poor atkthe higher

temperature.

. o The Cutting Ratio

It has been st@ted above that the cutting ratio is a good
measure of the efficiency of a metal cutting‘procéss; It has
been shown (fig. 20) that the cutting ratio bears =z definite
rélationship to the coefficient of friction:involved between
the thp and the tool. The cutting ratio is likewise related
to the cutﬁing force, .

A great amount of data was taken‘with the simple planer
apparatus using bota aluminum and steel as the Wdrk maﬁerials;
Thne cutting force values obtained in this investigation are

shown plotted against the'cutting ratio in fig. 22, TFig. R2~a
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shows the curve for an gluminum work piece while fig. 22=0
is for SAR 1020 steel., Both of these curves are seen 10 be
hyﬁérbolic. When ihey are plotted on 16g—logﬁpaper, two
straignt lines are obtained (fig. 23). | |

The liges iﬁ fig, 23 may be pepreséntéd by the equa-
tions:

a) For aluminunm

In F =1, 1n R+1n K,
b) For steel

ln F=H, 1n R+1in Kg

S
where F =cutting force in pounds
‘ R=cutting ratio
M, and lig = Slopes of the log-log curves ]
K, and Kg = Constants depending on the material
The slope of each of the two curves is found to be eXactly -i.
The equaiion for the aluminum curve is therefore FR=X,
and K, can be found from’the coordinates of a point on the
curve, giving FR = 21.25, Similarly, for SAE 1020 steel, the
"equatioh is FrR = 129,
Thus, it has been shown that the cutting ratio is inverse-
1y pfoportional to the cutting force under thé,conditiéns of
these tesis, the constant of proportionality depending upon
the metal being cut, The longer the chip fbrmed, the lower

‘,Will be the cutting force involved, Also, in general, the bet--

ter chips are those which are curled into the tightest spirals,
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Tests with Chldfihatéd Hydrocarbons

The chlorinated 6ompounds were one of the groups of

compounds most extensi tudied.in this investigation.

 Several diffgrentltypes of tests were made on these compounds,
and an attempt was made to correlate the varicus independent
results, ‘The data obtained is shown in Table'VII,;kThe fluids
tested are divided into three groups - the chlorinated deri-r
vatives of methane, ethane and ethjlene. |
| The»reflux tests were carried out by boiling 20 mX of the
fluid with six one quarter inch diameter discs of aluminum for
a long time, In all cases, the condenser was fltted with a
drying tube and the joint between condenser and flaok was made
with a ground glass joint. The time given in column 5 of Table
VIL is the time of refluxing required before a notineabie re-
.action occurred. The ‘slow speed cutulng t sts were made wzth
the improved planer apparatus, In all cases, it can be seen
that those fluids which reacted while being refluxed witn the
aluminum proved to be the better cutting fluids. None of the
unswturated compounds reacted in eltaur tne reflux test or in
the fly milling apparatus, and these compounds proved to be
very poor cuttlng fluids, The fact that the unsaturatéd ethyl-
ene derivatives were so poor has already been discussed.
Wilson (94) has said that there gs no apparent relation

between the total amount of halogen in a molecule and the re-
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activity of the halegen inm the compound. This has been found
to be the case in this investigation. No relationship is evi-
dent between the reactivity of a compound (or its effective-

ness as a cutting fluid) and the amount of chlorine contained

in the molecule,

Chemical Reaétions Studied

The fly milling apparatus was used to study the chemical
reactions taking place when metal waé cut in the presence of
a cutting fluid. Carbon fetrachloride was the first ;ompound
chosen forrinvestigation. The nature of the reactionvwhich
occurred when aluminum was cut in the presence of carbon
tetrachloride was entirely unexpected, the quantity of reac-
tion product formed being very large.

Zeppi (95) has reported that aluminum is not attacked by
carbon tetrachloride at room temperature even after standing'
for four months. However, when carbon tetrachloride is heated
in a sealed tube with aluminum to 100 - 120°C, aluminum chlo-
ride, hexachlorethane, higher chlorides and a resinous pro-
duct are formed. A contradictory statement is made by Saétry
(80) to the effect that no reaction occurs between carbon
tetrachloride vapor at its bpiling point and aluminum, Rhodes
and Carty (79) report no reaction at room temperature even
after an exposure of six months, However, these authors say

that when aluminum is exposed to dry carbon tetrachloride va-
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pors, it is rapidly attécked with the formation of a dark
éray powder. This powder hasra very penetrating, resinous
odor and hisses when thrown into water forming aluminum
chloride and hexachlorethane. No other metal was found to
form hexachlorethane when reacted with carbon tetrachloride,

After cutting had proceeded for about a half minute in
the fly milling apparatus, a bright port-red color appeared
in the solution and the chips had the same reddish hue,
This color gradually darkened as the cutting was continued.
Upon removal of both chips and carbon tetrachloride from
the apparatus and allowing them to stand, a fluffy, dark
red, floculent precipitate was observed,

