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Abstract. This new property has been studied to charactehiseesistance a material exhibits when machimddch
may be considered as a typical material behavidtie idea is that it must be an intrinsic materiabperty measured
by an index number that could characterise its nraoly strength more appropriately. The main usetho$ new
property is to help metal/metallurgical industrites develop, select and perform as-received mateyallity control
tests dependent only upon its intrinsic characteEss The determination of this index number (ch® — Coppini
Index as an honor made by Destro to his doctorasithadvisor) was supposed to come from a relgtivasier test to
be performed when compared with Destro’s propoEhe first proposal to determine was put forwarddxploring
the cutting process parameters, such as the eweolutf wear upon the application of a feed force. lByng a
dynamometer, this feed force was measured duriegwtbrkpiece turning whilst the tool wear was evédda A
standard workpiece of the material to be charasiedi was prepared to receive a series of diametetsetcut in
sequence. This way to measure the index numbemunfastunately not so simple. Now the authors asenty to
develop a simpler way to determine the index nund&haracterise the machining strength; a secatehiis now
being analysed: it is to determine it by the redaship between the removed mass of chip from alatdrmaterial
workpiece to be characterised and the lost materred from the tool due to its wear in a turning igtion. Previous
tests showed that this procedure is promising.ds Wirstly based on wear measurements found iditdrature. The
purpose of this paper is to present the resultsvof sets of experiments in which two life criteniare established to
measure both the sample and tool mass. The fiitefriom, was based on the failure of the tool,, itee sample was cut
by turning operation until the complete destructafrthe tool cutting edge, and the number of stegs not fixed. The
second criterion, was to fix the number of stepbdacut in turning operations. In both criteriagtltonstant cutting
speed was the same. It was possible to concludethtisanew method to measure such index numbeeptgsnore
reasonable results to be applied in a foreseealtieré. However, more experimental procedures mestdne to have
a more reliable and accurate way to measure thehiméreg strength index.

Keywords: Machining Strength, Intrinsic Materials Propert@utting Process.
1. INTRODUCTION

Coppini and Destro (1993) published the first amibioal results obtained from Destro’s doctoral silse
development (Coppini and Destro, 1995) in whictwiéts proposed and revealed a new intrinsic materiaperty
named machining strength. On continuing this wehky published a second paper, proposing a viableto measure
this property by means of an index calléd(Coppini Index) honoring Destro’s advisor. As aren see ahead in this
paper, that proposed test to Bedetermination showed to be very complicated aedeflore not adequate to be used
on a daily basis. This is because the test is basef@ed force measurements and requires sophédidastruments
such as a dynamometer, not adjusted to machine-ahmgitions (practical circumstances). These camnaiibns must
be understood in the viewpoint of industrial apgtiens, their difficulties and cost limits when g@tiag this type of
procedure.

A second idea is now being analyzed: it is to detee theCl by the relationship between the removed massipf ch
from a standard sample of material to be charaetdaind the removed material one from the tool thaokstwear on
a turning operation. The first test to ensure ghigposal showed that this procedure is promisingas made based on
wear measurements found in the literature.

The purpose of this paper is to present the resfltsvo sets of experiments in which two life crite were
established to measure both the sample and tod.mae first criterion was based on the failurghaf tool, i.e., the
sample was cut by turning operation until comptistruction of the tool cutting edge whilst thess®tone was to fix
the number of steps to be cut on the turning ofmratt was possible to conclude that this new métpresents a
reasonable result to be applied in a foreseeahlesfu
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2. LAST DEVELOPMENT IN MACHINING STRENGTH

This item presents the last experiments developdd thve aim at verifying the relationship betweée removed
chip mass from the sample and the one from thewbdath was lost because of its wear on turning afan. It also
shows that such experiment is a fairly good altiirado measure the machining strength property.

