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Tool Wear Damage Caused By
Abundant Emulsion in Milling
Operation of PH Stainless Steel

The use of cutting fluid in milling operations causes increase of temperature variation on
the tool and may cause decrease of tool life. However, sometimes its use is necessary due
to possible deleterious influence the temperature increase may have on the workpiece.
Therefore, it is important to make fluid less harmful for the tool. In this work, two
alternatives were tried: the application of emulsion internally to the tool, forcing it to get
closer to the cutting edge and the use of an emulsion with higher concentration, trying to
increase the lubrication and decrease the fluid cooling capacity. These alternatives were
experimented in the face milling operation of stainless steel used in the aeronautic industry
(where workpiece damage must be avoided) and were compared to the usual way of fluid
application (externally to the tool and with lower concentration) and also to dry cutting, in
two different cutting speeds. Tool wear damage was analyzed. The main conclusions were:
a) dry cutting generated longer tool lives than cutting with emulsion no matter the way of
application and the fluid concentration; b) tool wear mechanism which caused the end of
tool life was attrition for dry cutting and cracks and chippings of thermal origin for cutting
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Introduction

The costs related to the use of cutting fluid, Wwhian reach up
to 17% of the total manufacturing costs, the rifksthe operator
health and the growing rigidity of the ecologicalws have forced
industries to make their productions less and Begendant of
cutting fluids. Several ways have been tried latelyreduce the
inconvenient of cutting fluid use. One of themhis dry cutting, in
which cutting fluid is eliminated from the proce€bviously, this
solution takes out the process the cutting fluishdfigs like tool
lubrication and cooling and also chip removal fréhe cutting
region. Therefore, the use of dry cutting must balyzed in each
specific situation. In milling processes, for imsta, the use of water
based cutting fluid, which has high cooling capaditut low
lubrication capacity, increases the tool tempeeatariation in each
tool revolution and, usually, contributes to ther@ase of cracks of
thermal origin. In the other hand, some times tingirgy fluid must
be applied to the process to protect the workpieoa an excessive
heating and, therefore, to avoid either metallagatamages to the
workpiece surface or deformation of workpiece thialls. This
work verifies whether the way of fluid applicatidmternally or
externally to the tool) and the emulsion concerdrainfluences
tool life and tool wear mechanism. Moreover, itcatlemonstrates
the damages the use of abundant water based culftiidy
(vegetable emulsion) brings to the tool in the imgjlof precipitation
hardened stainless steels (used in aeronauticalstines) with
carbide inserts. All the experiments were carrietlio two different
cutting speeds and their results were comparetidcexperiments
using dry cutting.

Cutting Fluid Application in Continuous and I nterrupted
M achining Processes

In continuous machining processes like turningrition is
harmed, because it is difficult for the fluid taoh the chip-tool and
workpiece-tool interfaces in order to decrease thietion
coefficient. According to Kalpakjian (1991) the ifluis dragged
inside the chip-tool interface using the capillarffect caused by
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no matter the way of fluid application and the fluid concentration.

the space produced by the tool surface roughnesst, may have a
lubricant effect. In order to penetrate in thesalsspaces, the fluid
must have small molecules. According to Childsle{¥988) and
Seah et al. (1997) the contact pressure betweémndochip is very
high what blocks all the possible ways for thedlgienetration in
the tool-chip contact region. What occurs in mostases is and
indirect cooling, since the fluid removes heat frthra chip surface,
from the workpiece and from the tool exposed todhietact with it.
Trent and Wright (2000) affirmed that in areas eizare between
chip and tool there is no possible access of ealigrrapplied
lubricants to most of the interface. Thereforet jnghe periphery of
the contact between chip and tool, where slidinguos; the fluid
penetration is possible.

Then, in continuous cutting cooling must be thermgoal of
fluid application, instead of lubrication and, tefare, the use of
water based cutting fluids usually brings benefitsthe process.
Diniz and Micaroni (2002) carried out several expents in
different cutting conditions (typical of finish ting), using water
based cutting fluid in turning process of AISI 1tBel with coated
carbide tool. In all cutting conditions tool livesbtained in the
experiments with abundant cutting fluid were conaplawith those
obtained with dry cutting. Their main conclusiongre. a) the
abundant cutting fluid provided longer tool livésih dry cutting in
all cutting conditions tried; b) in order to makmok life obtained
with dry cutting closer to that obtained with abantcutting fluid,
it is necessary to decrease cutting speed, incfeadeand tool nose
radius.