When thisgfloculent precipitate was separated from the
other material by filtering and.was dissolved in water,
analysis indicated the presence of one atom of chlorine for.
each atom of aluminum, The red material initially formed
on the chips was found to be very sensitive to moisture
and to produce the red fluffy precipitate in the presence
of water vapor. This red fluffy material is beiiéved to be
mainly aluminum hydroxychloride, colored by the presence of
a small amount of a complex organo-metailic cpmpound;

The results from a typical cutting test with carbon

tetrachloride are shown diagramstically below:
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2,0248 gm AL cut in 00%4
Cutting speed = 648'/min
Depth of cut = 0.0007 inch

Filtered

0.6077 gm , 10.9227 gm - chips
02016 plus chemicals
reacted with water
o
ether ex-~

tra7tion
1.0021 gm 1.6987 gm Cl. = 2.642 gnm
C501g ALt 20,8462 gm
mole ratisé = 2.375

Upon alléwing the chips and carbon tetrachloride to
‘stand in a loosely stoppered bottle at room temperatbure,
it was found that the reaction continued and was endéthermic
to the extent that the solvent was soon brought to the doil=-
ing point, It appears that this reaction is autocatalytic,
the red material first formed acting as a cafalyst for the
formation of additional reaction product,

‘The amount of hexachlorethane formed in the reaction of
carbon tetrachloride is guite large. In one instance; 13:
grams of aluminum were cut in the fly milling apparatus at
room temperature, and the chips formed Wefe allowed to stand
in excess carbon tetrachloride at room temperature for a few
hours., The result was the formation of 58 grams of hexa-

chlorethane. o %
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Several attempts were made to analyze the red material
Aformed initially on the chips, butlwith no success. This red
material was found to be very sensitive tb mo%sture and heat.
The fact that the material lost its deep red color upon hy-
drolysis, giving an aluminum chloride solutioh together with’,
insoluble hexachlorethane, suggested the possibility of thel
existence of some sort of an organic chloride complex, This

- red substance behaved like very active aluminum éhloride when
brought into contact with water.

After considefing the results of the various analysés

made and all other afailable information, thé following is

presented as a possible reaction mechanism,
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- Happensg while cutting:

3 001, —~ 8 Cl7 + 3 ccly” - - (1)
3 Cl™+ AL —= AlCly (2)
AlClz + CClg'—= £1C15.CC1y | (3)
2 CClz" —  CgClg - (4)
Summary s 500144—- Al —— AlClS.CClS-P Cgclé V (5)

Upon Taking from Apparatus and Standing in‘ Célg_:

A1Clz.CClz+ 2H,0 —= ALCL{OH)g+ 2HOL+ $C5Clg (6)

AlClz.cel, -iBCCla_  alclz + §CaClg ' (7)

Summery: A1Cly.CClg+ CgClg —-%1’%9& AlGlz.CClz +C2CLls +4101( 0H)

+ALC1Z+HCL . (8)
Upon_Reacting with Water: _

ALClz+H 0 —= AL*** 4 3 o1” | (9)

AlClz.CClgz+ 2Hn0 —> ALCL{CH),+ RHC1+4C501g (;o)

ALCL(OH), + Hp0 — AL***4 1=+ 2 OH" (11)

Summary: AlClz.CClz+ ALCI{OH)g+ ALCLly — CpClg+ Cl™+ ALl**Y
+ OH™+HCL. , o (12)

Final Summary: OCly+ Al _H20,_ coolg+ c1”+ m**? (13)

In order to determine whether or not the presence of the
inert nitrogen atmosphere had any effect, a test was run and

the chips and fluid were analyzed for nitrogen. A negligible

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-85

amount of nitrogen was indicated by the gjeldahl method,
thus indicating that the presence of the nitrogen atmos-
phere had no‘effect upon the products formed in the cutting
chamber.

It was found that the same red complex material could
be produced by fefluxing pure carbon tetrachlorideAin the
presence of pure aluminum, This red ﬁaterial first appeared
after refluxing for about 8% minutes, but it Was.necessary to
reflux for several hours to produce the same amount formed in
a few minutes in the cutting chamber with the bulk of the flu-
id at room teﬁperature.

In order to make sure that no secondary reaction took
place between aluminum and hexachlorethane, pure aluminum was
subjected to hexachlorethane vapors at 160°C under high vacuum,
No reaction ﬁas found to take place.

In order to find out what happens when caloroform reacts
with aluminum, severazl small aluminum discs were refluxed with
pure chloroform, There was no evidence of a reaction for the
first 24 hours. After this period of time, the liguid at»first
turned pink and then rapidly grew black., The time required for

- the reaction to go to'completion depends upon the size of the
aluminum employed. For 1/4 inch diameter aluminum discs, the
total reaction time is about ten hours.. Upon making anﬁanalysis,

only two products were found, namely carbon and aluminum chloride.
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The carbon is formed in the ratio of two parts of carbon
by weight to three parts of aluminum, thus indicating the

