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Abstract. The utilization of vertical machine center has been the usual machine tool configuration in die and mould
industry. However, this configuration of machine tool introduces a technical challenge to remove chips from the deep
and narrow cavities. Water-based cutting fluids is an option for the removal of these chips, but the detrimental effects
on tool wear caused by the tool temperature variation in milling operations hinders the use of this kind of fluid. An
optional technique to remove the chipsis the so called Minimal Quantity of Lubricant (MQL). However, the effects of
MQL technique on high-speed milling of hardened steels are strongly influenced by several factors, and thus, different
results of its application are found in literature. This work aims to compare the performance of the application of MQL
technique and dry cutting in high-speed milling of AIS H13 sted (50 HR:) on tool life, tool wear and surface
roughness. Several milling experiments were carried out in semi-finish operation with coated carbide toroidal mills
and workpiece with inclined surfaces. The application of MQL technique promoted the appearance and spread of the
thermal cracks on cutting edge. These thermal cracks stimulated the microchippings on cutting edge and restricted the
tool lifetime when compared to dry cutting.
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1. INTRODUCTION

The utilization of vertical machine center has bée® common machine tool configuration in die anduld
industry. The main reason for this choice is relatethe lower price when compared with horizomtalichine center.
Moreover, the secondary processing time (time ferathd mould change on the machine table) is shaith vertical
machine center considering the use of conventideaices. However, the application of vertical maeh¢enter in die
and mould industry introduces a challenge to renahips from the cavities. Mainly in the cases wittrrow and deep
cavities, removing the chips from the cavities owniyh the airflow generated by the tool rotatiorcbmes a difficult
task. In the case that chips remain in the catitgy can be compressed against the machined sudaoeging the
finished surface or break the cutting edge (Fledsehal., 2006; Fallbdhmeet al., 2000).

The use of cutting fluid can easily remove the sHipm a cavity, even when it is deep and narrow.ti@ other
hand, the use of water-based cutting fluids, wihialie high cooling capacity, promote the tool légluction because
they stimulate thermal cracks on cutting edge. phidlem is aggravated with high-speed milling afdened steels. In
the interrupted cutting, the thermal cracks occimemv using water-based cutting fluids in functiontbé greater
temperature gradient when compared to dry cuttilsgially, the longest tool life is reached in mifjiof steels with dry
cutting (Vieiraet al., 2001).

A typical solution used to remove the chips frone ttavities in high-speed milling of hardened staslthe
application of compressed air. The compressedaaildwer cooling capacity than water-based cuftings. Therefore
the major purpose of its use is to minimize thedfiof temperature variation on cutting edge irhe@ol revolution.
Moreover, aiming to increase the lubrication cafyaand, consequently, reduce the surface frictiwh t@mperature on
tool-workpiece and tool-chip interfaces, it is pb&sto use the spray of a low quantity of oil,rmst form, together
with the stream of compressed air. This techniguknown as Minimal Quantity Lubrication - MQL (Meadfo and
Wallbank, 1997). According to Tasdelehal. (2008), MQL is a very suitable technique for shemgagement time
cutting as high-speed milling.

However, the effects of MQL technique on high-speeling of hardened steels are strongly influenbgdseveral
factors. Among these factors, it can be mentiortesl dutting parameters, tool material, machined nztend
geometry and pressure, flow and application digasfctMQL. Thus, different results with the applioat of MQL
technique on milling of steels are found in literat

Thepsonthiet al. (2009) compared the application of MQL technigpalged—jet application with 2 ml/min and
pressure of 20 MPa), dry cutting and flood coolirging a coated carbide P20 grade end-mill whildingilASSAB
DF-3 steel (chemical composition similar to AISI YOdith 51 HR.. The experiments were conducted using slot
milling, in which the tool immersion was equal teeteffective tool diameter and, therefore, hampleesremoval of
chips. They report that, at all cutting speedet$125, 150 and 175 m/min), the MQL technique prias lower flank
wear rates compared to dry and flood cutting duan§ m length of cutting. Furthermore, there wasradency to
increase the difference between MQL and other nastl{dry and flood cooling) in flank wear rates wititreasing
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cutting speed. They concluded that MQL in pulsedgem is a feasible alternative of flood coolingdadry cutting in
high-speed milling of hardened steel.