2.1. Machinability

Machinability is considered by the authors as arnetogical property of materials because its maalhiity index
is usually measured by comparison to another ooptad as a standard (Dinét al, 2011). Thus, it is dependent on
numerous variables related to machining parametads worse than that, shows a profound dependencthe
machine-shop conditions and its manufacturing seeng&or this reason, when a long or short macliitahest is
performed, using one specific manufacturing scendhie results are not possible to be translatethtther with good
reliability. Parameters such as feed rate, deptbutif cutting speed, and cutting fluid, to nameew,fif they change
from testing conditions to real or practical orgifferent results are likely to happen.

Several criteria and tests have been developeddntidy machinability. Among others, they are basedool life,
cutting force (Coelhoet al, 2008; Bagettiet al, 2008; Li et al, 2006; Arrazolaet al, 2009), surface finish
(Thamizhmaniiet al, 2007), productivity, geometrical and thermal eluderistics (Hossaiet al, 2008). The number of
papers found in the literature is considerable smattractive that it is even possible to find mede predict it (Al-
Ahmari, 2007). However, the most frequently used accepted concepts of machinability are baseaoldlife with
time-consuming tests, which are not only painstgliot also expensive with a wide variety of cuttgpgeds (Coelho
et al, 2008; Boothroyd and Knight, 2006). Furthermotesse tests have to be performed with a standardriadat
increasing the aforementioned difficulties. Thesachinability characteristics have motivated theharg to propose
this new property.

2.2. Machining strength — concept and measurement
2.2.1. First proposal to measurél

Machining strength is an intrinsic material progetthat represents the difficulty a material presewhen it is
machined. It can be expressed by @idCoppiniIndex). The first test to measure tewas proposed by Coppini and
Destro (1995). He proposed that tBevalue would be determined by a standard test speaimen as shown in Fig. 1.
This specimen permits that different diameters $etlas standardized values to determine the rdferdex, as can be
seen in Tab. 1. Thél value may be obtained by:

N
2 Fii
cl=E
N

1)

in which:
Fs is the feed force measured by a dynamometer im stepi of the scaling showed in Fig. 1 [N];
N is the number of specimen scaling.

L4
L3

L2

E

D1 D2 D3 D4

Figure 1. Typical specimen in determining eppini Index.
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Therefore, the&Cl value may be understood as an average of the neebfaed forces throughout the test and brings
itself the tool wear evolution influence. The fdedce measurement was chosen because of its lofeemnce on tool
wear when compared to the cutting force or othemmments of the cutting force (Ding al, 2011).

Table 1. Diameter values and machining lengthpetisnens for test (Coppini and Destro, 1995).

Diameter Diameter Class (all dimensions in mm)

Length K KL M ML N NL P PL Q QL R RL S
D1 20 25 30 35 40 45 50 55 60 65 70 75 80
L1 86 68 56 48 42 37 33 30 28 26 24 22 21
D2 18 23 28 33 38 43 48 53 58 63 68 73 78
L2 96 74 61 51 44 39 35 32 29 26 24 23 21
D3 16 21 26 31 36 41 46 51 56 61 66 71 76
L3 109 82 66 55 47 41 36 33 30 27 25 23 22
D4 14 19 24 29 34 39 44 49 54 59 64 69 74
L4 126 91 71 59 50 43 38 34 31 28 26 24 22

Despite of being laborious, this way to measureGhés, surely precisely and adequately enough to dss un
laboratories where scientific approaches are ndymadjuired.

2.2.2. Second proposal to measuf@

Considering the aspects investigated by Destro f@o@mnd Destro, 1993; 1995) a new test was prapdee
measure th€l index and also identify its sensibility (Coppetial, 2009). The idea was to propose a simpler and more
feasible test to be applied in industrial condisiospecifically directed to metallurgical or mecicahsectors. Thus, Eg.
(2) was proposed for th€l determination, wherent,,) is the global mass of the material removed fréw tool
because of its wear anahg) is the mass of chip removed for it is the maspansible for the tool material wear:

Cl = rntOO| (2)
Mep

The suggested specimen would have dimensions amejges more convenient to each material produeer.
example, a steelmaker specialized in rolled or drévars, with a wide variety of diameters, may cleooglindrical
turning tests by simply standardizing specimeriseitested and the test conditions adequate tondigsed material. In
this sense, similar to what occurs to other inicimsaterial properties the machining strength megchmeasurement
scales as well as specific tests for these scaleégical example of this statement is the hardriess(e.g. Rockwell,
Brinell, and Vickers), with its scales and typesrafenters.