«following overall reaction
?
3CHCL, + 241 —= 24A1Clz + 3HCL +3C
This reaction is very interesting because it is quantitative
and the reaction products are extremely simple. Inc;dentally,
this reaction offers an excellent method of preparing abso-
lutely anhydrous aluminum chloride for use in a reaction such
as the Friedel-Crafts., |
In carrying out the above reaction, it is necessary thaﬁ
the chloroform used have no trace of ethanol (usually present -
in chlorofprm as 8 stabilizer), otherwise the reactibn~is very
sluggish or will not even start, ZEthanol is easily removed
from the chloroform by washing it with water several times,

E)
o [P %

The reaction described above occurred whether refluxing was Wk #

e o

W

carried out in an atmosphere of air or nitrogen. ;
: Wd (7

{

When aluminum was cut at 4.85 inches per minute’using
the improved planer apparatus and a heatéd tool; chloroform
was found to leave s considerable black deposit., Vhen chloro-
form vapor was used in place of the liquid,~the eatire cut
surface was covered with a black deposit while the sides of
~the work piece did not change in appearance.

When aluminum was cut in the presence of s-tetrachlor-

ethane in the fly milling apparatus, a considerable reaction
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occurred. Upon analysis, only aluminum chloride and a black

resinous gum were found as the products.

Pentachlorethane when refluxed with aluminum gave alumi=-
"num chloride and congiderable‘tetrachlorethane; However, |
when pen{athorethane was employed in the fly milling appara~
tus, no tetrachlorethane Waé produced, the only products formed

being aluminum chloride and & black tar-like gunk,

The EBEffect of Cutting Speed upon OQuantity of Chemical Product

The variation in the efficiency of carvon tetrachloride
as a cutting fluid (as measured by cutting ratio) with cutting
speed has}already been discussed. In’fig. 18, these data are
plotted and it can be seen that a minimum point occurs at a -
Speed of approximately 60 feet per minute., The tests made
with the fly milling apparatus included a series of runs in
wnich the time requiréd for the carvon tetrachioride to turn
red was noted at different speeds. Tais table is given below

in Table VIII and is plotted in fig. 24.

Table VIII
Cutting Speed Time for Ccl, to Yo, of cuts to
' /min turn red - seconds turn CGl; red
35 75 226
44 100 372
64 120 ‘ 650
95 65 , . BY2
139 o 35 ) 408
204 15 ' 259

300 | - o -
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Thé table and curve above show that there is a’maximum :
number of cuts requiréd to make the carbon tetrachloride turn
red, This maximum occurs at a cutting spéed of about 60 feet
per minute. If we assume that at all speeds, éhe Same concen-
tration of product is required to make the carbon tetrachloride
appear red, then we can say that at about 60 feet per minute,
‘the quantity of product formed perﬂcut is a minimum, . There
‘1s no doubt that the shape of fig, 24 is a. chemical phenomenon.
The similarity between fig..24 and 18 therefore offers excel-
lent evidence that the variation in cutting ratio and hence
in cutting efficiengy is governed by a chemical reaction,
A series bf tests using chloroform in the fly‘milling
apparatus indicated that this fluid behaved differently with
change in speed than did carbon tetrachloride. In a number
‘of tests, the same amount of aluminum was cut in the presence
of the same amount of chloroform, but at different speeds.
After each test, all chips and fluid were washed with Water,
~and the water titrated for 50luble chloride, ’This total
amount of soluble chloride was taken to be a meésure of the
‘extent of chemical reaction at the various sgeeds. The data
obtained is shown plotted in fig. 2b. This(ourve shows that
unlike carbon tetrachloride, chloroform doeébnot reach a mini-
mum of reaction product as the cutting speed is increased.

Thus, it would be expected that chloroform would become poorer
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and poorer as a cubting fluid as the cutting speed was in-
creased. | s
As has been previously mentioned, chemical products
were clearly vigible in‘sgygral cases after completing a low
speed cut with the impréved planer apbaratus. A number of
such 3 inch specimens holding deposits were preserved, and are
shown photographed in fig. 26. This photograph does not re-
- veal much, but the presence of a considerable deposit is
evident in several cases, The surfaces and deposits pro-
duced using carbon tetrachloride and chloroform vapors ére
also shown, It should be noted that the uncut sides of
these specimens remained'bright and were absolutely unat-
tacked by thé fépors, while the freshly cut area reacted

considerably with the vapors.

Tests with Alcohols

It nas already been mentioned that the preliminary in-~
vestigation showed that the cutting ratio increased with the
chain length of the alcohols tested, While these compounds’
'show little promise as practical cutting filuids, they have
proved to be very beneficial in presenting sevefal interest-
ing cutting fluid phenomena. Very pure samples of the alco -
hols were used in the work to be described., It was found that

the action of the alcohols was very sensitive to impurities,
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. Tool And Work At Room A7émpefa/‘w"é
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Pentachlorethane S. Tetrachlorettane

[B-Trichlorethane

Metryl C hloroforsy
Sem—
| e

© Ethylidene 0)‘6/)/&/‘0’9

Lthylene Dichloride

Carbors Totrachloride

Too! And Work Heated
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" Carbon Tetrachloride lapor . " Chloraform Vapor