Rahmanet al. (2002) conducted experiments on the ASSAB 718 bitl steel (chemical composition similar to
P20) of 35 HR with the use of carbide tool evaluating the perfance of MQL, flood cooling and dry cutting. The
MQL technique used 8.5 ml/h applied with air pressaf 0.52 MPa. A wide range of cutting parametges used
during the experiments. However, an interestingilltes the comparison of the performance of différéorms of
cooling/lubrication depending on cutting speed. Whetting speed was 75 m/min, tool wear obtainebl@L was the
lowest among the three lubrication modes, whilé fba dry cutting was the highest. However, whetting speed
increased to 125 m/min, MQL promoted higher toodman flood cooling and, also, promoted simitarl tvear when
compared to dry cutting. The authors concluded fthak wear at low speed, low feed and low deptlewfwas lower
for MQL technique. But the use of heavy cuttinggmeters (higher cutting speed, feed per tooth @pthdof cut) is
detrimental to MQL from the flank wear point of wiend more suitable for dry cutting.

Liao et al. (2007) compared the application of MQL technigtveo(types of oils), dry cutting and flood cooling.
They performed the experiments with NAK 80 tookstghemical composition similar to P21) with 41 Héhd a wide
range of cutting parameters. The MQL technique ugechl/h applied with air pressure of 0.45 MPa.rfitbe tool life
aspect, and contrary to the results obtained bynRRatet al. (2002), the authors affirm that the improvementaafl
life, when compared MQL technique and dry cuttilsgnore significant at higher cutting speed (cgttapeed interval
from 150 to 250 m/min). According to Liaal. (2007), a possible reason for these contradictsylts between these
experiments may be due to the tool grade and oM@L used. In the prior experiment, the inferiomaheesistance
uncoated carbide tool and the highly viscous ollichr has poor cooling ability, were used, whilghe last study, the
coated carbide tool with higher heat resistancetbaail with a better cooling effect were adopted.

Two points are needed to emphasize in the predgpsriments in relation to the die and mould indudtirst, few
mould cavities have flat surfaces as used in mdet pxperimental procedures. In most cases, moaidties have
inclined surfaces, which hamper the access ofltlié $pray at cutting region. Second, differentesia for ended tool
life were used in the previous experiments. Soriter@ do not reflect the reality of die and moiidustry. Therefore,
this work aims to evaluate the influence of thel@ption of MQL technique (with two types of oilvegetal and
vegetal with Teflon additive) on tool life, tool ae and workpiece roughness when compared to dtyngutThe
experiments were conducted using a typical cuttiagameter of high-speed milling of hardened AlSBHsteel (50
HRc). This tool-steel is widely used in die and momdustry. Moreover, the milling testes were carrged in inclined
surfaces, what difficult the access of air stream.

2. MATERIAL, EQUIPMENTS AND EXPERIMENTAL PROCEDURES

The experiments were carried out in a 3-axis CNf@icad machining center with 22 kW of power in thgindle
motor and maximum tool rotation of 12,000 rpm.

The workpiece material was AISI H13 steel with 5&®&Hof hardness. Figure 1 shows the geometry of the
workpieces. The machined surfaces were designeaicgh a way that the tool could be accelerated @mueldrated
while it was outside the workpiece, thereby maimtag a constant feed velocity while the tool wagaged in cutting.
The tool's feed movement began 30 mm before ergéhia cut and ended 30 mm after leaving the caaoh pass.