To show the validity of this proposal, some datafrthe literature were taken (Matsumetoal, 2008). Figure 3
shows the result of a test-life performed in bo#5IA630C (conventional) and AISI 630BMS (betteredcimining
strength) steels. Their chemical compositions (Wejgercent) are seen in Tab. 2. The machining tiondi are from
the tests performed by Matsumeatbal. (2008), which were:

feed ratd = 0.19 mm/turn;

depth of cuta, = 0.7 mm;

cutting speed, = 50 m/min;

tool material = high-speed steel.

Table 2. Chemical composition of AISI 630C (convenal) and AlSI 630 BMS (bettered machining strémgtainless
steels (Matsumotet al, 2008).

Steel C Cr Ni Cu Ca P S
630 C 0.07 16.0 4.6 3.6 0.001 0.019 0.007
630BMS 0.07 16.0 4.5 3.4 0.003 0.016 0.022

Considering the proposed test as an alternativengasure the machining strength, the cutting edge lif@
measured by the total cut length, measured by Matsumoto’s test (1,582,000 mm), Figvas used. The cutting edge
tool life T could be calculated by:

T =L - 282000 5954min 3)
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The volume of chip removed,, in these conditions was calculated by:
Vep =ap fle 4)
By imputing the respective values in Eq. (4) result

Vep = 07x 019x 1582000 (5)
And finally the volume of removed chip was:

Vep = 210406mnT (6)
The mass of removed material could then be caledlay:

Mep = PepVep (7

wherep, is the density of the tested steel.
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Figure 2. Flank wear for the cutting lengths ingesf short (CD) and long durations (L[Nlatsumotoet al, 2008).

To calculate the overall mass of removed materaahfthe tool because of wear action,f), an approximation was
based on a simplifying hypothesis, which is showirig. 3: the triangl&BC represents the area of material removed
from the tip of the tool because of its wear. Tdrisa belongs to an orthogonal plan to the cuttitgpe

A B

C

Figure 3. Schematic representation of a tool tipygng the final wear area over an orthogonal ptetine cutting edge.

ACB angle is the relief angle of the tool and, acamgdio Matsumoteet al. (2008), it is 8. SideBC represents the
V, wear. Therefore:

AB=BCxtg6° (8)
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AB= 011BC (9)

As the depth of cut was 0.7 mm, the approximataevalfV,,, of wear material removed from the cutting edgd too
may be calculated by Eq. (9). In other words, ttemaf the triangl&BC may be multiplied by this depth of cut as a
third dimension of the triangle along the cuttimpe. AsBC =V, this gives:

[01VBVBa,]

Viool = - 5 (10)

and the tool wear mass may be calculated by:

0.11x0.7xVB2 x
Mool = [ . Prerr ] (11)

wherepy, is the density of the tool material (high-speegkbt From Eq. (11) results:
Mool = 004X pygq xVB? (12)

Densities of both sample and tool can be considird very similar, spc, = pio. According to Eqg. (2), the value
of the machining strengt@il of these steels may be calculated by:

Cl = 004xVB? /210406 (13)
And finally,
Cl = 1901077 vB2 (14)

It can be seen from Fig. 2 thdB = 0.6 for AISI 630 C steel and 0.28 for AISI 63MB steel. Thus, the values of
machining strength of these steels are:

Clggq =684x107° (15)
and
Clgzopms = 149%107° (16)

These results showed that the proposal was pragnisin
2.2.3. Third proposal to measureCl