Fig. 26: Chemical Deposits Visible on Aluminum Surfaces
Cut at Low Speed in the Presence of Several
Organic Liquids and Vapors
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For exsmple, a sample of n.octanol, known to contain'an
impurity not separable by fractionation, gave results which
did not check those prgdicted by previous resultsywith other
alcohols, When a new sample was obtained, prepared in a
different maaner and ﬁbt containing the persistent impurity,
this material gave a result quite in agreement with tne other
alcohols, Thus, the purity of the compound used in a cutting
test is of vital.importance,
- An actual chemical product was never detected in any of
- the cutting tests using alcohols. This, however, does-not‘
prove that a chemical reaction could not have occurred. It
is rather to be expected that in general, the reaction product
will be detecfable with great difficulty. The reaction will
probably cease as‘soon as tue cut is completed, either%beqause
the reaction is not autocatlytic, and stops as soon as tae
surface temperature and pressure return to nbrmal, or because
the reaction product takes the form of a cbntinuous film which
renders the metal surfacé inert to further chemical attack
(just as the layer of aluninum oxide renders an aluminum surface
relatively stable and inert to chemical attack), If such be the
case, the total amount of product present on the chips will be
quite small and may defy detection by means less sensitive
than electron diffraction., |
Seligman and Williams (82) have*étated that anhydrous, nor-

mal, primary alcohols attack aluminum at high temperatures.
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These authors claim that minute qﬁantities of water are suf-
~ficient to prevent the attack or to stop it once it has started.
The preparation of aluminum isopropylate nas received consi-
derable attention because of its use in the MeérweinoPonndorf
Reduction. It is often quite troublesome to start the reaction
in the preparation of aluminum isopropylate. This reaction is
autocatalytic and once started, proceeds without difficulty.
It may be that the vresence of small amouﬁtsof moisture. in the
alcohol stop the reaction by oxidizing the freshly cut alumi-
num surface, The fact that the alconalties have dehydrating
properties may then account for the autocztalytic feature of
the reaction of aluminum with alcohol, L

Alternation of Chemical Properties of liembers of Homologous
Series Having Even and 0dd Numbers of Carbon Atoms

When bure, normal monohydric alcohols were tested in the
simple planer apparatus, the cutting force was found td alter-
‘nate with the use of successive members of the alconol series,
Fig. 27 was obtained by plotting the cutting force agsinst tue

- number of carbon atoms in the alcohol cnain,

Wnile there are many references in the literature\to.the
periodic variation of such properties as melting point, viscosi-
1y, heat and entropy of crystallization, molecﬁlar volume and
cher physical properties df successive members of’homblogous
series, little has been reported conceraning similar veriodic

alternations of chemical properties (47), -
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Challenor and Thorpe (33) have mentioned that they ob-
served a difference in the ease With Whigh even and odd meme
bers of the dibasic acid series were o‘idized. A borderling
case, wnich may be cogg%@gggd either physical‘or chemical in
néture, is reported b& Biltz and‘Balz (l4),mﬁhq mgasured the .
dissocliation pressure of vérious ammonia salts and found that
these pressures alternated as the series was ascended,

An excellent example of the alternation of chemical pro-
perties in a series is given by the yields of somé Grignard
reagents produced from alkyl iodides as_réported by Gilman and
MeCracken (48). These authors draw attention to the apparent
irregularity of their data, They consider the phenomenonkof
alternating properties of even and odd numberedkmembers ofvan
homologous seriesvas a possible explanation of this irregulari-
ty, but seemingly discard it because the yield of ethylmagnesi~
um iodide is not in égreement with the general éven - odd vari-~
ation, This anomalyvshould not be greatly streésed since the
first and second members of such series often Dbehave different~
1y than the subsequent members would indicate.‘ In fig. 28,
these yields are plotted against the number of carbon atoms in
the alkyl chain, The value for ethylmagnesium iocdide was ob-
tained from an article by Gilman and Meyers (49).» _ |

Applying the chemico-physical theory of cutting fluid a.c*t-;
ion to explain this alternation, we find that the‘alcohbls hav-
ing an odd number of carbon atoms in their chain must be the

more chemically reactive since they are the more efficient in
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this particular méﬁa¢5éuﬁtiﬁ§ operation., The Lact that the
alkyl‘iodideé havin anuoda number of carbon atoms in tnelr
cnaln give better yields than those having an even number of
carbon atoms, 1ndlcmtes +hat here, too, tne compounds hav-

ing an odd number of carbon atoms are more reachlve chemically.