Machined Surface (o = 45°)

J0
four screws to fix
the workpiece

contour milling strategy

support block

Figure 1. Geometry of the workpiece and down ndlrith contour cutting strategy
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The tool used in the experiments had two circuigeits with diameter 7 mm (code R300-0720E-PM)rsatsteel
toolholder of 12 mm (code R300-012A16L-07L) botloguwced by Sandvik Coromant. The tool was assemhled
hydraulic chuck with overhang of 70 mm. The insevese made of carbide (H15 grade - Sandvik code(@86)land
coated with multi layers of TICN and TiN depositedPVD process.

Flank wear was inspected several times duringlif@ylusing an optical microscope. Tool life wasismered ended
when flank wear reached \4B= 0.20 mm. After the end of tool life, the worrsémts were examined under a scanning
electron microscope (SEM) equipped with an energpeatsive X-ray (EDS) system in an attempt to usiderd the
wear mechanisms.

One experiment consisted of successive millinggemastwo inclined surfaces of 215 mm length showFig. 17,
interrupting the process at regular intervals ideorto measure tool flank wear and workpiece serfatighness. The
roughness profile analyses were done using a derhdiutoyo roughness tester. The experiments ooetl up to the
moment when the tool reached the end of its likeHEexperiment was carried out threefold.

The used MQL system is the Mist Coolant Equipmeotehl OS-21-AT-40 from Fuso Seiki. In this equipmehe
pressurized air arrives to the system and is resplenfor atomizing the oil near the applicationimho The mist
application used a metallic nozzle and an approterdastance of 100 mm, according to “Fig. 2”. Th@Mtechnique
used 12 mi/h applied with air pressure of 0.45 MRao types of vegetable-based integral oil wereduSascomill 42
from Blaser Swisslube, and Fin Lube AL from Interfl The latter oil contains teflon as an additivét$ composition.

MQL nozzle

Toolholder

Figure 2. MQL application device with a metalliczate

The cutting parameters used were: Cutting spegd-(800 m/min, feed per tooth, (= 0.25 mm, axial depth of cut
(8 = 0.25 mm, radial depth of cuta 0.40 mm and surface inclinatiosi) (= 45°. These conditions are also suitable
for semi-finishing milling operation of dies and uids.

All experiments were carried out using down millixgd contour cutting strategy.

3. RESULTS AND DISCUSSION
3.1. Tool life

Figure 3 shows the tool life results for all expegnts. Based on an analysis of variance and usd®§@mconfidence
interval, it can be stated that lubrication progedaffected tool life significantly. According td-1g. 3", the average
tool's lifetime with dry cutting was 61.5 minute®n the other hand, with the application of MQL teicjue and
vegetable-based integral oil — 12 ml/h and 4.5 MPaverage tool's lifetime was 38.6 minutes. Furnihere, the
application of vegetable-based integral oil witficke as an additive in its composition promotedaarrage lifetime of
43.4 minutes. Due to the standard deviation in eacldition, there is no statistical differenceadnlts lifetime, using a
confidence interval of 95%, when comparing theeatdht types of vegetable-based integral oils. Thus,average
tool’s lifetime reduction was the 37.2% and 29.4%ew comparing dry cutting with integral oil andeigtal oil with
teflon as an additive in its composition, respestiv

The MQL technique has low cooling capacity andajiplication aimed promoting lubrication at the imgtregion.
Therefore, with high lubrication and low coolingegdts, the MQL is supposed to decrease both toopéeature and
tool temperature variation. It is supposed thatdiiein mist form, would adsorb on the flank arake face of the tool
during the period in which there is no contact 4@orkpiece in each tool revolution and, during théting period,
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would lubricate the tool-chip and tool-workpieceeirfaces. So, friction would be reduced as welthes workpiece
adhesions on the cutting edge would be minimizegwéver, the experimental results demonstrated tteatMQL
application did not produce the desired effectamt’s lifetime when compared to dry cutting.
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Figure 3. Tool life results in the experiments