Based on the results above, an experiment was e pa measure thel index. Samples from AISI 316L stainless
steel with 51 mm diameter and 200 mm length weepared for the machining strength tests. Four ssenplere
annealed at 120Q for 2 hours to have an average grain size teagtihigher than the other four samples which were
maintained in the as-received condition, i.e., thay a smaller average grain size. The chosen tatope and time
were calculated after studying grain growth kireti@Burke, 1949) and using previous results of grgiowth
phenomena for this steel to permit the calculatibK and n (Stanley and Perotta, 1969):

D =kt" (17)
whereD is the grain sizem], k [tm™ andn, constants, ang time [min].
By assuming that the structure of grain boundaisesimilar when this phenomenon takes place, Bifl€9)

proposed that the effective boundary curvatureusadiay be related to their grain diameter. In Way, it was possible
to put forward the ideal grain growth law:
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D?-D& =kt (18)

whereDy is the initial grain sizegm] andk may be expressed by:
-Q
k = kg expl—= 19
ko p(RT) (19)

wherek, is a pre-exponential constam®, [kJ.mol'] is the activation energy for grain growtR,is the general
constant of gases (8.31mol*.K™"), and T is the absolute temperatur&]] Grain size for the specimens was
determined by ASTM-E-112 (1982). At least 50 fieldsre counted by a circle test method. The avenageber of
intercepts was 38, which is in accordance to tbeeafientioned standard. This grain size was usédin(17), and the
result may be used in Eq. (18) and (19), so it bex

-184.910°
D2 =122 + [517310° exp(———2— )]t (20)
[ Pt 8.314T )

For a 2 hour period, to achieve a grain size apprately ten times larger than the initial one, E2Q) gives
1200°C. In this way, four samples were annealed at 32@6r 2 hours. After that, they were all quenchedvater to
avoid precipitation of sigma phase. This was d@eaffpadopted to test t& sensitivity. 8 samples were then submitted
to the Machining Strength tests, 4 of which in thiéal condition (124m grain size) and the others in the annealed
condition with an average grain size approximatefytimes bigger.

A series of RockwelG hardness tests were performed in the samples toaobined (15&gfload and a spherical
indenter of 1.58nm (1/16")). The results can be seen in Tab. 3. Cerage, hardness values of samples with larger
grain sizes are lower than the ones from sampldssmiall grain sizes.

Table 3. Rockweli hardness values obtained from as-received and l@ansamples.

Sample Condition HRG
1 As-received 73+11
2 As-received 74+11
3 As-received 72110
4 As-received 71+11
5 Annealed 6412
6 Annealed 61+2
7 Annealed 51+3
8 Annealed 51+4

The specimens mentioned above were prepared binguoperation in order to obtain a &@m diameter and 200-
mm length; 50mm of its length was used to hold the specimen orldtie. The tests were performed on an Okuma®©
lathe with 15 kW power.

A carbide tool class M, from SandVilCoromant TNMMG 16 04 04 MF was selected for thisliminary test; the
selection was based on the fact that it has bottavarage wear resistance and toughness. This tipgeobis
supposedly interesting to be used as a standatdd@i determination. The other machining conditions wsaeas:

Cutting Speed = 300 m.min

Feed Rate = 0.15 mm.fbt

Depth of Cut = 1.0 mm (used in each step duringitgr cycle)
Feed Length = 150 mm (used in each step duringrnigycle)

The criterion used to change both the tool and $ampas to run the cylindrical turning process cyaigil it was
possible to identify the tool being prone to faigeping the cutting speed constant. Because qfttl@snumber of steps
was not constant, as can be seen further in Tathetresults from the machining strength tests begeen in Tab. 3;
the Cl is at its right side. Samples with larger grazesishowed a lower machining strength whilstGhearied from
0.45 to 1.76. Note that because these numbersoasenall, they appear without their decimals. On ahiger hand,
specimens with smaller grain sizes showed a highachining strength whilst th€l varied from 0.34 to 4.38.
Although some results presented some discreparitciedelieved that they are due to the numbesteps taken in the
test, which was unusually high. This will be exgldrfurther.