Photomicrograpns of the aluminum surfaces produced with
several alcohols are shown in fig, 29. These photomicrographs
are all at a magnification of forty times, and in producing
the surfaces, all variables were kept constant except the filu-
bid used, The manner in which the built-up edge fragmenis on
the surface decrease in both size and number as the chain
length is ascended is readily apparent,

Tests were also made with several pure isomers of the
normal primary alcohols, These isomers all gave cutting ra-
tios less than the value corresponding to the normal compound
of the same molecular weight, The length‘of the longest side
chain seemed to be the important consideration in attempting

to correlate the action of the various isomers,

Benzene - Alcohol Mixture

In the‘course of the alecohol investigation, various mix-
tures of alcohols and benzene were emnloyed‘~ Tne mixtures of
n, dccanol and benzene proved to be .the most interesting, Fig
30 shows tne variagtion in cutting ratlo observed with mixtures

of n.decanol in benzene Tanging from 0 to 100% decanol, The
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Pig. Zé-a: Aluminum Surface Formed Using Distilled
Water as the Cutting Fluid

Fig. 29-b: Aluminum Surface Formed Using Ethanol as
the Cutting Fluid |
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Fig, 29-c: Aluminuzg Surface Formed Using n.Butanol
: — 7 as’'the Cutting Fluid
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Fig, 29-d; Aluminum Surface Formed Using n.Decanol
as the Cutting Fluid
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chips produced in each case are shown opposite the concentra~
tion of the mixture used, R | |
| Below a concentration of 7% ﬁ,decanol in benzene, it was
found that the chip produced was not at all uniform,. The
thickness of the chip véried periodically‘and on closer exami-
nétion, the finisned surface was foﬁnd tb be alﬁernately.rough
énd smooth with a period the same as that of the thickness
variafion. Thé cutting force likewise fluctuated periodically;
This ?henomenon first appeared at a cbncent:atiom of 7% n.de-
canol in benzene, was most pronounced at 5%,.and»finally dis-
appeared at a concentration of 1%.

An'enlarged drawing of one of the chips and of the cor-
responding surface produced Wiﬁh a coﬁcentration of 3% n.,de-
cénol in benzene is Shown in fig, 31, The cutting force maxi-

';ma and minima are indicated at the points where'they were ob-
served, and the periodic rough spots oan the surface are also
indicated. A time scéle is included and it canbbe seen that

“the period of the fluctuation is about six seconds, Photomi-
crographs of the rough and smoqtﬁ'portions of the surface are
shown in fig; 32, Tests were also made in which o.xylene was
used in place of benzene; a similar fluctuation of cutting force
was observed. |

The periodic variation of cutting force, chip thickness,

~and surface smoothness described abdve can be readily explained

in terms of the chemico-physical theory of cuttihg fluid action,
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Flg. 52-3.- Rough Portion of Surface Formed Us:mo 3%
- e “neDecanol in Benzene -

Fig. 32=bs Smooth Portion of Surface Formed Usmg 3%
' " ne.Decanol "in Benzene
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it is believed that this phenomenon arises from a eritical
.relatloasnlp existing between the surface temperature, the
voressure, the concentration of the actlve ingredient in the
mixture and the amount of reaction product. It is reasonable
to expect that a certain minimum quantity of low shear strength
reaction product will be requited to produce an appreciable
reduction in coefficient of friction between chip and tool,
‘and consequehtly prodﬁce a noticeable improvement in finish
and reduction in cutting force., At the beginning of a cut,
the surface temperature and the pressuré increase as tue tool
mbves anead, and in general, reach a state of equilibrium with
the rate of production of the reaction product. However, at
g critical dilution of the active ingredient, the rate of pro-
duétion of the reaction product falls off rapidly;iconsequent-
¥y, the cutting force rises sharply as at point "A" in fig. 30,
- wnere the cutting'force inéreases éuddenly with a slight de-
crease in the concentration 6f n.decaqol. In such a critical
region where a slight change in concentration causes such a
large change in cutting force, one may expect to find a state
of instability,

At the beginning of a cut, the surface temperatufe and the
pressure increase gradually to a high value. In the critical
region of 3% n.decanol in benzene, the concentration is Jjust
sufficient to produce enough reaction product for effeotivé cut-

ting fluid action, when this high surface ﬁémperature and pres-
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sure are attained, thus decreasing the frictional resistance
and.the cutting force. At this reduced cutting force, the
temperature and pressure are decreased and thus the quantity
of the chemical product formed is insufficient for effective
cutting fluid action-to continue; therefore, the pressure and
surface temperature once more increase. This cyele will be |
repeated periodically,

The fact that the period of the fluctuations deécribed
above is as long as six seconds, eliminates any possibility
of this‘phenomenon being due to chatter or to any other period-
ic variation of the mechanical system,

A few tests were made with O~Xylene as the solvent in or-
der to ascertain whether the raﬁe of evaporation of the solvent
would have any effect upon the observed fluctuation. ILike ben-
zene, o-xylene is a poor cutting fluid, buu 1t is much less
volatile. The fact that the same period of fluctuatlon was- Ob-
served when o-xylene was used in place of the bénzene,‘shows
that this effect is independent of the volatility of the sol-