The shorter tool’s lifetime with the application BIQL technique disagree of results obtained by Raheb al.
(2002). The experimental conditions of Rahnefal. (2002) were described previously. In that expeninthey found
out that, with cutting speed of 125 m/min, toolfstime is longer using MQL technique when compaedry cutting.
Two aspects may determine the discrepancy betweementioned results: the cutting speed and t@whetier. In our
experiments, tool rotational speed was 10,778 rgritewin the experiments described by Rahmstaal. (2002), tool
rotational speed was 1,990 rpm. The higher rotatised in the our experiments hamper the mist patietr at the
cutting edge due to the air flux generated by totdtional speeds. Thus, at higher tool rotatispaleds, the lubrication
efficiency with MQL technique is decreased and abdity of the fluid to reduce tool-chip frictionnd adhesion on
cutting edge is minimized.

Liao and Lin (2007) also described that MQL applma is inappropriate in the extreme high-speedimyit
conditions, independently of its effect on toolfetime. After tested cutting speeds in the inténfa200 to 500 m/min,
these authors suggest that there is an optimahgugpeed for MQL application. As a result, a agtspeed around 300
m/min led to a larger tool’s lifetime extension wiheompared to dry cutting. The phenomena whichdetiese results
will be discussed later in tool wear mechanism ectbjHowever, several aspects need to be considerextrapolate
these results to other machining conditions.

Nevertheless, a difficult point for the operatiom@bility of the MQL technique is the environmerntamination.
The mist formed by its application, even with a l8ew rate (12 mi/h), was sufficient to difficulbé tool wear and
roughness inspection during the experiments. Ahdane of the experiment interruption for processlgsis, the
machine door needed to remain open for some minategder the mist could be dissipated from the miae
environment. The MQL application in industrial emviment, mainly when used in multiples machineguires the
installation of an exhaustion system. Also, at ltergn, the health of machine operators needs twhsidered.

3.2. Tool wear

Figure 4 shows images of the worn tool at the eénigbal life (taken in a SEM) used in the experimaiith MQL
technique and vegetable-based integral oil.
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Figure 4. Flank wear land at the end of tool INJL technique and vegetable-based integral oil)

“Figure 4a” indicates that the main wear mechanigmhis tool was microchipping of the cutting edgaipping
size smaller than the maximum flank wear) and,,afs® presence of cracks perpendicular to cuttdgee“Figure 4b”
is the magnified detail “A” (microchipping regioshown in “Fig. 4a”. As can be seen in “Fig. 4b’e tiool substrate is
exposed and several cracks took place at the battdine microchipping.

Cracks perpendicular to cutting edge and that spibe¢h on rake and flank face of the tool are dbedras thermal
cracks. In milling operations, thermal cracks aaased by alternating thermal expansion and comtracf the surface
layers of the tool, which are heated during thdirmgt and cooled by conduction into the body of thel during the
intervals between cuts in each tool revolution. Thecks are usually initiated at the hottest positin the rake face,
some distance from the cutting edge, and thenadpaeross the edge and down the flank. If crackere very
numerous, they may join and cause small fragmentsectool edge to break away (Trent and Wrigh®0 The loss
of small fragments (microchippings) on cutting edggether with the presence of thermal cracks enctitting edge
suggested the occurrence of the described phenameno

Figure 5 shows images of the worn tool at the ehtbol life used with MQL technique and vegetabkeséd

integral oil with teflon as an additive in its coagition.
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Figure 5. Flank wear land at the end of tool INJL technique and vegetable-based integral oil wéfton additive)

According to “Fig. 5a”, the flank face is again cheterized by microchipping and adhesion of workpienaterial
in the wear land. “Figure 5b” is magnified the dietA” (notch wear) shown in “Fig. 5a”. In “Fig. 3 with support of
EDS analysis, it can be identified high contenturfgsten (W) and iron (Fe), which demonstrated tivatcoating was
removed and tool substrate is exposed. Tool subsfvéiC-Co) has a strong chemical affinity with #dlements of the
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workpiece material (mainly, Si and Fe), which canelvidenced by others EDS analysis. However, amdating point
in “Fig. 5b” is that, in the bottom of the notchgte is a crack. Again, it is suggested the ocoge®f thermal cracks.
Moreover, the main hypothesis to explain the mibigings in “Fig. 5a” is the interaction of thernaid mechanical
cracks, which promote the detachment of superfioialterial of cutting edge. This phenomenon is knaagna
“spalling” (Machado and Silva, 2004).