In processes with interrupted cutting like millingpoling may
be deleterious for tool life. When a cutting edgen contact with
the workpiece performing the cut, its temperatureréases. When
this cutting edge leaves the contact with the wiadg in each
revolution, it rotates with high velocity in ther din the case of dry
cutting) and cools down. This cooling is higher whaitting fluid is
being used (especially water based cutting fluigxt, it enters
again in contact with the workpiece in order tofpen the cut in
the next revolution and heats again. This cyclicaiation of the
tool temperature, which occurs many times a secmpbnding on
the tool revolution, generates thermal stresseth@mool, which can
cause cracks on the cutting edge. Therefore, whdiide tools are
used in milling operations, most of times dry autprovides longer
tool life than cutting with abundant water basetting fluid (Diniz
et all., 2006; De Mello et all., 2000).
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In the other hand, lubrication is facilitated inlimg operations,
since when the cutting edge is rotating in theiraieach revolution
and receives a certain amount of fluid with highbrioation
capacity, it is able to bring this fluid to theeénfiaces chip-tool and
tool-workpiece in order to perform the lubricatiaction. Therefore,
it would be interesting to use neat oil in thiskiof process. But,
neat oil has its disadvantages. Among them, itbeanited that it is
more expensive than the water based fluid andrtieks produced
by it spreads in the air surrounding the machinéd aray cause
health problems to the people who work in this ssrvinent (Salles
et all., 2000). Other alternatives may be the u$eaohigh
concentrated water based fluid, with smaller caplaapacity and
higher lubrication capacity and to apply the fluidernally to the
tool, in an attempt to to reach the chip-tool andrikpiece-tool
interfaces. These alternatives are going to berewpated in this
work.

The workpiece material used in the experimentshaf work
was the 15-5PH stainless steel. This material Ha®ad use in the
aeronautic industry. In this kind of industry itusual to perform all
the machining operations with abundant cuttingdflun order to
avoid any metallurgical damage to the workpieceenewith the
consequent decrease of tool life. This is anotleaseon to try
alternatives to the usual way of applying waterebasutting fluid
which is the application of a low concentration ésian externally
to the tool. The goal is to have a cutting fluidhwhigher lubrication
capacity applied closer to the interfaces, in ortdekeep tool life
similar to that obtained in dry cutting, withoutatieg the workpiece
so much.

This work verifies whether the way of fluid appliican (internal
or externally to the tool) and the emulsion conraidn influence
tool life and tool wear mechanism. Moreover, ibalfemonstrates
the damages the use of abundant water based cfltiithg
(vegetable emulsion) brings to the tool in the imgjlof precipitation
hardened stainless steels (used in aeronauticastriels) with
carbide inserts. All the experiments were carrietlio two different
cutting speeds and their results were comparedaetexperiments
using dry cutting.

M aterials, Equipments and M ethods

The workpiece material used in the experiments thas15-5
precipitation hardened martensitic stainless stital hardness of 31
+ 1 HRc. The workpiece dimensions were 355 mm oftle x 205
mm of width x 75 mm of height.

The tool used in the experiments was an end mil widexable
inserts with 19.05 mm of diameter and 2 cutting esdgThe
cemented carbide inserts (ISO grade M20-M40) haduastrate
WC plus Co and were coated with TiAIN (deposited BYD
process — Physical Deposition Vapor). The tool maséus was 0.4
mm.

The experiments were carried out in a CNC vertigathining
center, with available power in the spindle of 22.k
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machine-tool for the milling of a new set of passksis procedure
was repeated up to the point the tool reachediterion of tool life
(maximum flank wear W¥max = 0.2 mm).

The cutting fluid, when used, was a flood of vepktail based
emulsion. Two concentrations of the emulsion wesedu(7 and
12%) with two different ways of fluid applicationn{ernally and
externally to the tool). The cutting fluid flow eawvas 45 I/min when
applied externally and 22,5 I/min when applied lin&dly to the tool
(with high pressure — 70 bars). The results of éhesperiments
were compared to the results of dry cutting expenits. Moreover,
two different cutting speeds were used=w20 and 140 m/min.

Each experiment was carried out twice. The orderthaf
experiments was randomly chosen.

The performance of the cooling/lubrication conditiaovas
evaluated through the tool life obtained under eamidition.

The parameters kept constant in all experimentewexdial
depth of cut — 13.33 mm (70% of the diameter of ihik); axial
depth of cut — 4 mm and feed per tooth — 0.12 mm.

Results and Discussions

Figure 1 shows tool lives (in volume of chip remdyéor all
experiments carried out.
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Figure 1. Tool lives for all the experiments.