- vent employed, |

Benzene gives worse results in cutting steel or. alumlnumk
 than those produced by cutting Wlth a dry tool, This observation
may at first seem unusual but can be readily explained. A dry‘
tool or one operating in an atmosphere of air has present on
its surface an organic film condensed frdm the air.‘ This film

prevents the tool from adhering as stroﬁgly td the chipkas
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might be the case if no such film were preéent. Benzene, be-
ing a good solvent for organic matter, helps to produce a.
‘clean tool when it is used as a cutﬁing'fluid and thug,a sur-
face produced in the presence of bénzene will be worse than
one made with a dry tool, Benzene will ex@lude air from the
chip tool interface and likewise, any air-borne vépors. vSuch
vapors may be capable of reacting with the chip or tool, thus
producing a certain‘reduction in frictional resistance, By
comparing the photomicrographs shown in figs, 16 and 17, to-
gether with the cutting forces given, it éan be seen that a
poorer steel surface is formed when benzene is present thah

when a dry tool is employed,

Tests with Sulfur Compounds

In general, the organic sulfur compounds were found to be
excellent cutting fluids. Only those compounds which are known
to be very stable towardbaluminum, such as carbon disulfide,‘di-
methyl sulfate and benzene sulfonyl chloridé, proved to give
poor results, As in the case of the alcoholé, no reaction pro-
ducts were détected whén aluminum was cut in the presence of
mercaptan and disulfide in the fly milling apparatus.

A very interesting group of tests were nade with commercial
diamyl sulfide. This material is avallaole from the Sharples
Solventa Company and con31sts of & mixture of several isomers,
Diamyl sulfide proved to be such a good cutting fluid that it

was decided to fractionate some and test thevhighly purified ma-
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Table IX

terial, A sample was first rectified into five fractions as
indicated in Table IX. The values of cutting force and cut~

ting ratio given were obtained with the simple planer apparatus.

Fraction Percent -Boiling Point Cutting Eﬁttihg
No. Distilled oC at 760 mm, Yorce ~lbs  Ratio
I 25.2 190,3 - 201 109 . 227
II - 36.4 201 - 208 117 .210
Iix 52.7 208 - 244 73 . 330
iv 84,4 244 - 257 57 . 597
i 100 above 257 ,,57» b,.405
Commercial 190 - 260+ 61 385
Sample . *

tus,
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Each of the lasﬁythree portions were then’refractionated
with the results given in Table X, The distillation curve for
‘diamyl sulfide is shown in fig, 33, This cu;vé indicates
that at least three substances are present. The cuﬁting data

given in Table X was obtained from the improved planer appara-
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Iable X .
Fraction Percent Boiling Point Cuttiﬁg éoefficieﬁt
No. Distilled 0¢c at 760 mm Ratio of frietion
1 23.2 190.3 ~ 201 0.273 10,482
11 36.4 201 - 208 ©0.257 0.498
IIT 52.7 208 - 244 0.423 0.269
v 84.4 . 244 - 257 0.447  0.232
v 100 above 257 - -
I1I-1 41.6 205 - 210 0.287 0.442
III-2 46.1 210 - 213 0.270  0.458
III-3 51,6 213 - 219 0,323 0.423
I1I1-4 52.7 219 - 227 0.425  0.274
V-1 . 59.6 219 - 238 0.447 0.2453
V-2 67.5 2386..- 246 0.450 0.235
V-3 70,6 246 - 247 0.450 0.235
IV-4 77.0 247 - 249 0.447  0.235
IV-5 84,4 249 - 252 0.450  0.235
V-l 87.0 251 - 256.5 . 0.440 0.232
= 93.8 256.5 - 258 0.440 0,225
V-3 98,3 258 - 262 0.447 0.216
The coefficients of friction and cutting‘;'vx;‘_é}cio values,
from tes;zs with several of the fraction_s are plotted against
the mean boiling point of the fraction in fig. 54.' It is evi;
dent also from this figure that the coefficient of friction |
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varies inversely as the cutting ratio and that the same
slight changes in the properties of a~fluid are showm by
each of these variables. The figure also shows that little
is gained in the performance of this cuttingkfluid above a 
boiling point of 225°C. The lower boiling half of the ma- =
terial is quite ineffective as a cutting fluid while the |
higher boiling half is good. Littlekmore ¢an be said about
these tests since little is known of the exact chemiéal
structure of the fluid, However, thesé téstsAdo‘show‘the
sensitivity of this test procedure to slight changés'in the

structure of a compound.,

Mechanical Synthesis

The first indication that Egggggl chemical reactions oc-
cur when metai is cuﬁ;in the presence of certain cutﬁing flu-
ids was supplied by the slow speed cutting tests with carbon
tetrachlbride, chloroform and pentachlorethane, In thésektests,
visible amounts of chemical products were formed. While the
‘existence of unusual reactions was observed‘as stated above,
the power and uniqueness of these reaétions:were not‘fully‘
rezlized until after the first few runs had been made with the
fly milling apparatus. At this time, thé writer conceivedvthe
idea that a device similar to this test‘equipment might feasib-
1y be used in the synthesis of chemical compounds.

There are many organo-metallic reactions in which the use

v
§

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



+t
riart

+
gt

¢

14
L 4 B

g

ission.

ited without perm

hi

ion pro

Further reproduct

f the copyright owner.

ISsion O

produced with perm




~313~.
Fda TR R N £  a

of a mechanical dev1ee s1m1lar to the fly milling apparatus
could be used to advantage. Such a chemical process in Whlcn
a nascent metallic or non-metallic surface is created, accom-

- panied by high localized temperature and pressure, may be

. called "Hethanical Synthesis",
The power and unigueness of mechanical syntheses may be

attributed to0 several causes.

l. This method provides a means for producing very hlgh
pressures up to the hardness of the material being cut.
These pressures can locally far exceed any now avail-
able to carry out chemical processes (such as in an

autoclave),

2, The temperature available for a reaction is controllable
over a large range by the easgy variation of cutting speed,
This local temperature at or near the cutting point is .
limited only by the melting point of the metal being cut.