In Tab. 4 my,.i is the mass of the tool before turning whilg,, is its mass after turning;is the number of turning
steps achieved in each sample; egglis the removed mass from the sample aftsteps. The results show, on average,
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that the machining strength values, measured bfthare 2.25 and 1.13 for small and large grain si@spectively,
which means that it was more difficult to machipeamens with small grain sizes than specimens laitlpe grain
sizes. This is due to the number of grain boundatiethe first case, because of the fact thatlsgnain sizes mean that
these specimens have more grain boundaries pervahime and therefore impede the movement of digion,
causing a pile-up of dislocations. On the otherdhdarge grain sizes have fewer grain boundariesupi volume so
there will be lesser pile-up of dislocations.

Table 4.Cl values for the as-received and annealed specifttars proposal).

Tool w 10°Cl
# Edge | Condition Mool Mool (:107) n Mep 10%c) | Average | a/Clan
Number [d] [d] OMiol [d] /
o
1 3 As-received| 7.1104 7.1044 60 9 1369.19 4.38 2 95
2 3 As-received| 7.1044 7.1038 6 11 1784.77 0.34 '/
3 1 As-received| 7.1128 7.1121 7 10 1484.21 0.47 214
4 3 As-received| 7.1038 7.0986 52 9 1369.19 3.8( ' 1.99
5 4 Annealed 7.1215 7.1187 28 11 1591.82 1.76 113 )
6 4 Annealed 7.1187 7.1179 8 13 1784.f7 0.45 '/
7 2 Annealed 7.1096 7.1075 21 13 1784.77 1.18 0.54
8 4 Annealed 7.1179 7.1159 20 13 1784.77 1.6

Assuming that there is a substantial plastic de&ion before the removal of chip on the machiniegt + which is
very plausible for the chosen material, the moveamédislocations may explain the machining easirfesnd in these
specimens, particularly because the chosen mateaimboth very ductile and easily work hardened then clear that
the number of grain boundaries was probably thenroause for the difference found between the mamfistrengths
in these two groups of specimens whereas tool waarguaranteed by the work hardening of this nslteri

However, the number of steps seems to be impartahe test and consequently, their results. Thay tre seen by
analysing samples 2, 3 and 6. Although their resafe unusually low, the number of steps may haused the low
value of wear of the tool. A further improvementtiis work was then to fix the number of steps ¢oused in the
machining strength tests, allowing their resultbéocompared more accurately. In this sense, whtisnistperformed in
a company, it will be necessary to do a preliminast to discover the necessary number to compareesults more
accurately. The following conclusions based onréselts and discussions of this third proposednast be drawn:

» the test is fairly adequate to measureGie

» machining strength is higher when there are moeéngooundaries in stainless steels or when itsngsie is

small;

« the Cl values showed to be sensitive enough to presstimdti values of machining strength in solid sans with

different number of grain boundaries;

 the machining strength test may be performed toodisr the minimum number of steps in order to geten

accurate results.

3. NEW TEST FOR THE Cl DETERMINATION
This item deals with a fourth and new test propdsedeasure thel.
3.1. Discussions about the third test

It is interesting to discuss in more depth the lteqaresented in Tab. 4. The aforementioned coiaisswvere based
on the fact that the results were obtained aftactpral tests, so they must be considered as Faethis reason, the
average values were obtained by considering allddta involved in the calculation for the deterriom of the Cl
values.

The cutting edges of the tool number 3 showed higlear values when the number of steps was lowatiegoal to
9. However, when this number was higher (10 and tt®) wear values were lower. In the case of theeasived
specimens, it does not seem to be possible to smaheir results altogether because two of themvatichighCl
values and the other two lo@ values. On the other hand, when considering thelteeof the annealed samples, it is
possible to discard the wear value of 0.45 becabsis discrepancy when compared to the otherscdmplicate the
matters, the differences found in the hardnessbietsteen these specimens do not help to explagetscrepancies.
Thus, it is possible to conclude only that theexeived specimens present more variability whilstannealed samples
showed more consistent results from a statistioadtf view.
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3.2. Results and discussion

After the previous results and discussions, thi@stdecided to perform a new set of experimentshayging the
cutting tool edge life criterion: the number offevas set at nine, different from the previouseeixpents in which the
test came to a halt when the cutting tool showgdssbf typical wear or signs of burned tip of thdtiag edge. This
decision was taken for tests to be performed bgatipg exactly all the others cutting parameteesdusefore. Tab. 5
shows the results from this new set of experiments.