Some points have to be analyzed in this figureha)difference
between dry cutting tool life and tool lives of tleattings with
abundant fluid is very high. Tool life for dry cimty was, at least,
3.5 times bigger than those obtained when aburfiladtwas used.
Because these experiments were carried out witghadepth of cut
(4 mm), the heat generation during each revolutibthe tool was
also high. Therefore, the cutting edge temperathen it left the
cut in each revolution was high. So, its contadhwthe fluid was
very deleterious, because it caused a large drophef tool

Tool flank wear was measured several times durihg t temperature, which was repeated in each tool réeolub) the way

experiments using a stereoscope microscope (withinmaan
magnification of 50 times) connected to an imagpuésition system

of fluid application (either internal or externally the tool) did not
influence tool life. The high pressure fluid inject internally to the

composed of CCD camera and a computer with an imadeol with low flow rate did not generate longer ltdives, because,

acquisition software.

Aiming to explain the tool wear behaviour, aftee thnd of the
experiments pictures of the worn tools were takeraiScanning
Electron Microscope (SEM). In the same microscopegergy
Disperse Spectroscope (EDS) analysis were cartied o

All the experiments were carried out using downlirmdl with
passes executed in the longitudinal direction efitlorkpiece. After
5 consecutive milling passes, tool flank wear wasasared. This
measurement was made in each one of the threagettiges. After
the wear measurement, the tool was assembled d&gaithe
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even having the fluid applied closer to the chiptiaterface than in
the external application, it was not able to peatetin the contact
region in order to have any lubricant effect. Mare the fluid
flooded all the workpiece and, consequently, haé game
deleterious cooling effect of the external applmat c) as it was
expected, the increase of cutting speed cause@aerof tool life.
However, when dry cutting was used, this decreaselass intense
(around 25%) than when abundant fluid was used (88étease for
7% of concentration and 37% decrease for 12% ofeatnation).
The higher the cutting speed, the higher was thepéeature
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variation caused by the fluid application, since ttting edge left
the cut with a higher temperature in each revotutio

In order to carry out an analysis of the reasonighvhenerated
this tool life behaviour, pictures of the worn teolaken in a
Scanning Electronic Microscope together with EDSules from the
tool worn land in each condition will be shown next

Figure 2 shows pictures of one of the inserts usedhe
experiment with vc = 140 m/min and dry cutting.

N e

imm WD26

(b) Magnified view of the marked region in pictye

Chemical Elements in weight (%)
Elementf W | Co Cr Fe Ni| Al Ti
EDS 0.82] 2.40{ 16.00| 76.82| 3.90| 0.07] 0.00

c) EDS analisys of the region marked on picture (b)

Figure 2. Pictures of the worn cutting edge and EDS analysis results, v,
140 m/min, dry cutting.

As can be seen in this figure, the flank wear vak#s constant
along the whole edge, but increased a lot in th@reof the end of
depth of cut. Figure 2b shows an amplified vievtto$ region and
figure 2c shows the results of the EDS analysishisiregion. This
analysis shows that the presence of a high levelesfients from the
workpiece (Cr, Fe and Ni, with more than 96% ingid) covered
all the tool substrate on that point. Other pooftthe tool flank face
also had the presence of elements from the workpieat not in
such amount as that found in the end of the deptoud The
presence of workpiece material on the tool flardefpoints out that
the chip was extruded between workpiece and cuttoige due to
the high normal pressure and the high ductilityhef stainless steel.
This extrusion was stimulated by the fact thatahiing edge radius
was 45um and the feed per tooh was 12® which generated, for
the tool diameter and axial depth of cut used, eerame chip
thickness of 85um. Therefore, a great portion of the chip was

generated on the edge radius region, which presewtsy negative Figure 3. Pictures of the worn cutting edge and EDS analysis results. vc
120 m/min,
concentration.

rake angle, what increase even more the normasyresAdding to
this the fact that the workpiece material is veungtde and it is in
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high temperature due to the dry cutting, all thexditons are
suitable for the extrusion of the chip through iogitedge and
workpiece. This extruded material adhered to tlamkilface and
caused the tool wear through the mechanism cajletrént (2004)
as attrition. The adhered material was cyclicaynoved by the
friction between tool and workpiece and, when reeshwdragged
tool particles.

The reason for the fact that the largest wear vakmirred in
the end of depth of cut region may be its stresslition, with very
high stress in one side (the side involved in thg and without
stress in the neighbour point (which is not invalwe the cut). This
stress condition made the region more sensitivihéoremoval of
particles by attrition.