3. Another important feature of this new type of chemical
device is the production of clean, freshly cut metal.
surfaces which can contact only the material with which
they are intended to react. These nascent surfaces are
in a highly reactive state at the moment in which they
are produced and thus are capable of many reactions waich
will not take place under other conditions where the
cutting process is seperated from the reacting process.

Materials which enter into org ano-metw111c reacn10ns and
which may lend themselves advantageously %o mécnanlcal syntnesms
include: magnesium, zinc, caleium, aluminum, lithium, copper
and silver, The vest known of the organoc-metallic reaétions is
the Grignard reaction. This reaction has made accessible fo the
chemist a large number of compounds hitherto available only through
_ﬁhe use of very tedious methods and costly chemicals and, in

some cases, the Grignard reaction has made possible compounds

which could not be prepared at all by the methods previously known,
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| At present,in carrying out the Grié;na,rd rgactioh, it is
very important to keep all apparatus and reagents strictly»an~
aydrous., A trace of water will prevent nearly all Grignard
reactions from starting. Using the fly milling apparatus, a
test has been made in which magnesium was cut in the presence
of = mixturé of phenyl bromide and diethyl ether. The ether
ﬁsed was not specially dried but was of ordinary commercial
grade. At first, the fluid mixture turned milky as the ini-
~tial phenyllmagnesium bromide was hydrolized bﬁt when all wa~
‘ter had been used up, the reaction proceeded Just as though
dry ether had been employed.
A good grade of magneslum, freshly cut, is generally used.
For many of the more difficult reactions, alloys of specially
catalyzed magnesium are employed, Catalgsts, wanich may contami-
hate the product'ﬁust often be added in order to get the reac-
tion started, | |
Concerning the industrial use of the Grigaard reaction,
Vest and Gilman (92) have written, "Shortly after the discovery
of the reaction (1900) several patents were‘taken but, covering
1ts application to the synthesis of compounds of poss1nle techa
nlcal importance., It is not known how useful tne reacelon has
been found in industry, but from its nature, it would appear

that it must always be used in comparatively small scale operag-

tions,® The above statement is quite true as far as the pre-
sent method of syntihesis is concerned, for here gz batch process

is employed, The size of the batch is glso limited by the dan-
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ger involved in handling large quantities of highly inflammable
.ether. However, by using a device such as the fly milling
apparatus, the reaction may be made continuous.

In getting the ordinary reaction to start, the mixture
mist be heated appreciably. Once starited, the autocatalytic
reaction is endothermic and the flask must be cooled in order
to keep the reaction under control. This problem of control
is another point of inconvenience of the conventional Grig-
nard reaction. Vhen magnesium was cut in the fl& milling ap-
paratus, in the presence of phenyl tromide in ether solution,
the céntrol was excellent, As fast as the chips were formed,
they were completely consumed by the reaction., Few chips
reached the bottom of the cutting chamber, so rapid was their
rate of reaction., However, despite this rapid reactidn raté,
the temperature éf the body of the fluid never'rése'to nore
than a few degrees above room temperature., Al nq‘ﬁime did the
reaction become violent. A positive test was obéained for the
Grignard reagent when magnesium was cut in a pﬁeﬁ&l chlorids =~
ether solution, This reaction is practically impossible to
cerry out by ordinary means using the chloride, aad thus it is
seen that it is feasible that reactions not possible b& ordi-
nary methods may be accomplished by mechanical synthesis.

There are thus seen to be many apparent advantages for

employing a mechanical method of synthesis. These advantages
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may be summarized as follows:
1. The process may be made continuous.
2. Cheaper reagents can be used.
3. Reaction time may be reduced.
4, Special magnesium alloys and catalystis need not be used,

5, Base of control - the temperature of the dbulk of the
material does not rise gpprecisbly during the reaction,

6, Reactions may be carried out which caanot be accomplished
by ordinary means,

Upon closer examination and investigation, many more ad-
‘vantages may be uncovered, The above discussion has been cen-
tered chiefly around the Grignard reaction., NMany other dif-
ferent types of reactions involving metals should be invésti#
gated, The investigation of the possibility of mechanical syn-
tunesis is an extremely interesting and promising field, and it

- should be investigated further.
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Summary

The purpose of this investigation was to study many
phases of cutting fluid action and to establish a more ra-
tional and more fundamental theory than had previously ex~
isted. Thé experinental method was employed, and the theory
was continuously altered so as to explain all observed pneno-
mena. Aluminum was used in the greater part of this work be-
cause it gave widely different results for good and}poor flu-~
ids and because it is a chemical element, ZLess extensive tests
were made using various steels, brasses, lead,.éopper and iron.
Numerous organic chemicals were ﬁested as cutting fluids, giv-
ing widely different results.

