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Abstract. Phase transformations occur in austenitic stainless steels during heat treatments and also during intense plastic
deformation. Strain-induced martensite is a kind of phase transformation that can occur during machining of austenitic stainless
steels due to intense plastic deformation in the chip formation region. Strain-induced martensite causes a microstructural
transformation, volume variation, increase in surface hardness as well as an increase of cutting forces during the machining. The
aim of thiswork is to study strain-induced martensite formation in the AISI 304 austenitic stainless steel during turning. The strain-
induced martensite formation was investigated by using magnetic measurements and microhardness. The cutting force and the
surface roughness were al so evaluated.
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1. Introduction

The objedive of madining is to oltain a component with the required dmensional acarracy and surfacefinish.
Most of the machining processes involve high plastic strain, which occurs in the dip formation region. The aitting
process during turning, involves three regions by using the orthogonal cutting model (Shaw, 1986. The first areais
alongside the shea plane, the second is the region between the chip and the tod and the last is the surfaceturned. This
study is concerned with the first and the third regions, which are strongly influenced by plastic strain. These high strains
cause microstructural modifications on the surface Surfacefinish is a measure of the quality of a macined surface
becaise it can affed the component performance, such as for instance in fatigue or creep. It is related to surface
roughress hardness microstructural changes and as a cnsequencein residual stresses (Shaw, 1986 Grzesik, 1996and
Jang et al.; 1996. In order to improve the fabrication quality it is necessary to study the surfacequality of macined
metals and aloys. Models relating to cutting force, among other machining parameters have been proposed in literature
[Grzesik, 1996 Jang et a.; 1996 Kovak et a., 1997 Abouelatts et al., 2003, Lin et al., 2001and Sai et al., 2007].
Besides that almost all cutting energy is consumed for chip formation. The more eaily the chips are formed the chegper
the machining of the component is. In conclusion, the machinability of a material plays an important role in component
dimensions and its mechanicd properties as well as economicd fadors.

Degspite their poarer machinability as compared to other classes of steds, austenitic stainless $eds have been
widely utilized because of their combination of medchanica properties and high corrosion resistance, (Lacombe 4 al.,
1993 Jang et a.; 1996 and M’Saoubi et al., 1999. The problems related to dfficulties of machining of austenitic
stainless s$eds are: tod wea, poa surfacefinish, long and stringy chips and low cutting speed (Fang et al., 1996 Jang
et al.; 1996 and M’Saoubi et al., 1999. These difficulties are mainly caused by their high work hardening rate, low
thermal conductivity and the tendency to strain-induced martensite formation (Tesder et al., 1992 Lammbe & al., 1993
and M’ Saoubi et al., 1999. During turning, plastic deformation of austeniti c stainless $eds causes high mechanicd and
microstructural sensitivity in surface increasing the aitting force anong other points, and the surfacefinish, which can
affed later utili zation of the produced part. The madinability of some austenitic stainless $ed can be improved by
sulphur addition. The sulphur addition propitiates the formation of manganese sulfide inclusions that make dip
bre&king easier. The sulphur also works as a lubricant. However, the sulphur addition causes the lossin mecdhanicd
properties and corrosion resistance anong other effeds.

Phase transformations can occur in austenitic stainless $eds during hed treaments and also during intense plastic
strain (Lacombe @ al., 1993 and Padilha @ al., 1994. Austenitic stainless $eds are not susceptible to martensite
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formation during coding. On the other hand, martensite can be formed during cold work. It is named strain-induced
martensite, as cited above (Lacmmbe d a., 1993 and Padilha & al., 1994. There ae two types of strain-induced
martensite the a’ and the € martensite. The quantities of ead type of martensite depend on the level of deformation.
The o’ martensite formation replaces the € martensite with an increase of deformation level and only o’ martensite is
expedaed for high levels of deformation. The o’ martensite can be measured by using a ferritoscope, because it is a
ferromagnetic phase or by X ray diffradion technique. This phase transformation hes been studied (Hedker et al., 1982
Murr et al., 1982 Huang et al. 1989 Krauss 1989 because of itsimportancein mecdhanicd processs sich as forming.
As a onsequence of the workhardening and the strain-induced martensite formation during madining. An increase of
the surface hardness in austenitic stainless $eds affeds diredly tool wea and surface finish. The strain-induced
martensite formation is drongly influenced by the compasition of the austenitic stainless $ed. The foll owing relations
(Krauss 1989 show the influence of composition on strain-induced martensite formation. At a given strain, martensite
formation deaeases with an increase in temperature (Huang et al., 1989 Krausset a., 1989.