Figure 3 shows the pictures of the worn cutting &mges used
in the experiments with cutting speed of 120 m/mémulsion
application internally to the tool and emulsion centration of 7%.

%20

Lmm

a) General view of insert 1

¢) Magnification of the nose radius region of pietia)

emulsion application internally to the tool, 7% of

April-June 2008, Vol. XXX, No. 2/ 135



143 T —
BB 28KV X288 1@@km WD25

LW
Magnification of the region pointed in picture)
Chemical elements in weight (%)
Element| W Co Cr Fe Ni Al Ti
EDS1 | 68.98| 12.03] 5.82] 9.47 299 0.2 0.44
EDS2 | 429 | 214| 558 21.6% 118 10.33 543

g) EDS analysis of the regions pointed in figure (e
Figure 3. (Continued).

The picture of the Fig. 3(a) shows a general vidvineert 1
where it can be seen a large chipping in the regibthe end of
depth of cut. A magnification of this region shown Fig. 3(b)
shows a large crack. The picture of the Fig. 3¢cd imagnification
of the nose radius region, where it can be seatcms typical of
abrasive wear (Trent and Wright, 2000) and, inupper right side,
some edge chippings. Along the edge abrasion aaduespecially
on the workpiece material adhered, but what rdafiited tool life
were the chippings in the end of the depth of cutdpced by
temperature variation, which initiate in the cuftedge. The picture
of the Fig. 3(d) shows a general view of the fléate of insert 2 of
the tool. It can be seen on this figure severatksgerpendicular to
the cutting edge. Part of this face was magnifiedhie picture of
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Fig. 3(e), where two cracks can be clearly seenrebMer, a large
chipping can be seen close to the crack at leftait be observed
that the chippings start around the cracks on thigng edge. The
crack at the right of the picture started on théting edge and
propagated down to the flank face, as can be sedrig. 3(f).
Comparing Fig. 3(a) and Fig. 3(d) it can be see tiie end of tool
life was caused by the higher value of tool weaineért 1, because
in insert 2 the wear was much lower. This fact shévat in insert 1
the cracks propagate more quickly and, consequehtychippings
which originated the high tool wear value also @ased fast.

Figure 3(g) shows the EDS analysis of the regionistpd in
Fig. 3(e). In the whiter region close to the cratkight (EDS 1),
mainly tool substrate material was found (81% afigsten and
cobalt), a lower amount of workpiece material agdgl8% of iron,
chromium and nickel) and also a little of tool dpgtelements
(0,71% of aluminum and titanium). In the dark regipointed as
EDS 2 (border between worn and unworn regionsuit lse seen a
large amount of coating material (65% of aluminumd &tanium),
workpiece adhered material (28% of iron, chromiund anickel)
and, in a lower amount, element from the tool aebsubstrate
(6,5% of cobalt and tungsten).

Therefore, it can be concluded that in this expent(v = 120
m/min, abundant emulsion), there was some wear edausy
abrasion, but the main cause of flank wear waspitesence of
cracks and chippings generated by temperature tigariaThis
temperature variation caused a large chipping énetfid of depth of
cut, which was the responsible for the end of tdel Based on
these analysis, this mechanism can be summarized:

¢ The cutting edge heats up when it is cutting duramg
revolution and cools down quickly, under the actairthe
emulsion, when it is not cutting in the same retiolu As
the tool revolution was bigger than 2000 RPM fprv120
m/min, this temperature variation occurred morent/33
times per second.

¢ Due to these thermal shocks, a small crack appeathe
cutting edge. This crack, as cutting time goespbgpagated
down to the flank face.

« With the crack already present, the mechanical kshoc
inherent to the milling process, added to the cauatiion of
the thermal shocks, made easier the appearance of
chippings, close to the cracks.

¢ As cutting time goes by, the cracks and chippimgseased
both, in number and size.

« A moment is reached when the cracks and chippimgs g
such proportion that a breakage of large volumethef
cutting edge happens, making the continuation @ttitting
dangerous, because the risk of a catastrophicréadfi the
insert is high.

¢ This phenomenon was more intense close to the &titto
depth of cut due to the stress condition of thafiom
submitted to a large stress in the cutting sideramdtress in
the neighbour region, which is not involved in théting.
Besides, the vicinity of this point involved in thoaitting
presents the temperature variation of the wholénguedge,
while the neighbour point outside the cutting iwals wet
by the cutting fluid and, so, remains in a lowenperature,
without large variation.

When cutting speed was increased from 120 to 140imthere
was a significant increase of the heat generatethguhe cutting
and the thermal shock on the cutting edge waslaiger. Figure 4
shows the pictures obtained in the SEM for the wentge used in
the experiment with cutting speed of 140 m/min, ksion with 7%
concentration applied externally to the tool.