There is no significant difference between tool weschanisms using MQL technique with vegetableebas
integral oil and integral oil with teflon as an #&ta. Furthermore, the tool wear mechanism usinQLMtechnique
promoted the appearance of thermal cracks on th@nguedge, which together mechanical cracks, a@huse
microchippings on cutting edge. As mentioned egrli¢gao and Lin (2007) found out that MQL can prmeiextra
oxygen to promote the formation of a protectivedexiayer between chip and tool on the rake facés Hyer is
basically quaternary compound oxides of Fe, Mna8d Al, and it is proved it acts as diffusion ens effectively.
Hence, the strength and wear resistance of a guihiol can be retained which leads to a signifidengrovement of
tool life. These authors stated that there is atm@b cutting speed at which a stable protectivel®eXayer can be
formed. When cutting speed is lower than this sp#este is less oxide layer and the improvemertoof life is less
apparent. As the cutting speed is far beyond thienap value, the protective layer is absent andttieemal cracks are
apt to occur at the cutting edge due to large dlatidon of temperature. Resultantly, applicatioM@)L is inappropriate
in the extreme high-speed cutting condition irrespe of its little increase in tool life. The towlear mechanisms,
identified in “Fig. 4 and 5", lead to an inferenttat cutting speed in these experiments was ated #dove an optimal
cutting speed at which a stable protective oxigerl@n cutting edge could be formed.

Figure 6 shows images of the worn tool used inaditying at the end of tool life (60 min of cuttinghd 40 minutes
of cutting time.

Microchippings
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a) Flank wear land at the end of tool life b) Flank wear land at 40 min of cutting time

Figure 6. Flank wear land at the: a) end of tdeldind b) 40 min of cutting time (both with dry ting)

According to “Fig. 6a”, the presence of microchipgs and adhesion of workpiece material on therguttdge also
took place in tools used with dry cutting. Howevénere were no identifications of thermal cracksa¢ks
perpendicular to cutting edge) with dry cutting inscase of MQL application. Moreover, a major diffiece of
microchipping with dry cutting when compared togbmccurred with MQL application is that, with drytting, the
entire cutting edge is damaged. As can be seeRiin 4a and 5a”, with MQL application, just restnmicrochippings
are found out on cutting edges of the tools.

Based on this evidence and to gain a better uradetisty of tool wear progression throughout the'solifetime,
one experiment with dry cutting were interrupted@tmin of lifetime and the cutting edge was exadialso by SEM.
This analysis is showed in “Fig. 6b”. According“tig. 3”, 40 minutes of cutting time is the averdietime for tools
used with MQL application, and with dry cuttingtimt moment (see “Fig. 6b”), flank wear (¥Bwas only 0.10 mm.
But the most important aspect in “Fig. 6b” is cratg wear. The occurrence of diffusion phenomenoan operation
where the tool/workpiece contact in each engagemast so short (the angle of contact between cutithge and
workpiece in each revolution was 22°43’ and thetaontime 0.351 ms) is not expected for a high-dpexdling
operation. But in opposition to the initial expeita, at 40 minutes of cutting time with dry cutircrater was formed
on the cutting edge. Therefore, an explanatiorttfermicrochipping when used dry cutting is diffarefithe spalling
phenomenon when MQL technique was used. Here,rthetlg of crater size weakened the cutting edge,tagdther
with impact frequency of high-speed cutting, proatbthe microchippings on cutting edge. The diffeygmeenomena
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that determined the end of tool life is the reasty the average lifetime with dry cutting is superio MQL technique
in the experimental conditions used.
3.3. Roughness of the workpiece