Md 5030(°C) = 413—9.5Ni — 13.7Cr —-8.1Mn — 9.2Si — 18.5Mo0 - 462C+N) (1)
(Md 5030(°C) is the temperature & which 50% martensite is formed by 30% true strain in tension)
Md 1045(°C) = 433—27.6Ni — 7.7Cr — 16.2Mn —27.2Si —11.3M0 -170(C+N) )
(Md 1045(°C) is the temperature & which 10% martensite is formed by 45% true strain in tension)

The strain-induced martensite formation is also influenced by plastic strain and strain rate. The higher the strain
rate, a a given temperature, the higher the volumetric fradion of strain-induced martensite, although at lower
temperatures the dfed of strain rate is gronger (Huang et al., 1989. Another work (Hedker et al. 1982 Murr et al.,
1982 showed that the increase in the strain rate & strains greaer than 0.25 can cause asuppresson of strain-induced
martensite because of the occurrence of adiabatic heaing. Thiswork (Hedker et al. 1982 Murr et al., 1982 also showed
that strain-induced martensite is more dfedively induced during biaxial tension than in axia tension. More complex
states of strain seem to propiti ate martensite formation.

The sulphur addition is not the best solution for poar machinability of austenitic stainless $eds as cited above. The
study of madinability of austenitic stainless $edsis an important topic from the industrial and acalemic point of view.
The main objedive of this gudy is to relate madcining parameters, such as feal, to workhardening and strain-induced
martensite in austenitic stainless $ed. In this work the AISI 304 austenitic stainless sed was turned with different
feals and cutting depths. Roughress microhardness and magnetic measurements were done on the turned surfaceto
evaluate the properties. Cutting force was al'so measured in some tests. Chip shea strain was cdculated and related with
literature results.

2. Materialsand M ethods

The material utilized in this gudy was a rolling bar with 25.4 mm diameter of AISl 304 austenitic stainless sed.
The nominal compasition of the sted studied is siowed in table 1. The samples used in the tests were 70 mm long and
had a 25.4 mm diameter.

Table 1 — Nominal compasition (wt%) of AlSI 304 austenitic stainless sed.

Sted %Cr %Ni %C %Mn %Si %Mo %S
(max) (max) (max) (max)
AlSI 304 | 18.00-20.00| 8.00-10.00 0.08 2.00 1.00 - 0.03

The material was turned by using a universal lathe equipped with aload cdl. The samples were fixed in threejaw
chucks, the tailstock was not utilized. The todl utilized was CNMG120512type, TiN coated. The toolholder was a
PCLNR2523M12 type. The side autting edge angle utili zed was 0°, the rake angle used was +4° and relief angle was 8°.
The autting speed o the tests was 88 mnvymin and no cutting fluid was used.

The samples were turned in different conditions. Feeds utili zed in the tests are shown in table 2. Two dfferent feed
(f) - cutting depth (d) relations were used in this gudy. In the first set of tests the relation used was f/d=1 and in the
seoond set of tests the relation used was f/d=0.2 as siown in table 2.

During turning, cutting force was also evaluated in the set of tests done on f/d=1 relation. The aitting force was
measured by using aload cdl conneded to an aaquisition board with a power source, an amplifier and alow passfilter.
The load cdl was cdibrated by applying forcein a spindle linked to a medchanicd dynamometer. A 152N/V cdibration
constant was obtained. During the turning test, the sample rate utilized was 2000 samples/second. The results were
aqquired during a 10-seaond test. The autting force obtained was based on an average result of 8000 samples. These
points were dhosen from the 20000samples.



Table 2 — Feeds utilized in machining tests of AlSI 304 austenitic stainless steel. f (mm/rev) is the feed and d (mm) is

the cutting depth.
Test 1 2 3 4 5 6 7 8 9
f(mm/rev) | f(mmirev) | f(mm/rev) | f(mmirev) | f(imm/rev) | f(mm/rev) | f(mm/rev) | f(mm/rev) | f(mm/rev)
fld=1 0.060 0.067 0.082 0.104 0.149 0.205 0.327 0.428 0.595
f/d=0.2 0.060 0.067 0.082 0.104 0.149 0.205 0.327 - -

The mean roughness (Ra) of the turned surfaces was measured by using a surface profilometer Taylor Hobson
model surtronic 3+. The cutoff (Ac) utilized was the one recommended in 1SO4288 Standard (0.8 mm or 2.5 mm
selected based on mean roughness). The roughness was measured only once in each turned sample. The confidence
interval was calculated based on t Student distribution with 95% confidence level, using the number of elements and
sample standard deviation.