ABCM
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It can be seen on Fig. 4(a) and Fig. 4(b) a lalgpping in the
end of depth of cut region. In the picture of thg. B(c), which is a
magnification of the region pointed on Fig. 4(kt)can be seen two
cracks, one in the direction parallel to the cgttuige and the other
in its perpendicular direction. The increase oftiogt speed
increases the heat input in the process and, dubetemulsion
application, the thermal shock grows, making easher crack
generation. In this environment, the crack propegydaster and
large flank wear values were reached earlier coethao what
happened with cutting speed of 120 m/min, whatteined tool life.

8816 @KU %20 L WD26

a) General view of the insert

-
]

ure (b

Figure 4. Pictures of the worn cutting edge and EDS analysis results. v, =

140 m/min,
concentration.

emulsion application externally to the tool, 7% of
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18pn WD2E
d) Magnification of the A region of picture (a)

@19 26KU 4300

Chemical Elements in weight (%)

Element | W Co | Cr Fe Ni Al Ti

EDS1 |79.84| 9.51| 2.40 4.63| 0.63 0.81| 2.18
EDS2 | 0.00 | 0.00| 2.83 2.77 | 0.00 19.45| 74.95
EDS3 |62.41| 14.59|6.79| 14.40| 1.38| 0.42 | 0.00

e) EDS analysis of the regions pointed on figude (d
Figure 4. (Continued).

In the picture of Fig. 4(d) and in the table of .Fiffe) (EDS
analysis) it can be seen that in the region poirtedEDS 1 there
was a large amount of tool substrate elements (VGo) and, in a
smaller amount, elements from the workpiece mdtéFie, Cr and
Ni) and tool coating (Ti and Al). It can also besdfigures 4(a) and
4 (d)) that abrasion occurred along the tool flardar land (point
“A" in Fig. 4(a) which was magnified in Fig. 4(d)gince the
scratches typical of abrasive process can be seémese figures.
The EDS 3 analysis of Fig. 4(e) shows some adhemtpiece
material on the tool substrate, but no abrasiveksnean be seen on
it. In that region probably difusion was the medkan which
generated wear. The clues for this affirmation #rat a small
amount of workpiece material was present and thfase in that
region is very smooth (Trent and Wright, 2000). Bi2S 2 analysis
presents just material from the tool coating (94%oweight of
aluminium and titanium) with small amounts of matkefrom the
workpiece (less than 6% in weight of iron and chrom) and no
element from the tool substrate. This region canbeoconsidered a
worn region anymore (it is in the vicinity of thesar land) and so
the tool coating is almost intact. It is importantremember in this
point that the picture on figure 4(d) shows theamegf the cutting
edge/flank face that did not present a large vafutank wear and,
so, was not responsible for the end of tool lifeefefore, although
present, abrasion and diffusion were not direaponsible for the
end of tool life in this experiment.

Comparing Fig. 3 and Fig. 4 it can be seen thatrwtgting
speed was increased from 120 to 140 m/min the vegarincreased
but the wear mechanism was the same, i.e., cramkslappings of
thermal origin, which were more intense in the efdepth of cut
region, causing the end of tool life. In other wgralhat determined
the wear mechanism was the presence of the abuadanision and
not the cutting speed. The increase of cutting dpest accelerated
this mechanism.

Conclusions

Based in the results obtained in this work, it t@nconcluded
for the milling of the precipitation hardened stass steels with
coated carbide inserts, in conditions similar tosth used in the
experiments of this work that:

a) Dry cutting always provided longer tool livesathcutting
with abundant emulsion, no matter the fluid conaidn, the way
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of fluid application and the cutting speed. All tlatempts of
making fluid application less deleterious to theltdike applying it
internally to the tool and increase the fluid carteation did not
work.

b) The higher the cutting speed, the larger is difference
between tool lives of dry cutting and cutting widibundant
emulsion.

¢) When dry cutting was used the end of tool litsswaused by
a large tool flank wear in the end of depth of mgion. The main
mechanism which caused this large wear was attritio

d) When cutting with abundant fluid was used als® ¢nd of
tool life was caused by a large tool flank weathia end of depth of
cut region. However, in this situation the wear h@dism was
different. Abrasion and diffusion were present glahe cutting
edge, but the mechanism which led the tool torits @ life was the
cracks and chippings of thermal origin, which wpresent also on
the whole cutting edge, but were more intense erettd of depth of
cut region.
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