Two types of tests were émployed. In the first type,
metal was cut in the presence of a fluid, the cuttiﬁg force,
chip length and shape, and surface gquality being the variables
studied, The chip length was found to be a good1measure‘of
the efficiency of cutting, a long chip being desirable. 1In
the second type of test, the metal was cut in a élosed chamber
in such a way that the small amount of fluid employed could be
recovered for chemical anslysis. |

‘Several experiments are described which are readlily ex-
~plained in terms of the proposed chemico;physicaiktheory of
cutting fiuid action. Some of these p@enomena'can be satis-
‘fgctorily explained only in terms of this theorj. “Several

generalizations are given concerniag the relative abilities
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of different homologous series when used as cutting agents.,
*,The cutting speed, surface condiiion (amount of work harden-
8 ing and the effect of directional properties), and the kind
of metal cﬁt all influence the action of a specific cuttin
fluid. ihe role of these three variables is discussed from
kﬁhe chemical point.of view,

Direct évidence of chemical reactions occurring between
the newly cut metal and tiae cutting fluid was obsexved in se-
veral instances during this investization, 'Someiof these re-
actions were studied in detail,

The presence of a low shear strength alumlnum nalide be—
tween the chip and the tool is advantageous, 1hevbehaviour
of the chlorinated hydrocarbons when refluxed with aluminum,
together with the results of the two kinds of cutting tests
in which aluminum. is cut in the presence of the fluidg, have
been sSuccessfully correlated, It is seen that thﬁse compounds
‘which react with the metal are oﬂtter cutting fiuids +han those
which do not react,

Vaporized fiuids ﬁe:e found to be effective, and in the
case of carbon tetrachloride the Tapor was more effective than

the liquid. The fact that g cutting fluid need not be a liquid

may prove to be of great practical importance, It is feaéible'
that all cutting fluids are vaporized before Yeaching the zone
of action,

A zig-zag curve wag obtained when tne force required to

cut alumlnum was plotted against the chain length of normal pri-
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mary monohydric alcohols. This phenomenon has been compared
‘with data, published by Gilman and Others, for yields of Grig-
nard reagents prepared from normal alkyl iodides. The writer
observed in Both cases that the compounds having an odd number
of carbon atoms are more reactive than those'having an even

number of carbon atoms,

There is not much in the literature conderning the fun-~
damental nature of cutting fluid action. The geﬁeral belief
has been that cutting fluids act to advantage because of the
lubricating ability they poséess. In the opinion of the writer,
the extremely high pressures reached in metal cutting, togeth-
er with the geometry of the metal cutting process, preclude
any chance of the existence of.a hydrbdynamic film. The con-
ditions existing in a metal cutting process are rather those

of very extreme Yboundary lubricationt,

H. Blok has divided the hugé field of boundéfy lubrication
into four regions, corrssponding to the four possible combina—
tions of high and low temperature and pressure, The chief re-
'quisite for an effective fluid in the two low pressure regions

-

is that the compound be highly volar and capablé of being strong- .
1y bonded‘to the sliding surfaces. The writer considers a dif-
ferent mechanism to hold for the two high pressure regions.

Under high local pressure and temperature, it is quite feasible

that certain fluids will react with the metal, giving a reaction

product between the sliding surfaces. Organo-metallic compounds
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or.metal salts are generally solids and are thus capable of
’Withstanding higher pressures than liquids, In this theory,
the criterion of importance is the shear strehgth_ofkthe,metal
salt relative to that of the metal. In general, meta}'cbm-
pounds have lower shear strengths than the corresponding me=
tals, and hence, the cutting force will be reduced if metal to
metal contact is decreased by the presence of a metal compound
between the sliding surfaces.

It has now been found that in addition to temperature and
‘pressure, a third variable should be counsidered in the classi-
fication of boundary lubricants., This third variable is the
amount of fresh surfoce produced, The amount of nascent sur-
face present has an important bearing upon the chemical reaé—
tion taking place between the metal and the fluid, In ordinary
boundary lubrication, the amount of fresh surface formed is a
minimum since the actual area of contact is smallf In metal
cutting, the amount of nascent surface pfoduced is a maximum’
since the entire under side of the chip is new 1J formea.

It 1s now clear that cutting fluid actlon occuples a small
portion of the huge field of boundary lubrication. lietal cut~.
ting involves pressurss up to the hardness of the ﬁetal cut,
surface temperatures up to the melting point of thg metal, and
maxima of newly formed and highly actlve metal surface. The
mechanism of cutting fluid action descrlopd above is termed
chemico-physical because the action is initiated by a chemical

reaction between the fluid and the nascent surface andvis fol-
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lowed by a decrease in frictional resistance accounted for
- by the relative shear strengths of the metal compound and
the metal,

A very important ocutgrowth of the cutting fluid investi-
gation is the possibility of employing a cutting apparétus to
produce organo-metallic compounds by cutting the metal under
the liguid reactant, This new method of carrying outkchemi-
cal reactions is called "mechanical synthesis?. The several
acvantages of mechanical synthesis have been disousséd; and

its possibilities are promising,
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