The Vickers microhardness was measured by using a 10 g load (HV 0.01). The measures were done in the turned
surface of all the specimens. About 6 measures were done in each sample.

The presence of magnetic phases was detected by using a permanent magnet. In some cases it was possible to
measure the amount of ferromagnetic phases by using the magnetic induction method (Fisher Permascopeld, with a
0.1% ferrite detection limit). The measure of the amount of magnetic phases, mainly in the chips, was limited by the
size of the sample.

Scanning electron microscopy was also used to observe the morphology of chips formed. Two samples were
selected to be observed.

3. Results and Discussion

In this work the influence of machining parameters on plastic strain and roughness was studied by analyzing the
coefficient of correlation between surface microhardness and chip shear strain and also by analyzing the coefficient of
correlation between mean roughness (Ra) and chip shear strain. The results and discussion will be presented in different
sections as follows: chip shear strain versus microhardness, roughness versus feed, cutting force versus feed and
characterization of chips morphology.

3.1 Chip Shear Strain versus Microhardness

Table 3 shows the results of deformed chip thickness (t') with confidence interval (C195%) as a function of feed (f)
for the set of tests done on f/d=1. Table 4 shows the results of deformed chip thickness (t') with a confidence interval
(Cl195%) as afunction of feed (f) for the set of tests done on f/d=0.2.

The chip shear strain (g,) is given by equation (3) (Ferraresi, 1977).

_1+R’-2R_ serny
R, cosy

3)

(o]

Where Rc isthe autting ratio, y isthe rake angle. The autting ratio (Rc) is cdculated by division of undeformed chip
thickness (t) by deformed chip thickness (t"). The undeformed chip thickness has the same value of fedl (f). Table 5
showsthe chip shea strain (€0) cadculated for the dl the test.

Table 5 shows the results of chip shea strain (€0) cdculated for the dl the test by using equation (3).

Table 3 — Results of deformed chip thickness(t') with confidenceinterval (Cl195%) as a function of fedl (f) for the set
of tests done on f/d=1. Cutting depth is given by d (mm).

f (mm/rev) t (mm) Cl95%t" (mm
0.060 0.07 0.01
0.067 0.09 0.01
0.082 0.10 0.01
0.104 0.12 0.01
0.149 0.17 0.01
0.205 0.22 0.02
0.327 0.36 0.03
0.428 0.48 0.02
0.595 0.66 0.03




Table 4 — Results of deformed chip thickness (t') with a confidence interval (C195%) as a function of feed (f) for the set
of tests done on f/d=0.2. Cutting depth is given by d (mm).

f (mm/rev) t (mm) [CI95%t" (mm
0.060 0.10 0.02
0.067 0.17 0.01
0.082 0.14 0.02
0.104 0.20 0.01
0.149 0.22 0.03
0.205 0.37 0.03
0.327 0.47 0.12

Table 5 - The chip shear strain (€0) calculated for the al the tests. f (mm/revolution) is the feed and d (mm) is the
cutting depth.

f(mmirev) | o (f/d=1) | eo (f/d=0.2)

0.060 1.89 2.09
0.067 1.96 2.82
0.082 1.89 2.13
0.104 1.88 2.34
0.149 1.89 2.00
0.205 1.87 2.22
0.327 187 2.00
0.428 1.88 -

0.595 1.88 -

The results of chip shear strain and shear angles were reliable to the flow localization analysis for the case of
orthogonal cutting existing in the literature (Semiatin, 1984). The results of Vickers microhardness measurements on
the machined surface are shown in tables 6 and 7.

Tables 6 and 7 show an increase of microhardness on the machined surface with a decrease of feed. The increase of
microhardness can be explained by the strong workhardening and strain-induced martensite formation. The strong
workhardening is a well-known behavior of this material because of, among other factors, its low staking fault. The
strain-induced martensite is a phase transformation that also increases mechanical properties such as hardness and yield
strength. The tendency for this phase transformation to occur can be estimated by using eguations (1) and (2). On
calculating Md for AlSI 304 austenitic stainless steels one can find values around the room temperature. Besides, the
work realized by Hecker et al. (Hecker et al., 1982) showed that when high strain rates are used an amount of about
50% martensite is formed in AlSI 304 stedl that is an expressive quantity. The increase in microhardness can be an
indirect measure of strain-induced martensite formation. However, the strain-induced martensite, which is a
ferromagnetic phase, was not identified by using a ferritoscope on machined surface. The formation of this phase
probably occurred but the layer affected was very small and the strain was not uniform, so the measures could be out of
the detection limit of the equipment. Besides that the bar of the AlSI 304 austenitic steel had a slight magnetism of
about 0.3% due to d-ferrite. After turning, the measures of magnetism acquired were also around 0.3% . This kind of
measure does not seem to be appropriate to identify strain-induced martensite in this work. Magnetic measures were
also done in chips formed during turning. In this case magnetism was also detected, but it was not possible to quantify
the amount of martensite because of the limitations of the equipment. However the use of a permanent magnet made it
possible to identify levels of magnetism in the chips of about 2%. X-ray measurements will be necessary to quantify the
amounts of martensite formed.