Table 5.Cl values for the specimens as-received and annéaledrrent test.

Tool w 10°C
# Edge | Condition | Mo Mhool-£ (107 n Mep 08¢ | Average | o alClan
Number [al [d] Mool [d] /
o
1 2 As received| 7.1196 7.1178 18 1369.19 1.31 3.45
2 4 As received| 7.1241 7.1227 14 1369.19 1.02 '/
3 1 As received| 7.1247 7.1235 12 1369.19 0.88 477
4 3 As received| 7.1248 7.1103 145 9 1369.19 10.6 291
5 2 Annealed| 7.1211 7.1196 15 1369.19 1.10 119 )
6 3 Annealed| 7.1266 7.1248 18 1369.19 1.31 '/
7 1 Annealed| 7.1266 7.1247 19 1369.19 1.39 0.20
8 4 Annealed| 7.1254 7.1241 13 1369.19 0.95

It is possible to compare the results between Famd 5. It may be observed that when the numbstepl was set
to nine, the results showed more regularity. Howethe last value showed a very large discrepandiié as-received
specimens. On the other hand, the values measorddef annealed specimens behaved more reguldrbselresults
permit to speculate that the as-received specimessented more heterogeneity in both mechanicainzatdllurgical
properties than the annealed ones.

Further analysis of these results showed that tablishing a life criterion of the cutting edge bdon a constant
number of steps resulted in values more regulaglyalied. It can be seen that the best results wered fwhen the
largest value for as-received sample was disredar@ibere is no doubt that thel value of 10.60 is notoriously
different from the others and seems to be an actaflgalue or the presence of a different mechawistaol wear.

One of the reasons for such variations of wear b@yhe necessary knowledge of the physical behafidhe
sheared workpiece material at the cutting edgeaforunderstanding of wear mechanisms (Brookes, 199#se
mechanisms may lead to cracking, chipping, burrdng to provoke adherence of workpiece material hentool,
causing significant variations that take place letwone specimen and another used on the testthekrimportant
factor is the magnitude of the cutting speed, whiclly cause a softening effect because of the lagiperature
involved in high cutting speeds and consequentiyttiol wear mechanism. Another hypothesis to bestigated in a
work to be done in the near future is related tophbssibility of the operating conditions, spegiait very high cutting
speed which may have led to a situation thresholdrey different mechanisms of wear, such as mechhahrasion
and/or large plastic deformation due to the préwgitemperatures in the region of the cut. Thisl¢axplain the
discrepant values found, even with all parametaimd held constant throughout the tests. To ingatdi these
phenomena, it is therefore necessary to use otharacterisation techniques, for example a scaneiegtron
microscope, which is to be used in another upcorpager.

To answer the questions above, it is therefore ssecg to perform more tests because the machiniogeps
behaviour showed a considerable dispersion of tgsatl least for the cutting edge criterion basedowol failure. This
shall be done in the near future, including a alaseestigation of the wear mechanisms of hard nmalte namely the
tool wear mechanisms that took place in these.tests

4. FINAL CONSIDERATIONS
The present paper permits the following final reksar

1. The test for the determination of tk# proposed in a previous work and reformulated is paper is simpler
and more viable than the one presented by DestloCappini (1993; 1995) because it is based on gmpl
instruments and a non-intrusive approach to thehinaty process;

2. More tests with other cutting conditions and magkable results must be done, to see how sendiig€l
index is to compare materials with different maahinstrength values;

3. The results were more homogenous for the annepkrsens than the as-received ones;
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4. After achieving more reliable results and an adegtest to measur@l, to be properly standardized, the new
material property machining strength could be vesgful for quality control sector to foresee thsieass of
cutting material in industries in general and dtsdevelop easy-to-cut material for steelmakers.
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