Figure 7 shows the average workpiece roughnesevaglRa) obtained in the experiments perpendiculanig

parallel to the feed direction. One point of thigghic is an average of all roughness values medstaroughout tool
life in that cutting condition. The dispersion shamhat each point indicates the variation of rougkredong tool life.
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Figure 7. Workpiece roughness values (Ra) obtaiméite experiments

Vivancoset al. (2004) affirm that models to predict theoreticatface roughness in high-speed machining are
limited because the real values of the roughnessepit great differences in relation to the thecaéthnes. This fact
occurs as a consequence of the movement errors,ledigling-ups and changes in the tool profile tugvear. In the
same way, there are also some other influentiabfasuch as: chattering, deflections in the towlchining strategies,
CNC parameters, the CAM system used, being diffitumodel all these effects. According to “Fig, #iere was no
significant variation between the roughness vatmsidering tool life in each cooling/lubricatioondition. Therefore,
the MQL technique application did not cause a datie difference in roughness results when contpdocedry
cutting.

Another point is the comparison between the valoedirections parallel and perpendicular to thedfelrection.
Also it can be seen in “Fig. 77, that in all casesjghness in direction perpendicular to the feieelction has higher
values than in parallel direction during tool'ssliime. As described before, roughness is influernmedeveral factors
and a comparison of cutting parameters (in perpeitati and parallel direction) does not provide actesive analysis.
But, this set of values promote substantive infdiometo the users define cutting parameters (fangxe, {, & and )
and estimate roughness values. The reason for Higiser values is related to the fact that the hmags is measured
on a surface with an inclination of 45° to the paeter g (which is the main parameter responsible for theghness
perpendicular to the feed direction). As the patamg was 0.25 mm, the pick distance on an inclinedesgrfvas 0.35
mm, while the parametey fresponsible for the roughness in the feed dimagtivas 0.25 mm.

An example of how the sources of variability mayeef roughness profile in direction parallel to tfeed is
demonstrated in “Fig. 8”". This roughness profileswadtained with dry cutting and 5-min of cuttingné.
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Figure 8 — Roughness profile in direction paratlteleed direction (dry cutting and 5-min of cuttitige).

The analysis was realized with 5-min of cuttingdibecause the tool wear is short and has smatitéffeoughness
profile. The pick feed distance in parallel direatito the feed should be equal to the feed pehtgd25 mm).
However, as can be seen in “Fig. 8”, the pick fdisthnce is twice this value (0.50 mm). This fagigests that, mainly
in the beginning of tool life, roughness profilesMarmed only by a cutting edge in each tool rotatiT his is evidence
that factors as tool runout, chatter and deflestionthe tool strongly affect roughness values.ohding to Schmitzt
al. (2006), these sources of variability in roughnesdile are a common difficulty when using multiptatting edges
tools in milling. The main effects are prematurduf in a cutting edge because of higher cuttingé variation and
increase of roughness values of machined surfauerefore, in the case of dry cutting, the microphigs also may
have been motive by higher cutting force variaton reduced tool’s lifetime.

4. CONCLUSIONS

Based on the results for application of MQL techeign high-speed milling of AISI H13 hardened steih coated
carbide inserts obtained in this work, it can beateded that:

1- Dry cutting promoted longer tool’s lifetime wheampared to MQL technique;

2- The application of MQL technique promoted th@egrance and spread of the thermal cracks on gugtige.
These thermal cracks promoted a fast microchippapgearance on cutting edge when compared to tipgu

3- There is no substantive difference of roughwadses using dry cutting and MQL technique;

4- A wide quantity of sources of variability affeatoughness profile and hampers the developmetiteairetical
models.
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