Table 6 and 7 also show that the highest values of microhardness were obtained for the set of tests done on f/d=1.
These results can be explained by the different strain states in the case of set of tests done on f/d=1 and f/d=0.2. In the
second case, the state of strain is near a plane one whereas the first case is not. In the case of f/d=1, i.e., the lowest
cutting depth, the material at the trailing edge of the tool is subjected to a high normal stress, causing a material flow to
the side to alleviate this stress. In this case, the undeformed chip thickness is probably zero or near zero (Shaw, 1986).
The materia flow to the side and high strain in the chip can affect the amount of the local strain in the surface. The
coefficients of correlation microhardness and chip shear strain obtained are also an indication of influence of cutting
depth on the strain state during the cutting of material. In the case of f/d=1 was found a good correlation which does not
seem to exist in the other case (f/d=0.2).



Table 6 — Results of microhardness (HV 0.01) of the machined surface as a function of feed for the set of tests done on
f/d=1. f (mm/revolution) is the feed and d (mm) is the cutting depth.

Microhardness | . C195%
f (mm/rev) (HV 0.01) Microhardness
(HVv 0.01)
0.060 549 75
0.067 636 60
0.082 447 60
0.104 367 37
0.149 334 50
0.205 319 34
0.327 326 25
0.428 307 38
0.595 298 47

Table 7 — Results of microhardness (HV 0.01) of the machined surface as a function of feed for the set of tests done on
f/d=0.2. f (mm/revolution) isthe feed and d (mm) is the cutting depth.

Microhardness - C195%
f (mm/rev) (HV 0.01) Microhardness
(HV 0.01)
0.060 392 31
0.067 310 76
0.082 276 25
0.104 315 49
0.149 343 33
0.205 257 68
0.327 272 45

Figure 1 shows the results of Vickers microhardness (HV 0.01) versus chip shear strain (€0).
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Figure 1.Results of Vickers microhardness (HV) versus chip shear strain (€0).

The results of figure 1 shows existing dependence between surface microhardness and chip shear strain for the ratio
cutting depth and feed of 1 (f/d=1). On the other hand for the ratio cutting depth and feed of 5 (f/d=0.2) no dependence
was observed. This behavior can be verified by correlation coefficient analysis. It was obtained for f/d=1 a correlation
coefficient of 0.83 and for f/d=0.2 a correlation coefficient of —0.07 which means a poor dependence of microhardness
and chip shear strain for the second case (f/d=0.2).



3.2 Roughness ver sus Feed

The roughness of the surface can be determined by geometrical aspects, which depend on the feed and tool nose
radius. Roughnessis aso influenced by tool wear, vibrations and plastic strain that occurs due to chip formation.

Table 8 shows the results of mean roughness (Ra) as a function of feed (f) for the set of tests done on f/d=1. Table 9
shows the results of mean roughness (Ra) as a function of feed (f) for the set of tests done on f/d=0.2. Figure 2 shows
the mean roughness (Ra) versus feed (f).

Table 8 — Results of mean roughness (Ra) as a function of feed (f) for the set of tests done on f/d=1. d (mm) is the
cutting depth.

f (mm/rev) Ra (um)
0.060 1.24
0.067 0.82
0.082 0.76
0.104 1.02
0.149 2.08
0.205 1.66
0.327 2.52
0.428 5.06
0.595 8.26

Table 9 — Results of mean roughness (Ra) as a function of feed (f) for the set of tests done on f/d=0.2. d (mm) is the
cutting depth.

f (mm/rev) Ra (um)
0.060 0.74
0.067 0.60
0.082 0.58
0.104 0.54
0.149 0.80
0.205 1.26
0.327 1.48
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Figure 2. Results of the mean roughness (Ra) versus feed (f) for the set of tests done on f/d=1 and for the set of tests
done on f/d=0.2. d (mm) is the cutting depth.



The results in figure 2 show that the roughness is not strongly influenced by feed at low feeds. In the tests realized
using low feeds the roughness could be determined by other factors, such as surface deformation due to the chip
formation as discussed in item 3.1. When low feeds are used, the material at the trailing edge of the tool is subjected to
a high normal stress, causing a material flow to the side to alleviate this stress. In this case, the undeformed chip
thickness gradually goes to zero (Shaw, 1986). The material flow to the side and high strain in the chip can affect the
amount of the local strain in the surface and also the roughness.

The results show that there is a dlight dependence between mean roughness (Ra) and chip shear strain in the tests
using the following feeds: 0.06, 0.067, 0.082, 0.014 mm/rev. For f/d=1 the correlation coefficient obtained for the four
lowest feeds was -0.45 and for f/d=0.2 the correlation coefficient was -0.35. It was also observed that there was a
geometrical contribution on roughness. Therefore the correlation coefficient was calculated between mean roughness
(Ra) logarithm and feed (f) logarithm, because the depth of tool marks is proportional to square of feed. For f/d=1 the
correlation coefficient of logarithm was -0.24 and for f/d=0.2 the correlation coefficient of logarithm was -0.87. These
results show for the set of tests done on f/d=0.2 the roughness can be mainly caused by geometrical contribution. On the
other hand, for the set of tests done on f/d=1 the roughness can be mainly caused by the strain in the turned surface.

3.3 Cutting For ce ver sus Feed

Table 10 shows the results of cutting force (Fc) as a function of feed (f) for the set of tests done on f/d=1. The
results of cutting force showed an expected relation with feed.

Table 10 — Results of cutting force (Fc) as a function of feed (f) for the set of tests done on f/d=1. d (mm) is the cutting
depth.

f (mm/rev) Fc (N)
0.060 38
0.067 58
0.082 55
0.104 83
0.149 133
0.205 188
0.327 318
0.428 537
0.595 *

*The cutting force was not evaluated in the last test (f=0.595 mm/rev) because the full-scale was reached.

Figure 3 shows the results of ks (specific pressure of cutting) versus feed (f).
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Figure 3. Log (ks) (ks, N/mm?) versus log (f) (mm/rev), ks means specific pressure of cutting and f indicates feed.

According to Kienzle model ksis given by eguation (4):
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ks = e o 7 4)
(fsiny)
kg and z are coefficients used in Kienzle model (Ferraresi, 1977). A change in kg and z for feeds higher than 0.1
mm/rev can be observed. This behavior can be explained by the change of mechanism of chip formation.

3.4 Characterization of Chips M orphology

The following figures show the results of observations of chips, obtained using feed 0.060 mm/rev and 0.585
mm/rev in the set of tests done on f/d=1, by using scanning electron microscopy with secondary electrons. The chips
were chosen as representative samples for low and high feed, respectively. In the mgjority of tests the chips were
continuous. The chips obtained using the lowest feed showed a more inhomogeneous shear than when the highest one
was used. The occurrence of high inhomogeneous shear of chips seems to be related to the highest surface
microhardness. Lower feeds also produced chips with undeformed chip thickness lower than when higher feeds were
utilized. The amount of strain-induced martensite probably was concentrated in shear-localized region. Perhaps lower
feeds can cause more uniform strain-induced martensite formation.
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Figure 4. Chip morphology obtained in the turning test using feed of 0.060 mm/rev in the set of tests done on f/d=1.
Shear-localized can be observed. Scanning electron microscopy with secondary electrons. (a) and (b) indicate
the different magnitudes utilized.
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Figure 5. Chip morphology obtained in the turning test using feed of 0.060 mm/rev in the set of tests done on f/d=1.
Shear-localized can be observed. Scanning electron microscopy with secondary electrons. (a) and (b) indicate
the different magnitudes utilized.
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Figure 6.Segmented chip morphology obtained in the turning test using feed of 0.585 mmrev in the set of tests done on
f/d=1. Shea-locdized can be observed. Scanning eledron microscopy with secondary eledrons. (a), (b) and
(c) indicate the diff erent magnitudes utili zed.

4. Conclusions

The foll owing conclusions are based on the results presented in this gudy:

1. Strain-induced martensite was identified mainly in the chips through the use of magnetic measurements. In the turned
surfaceit was not identified through the use of magnetic measurements probably becaise of the detedion limit of the
equipment. The microhardness measurements are an indicaion of workhardening and strain-induced martensite
formation athoughit is not conclusive.

2. A different behavior was observed in workhardening, evaluated by microhardness measurements, and roughressin
the set of tests done on f/d=1 and f/d=0.2. This behavior can be caised by different state of strain during the cip
formation. In the set of tests done on f/d=0.2 a plane strain state was expeded unlike in the set of tests done on f/d=1.
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