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Abstract  To enhance the machinability of the austenite stainless alloys, Mn and S were added to form MnS
in the austenite matrix. Recently, Ca is also added to increase machinability. The alloyving elements, such as
C, Mn, S, Ca, and Al, are known to affect machinability, but those roles are not well understood. In this study,
the ingots, controlled of alloying elements, C, Mn, S, Ca, Al, were prepared in the 304 stainless steel. The
relationship between microstructure and machinability was compared to understand the role of alloying
elements. It was proved that Mn and S enhanced machinability but C reduced it by analyzing cutting force
on machining in the lathe. The alloying elements, Ca and Al, made a conplex oxide compound of Mn-S-Ca-
Al-Si-O, which results in increasing tool life. The ferrite volume fraction was changed with alloving elements
and the effect of the ferrite fraction on machining was also disoussed.
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Table 1 Chemical composition and Cry/MNiy, of 304 stainless steels(wt.%4).
Alloy C 51 Mn P Ni Cr Al Ca N Crog/Nigy
HC 0.048 0.395 1.48 0.0330 0022 8.28 18.28 - 0.0006  0.0606 176
HC-CaA 0.054 0.390 1.50 0.0298 0026 8.10 18.21 0.002 0.0021  0.0663 175
HC-HCA 0.053 0.394 1.48 0.0281 0.022 8.02 18.11 0.003  0.0043 0.0666 1.74
LC-CA- AT-1 0.015 0.287 1.82 0.0269 0029 g8.21 18.23 0.017 00017 00849 178
LC-CA- AT-2 0.015 0.230 1.79 0.0223 0024 g8.29 18.58 0.023 00028 00782 1.81
LC-CA- AL-3 0.015 0.560 1.88 0.0278 0031 798 18.03 0,023  0.0025 00978 1.81
LC 0.016 0.502 1.34 0.0290 0027 878 18.04 - 0.0006 00045 176
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Fig. 1. Schematic drawing of experimental set-up for
machinability.

Table 2. Instruments of the experimental set-up for
machinability test.

Instrument Specification
CNC lathe Hi-ECO 10 (HWACHEON)
Tool Dynamometer 9257B(Kistler)
Charge amplifier 5019A(Kistler)
A/D converter PCL-812PG(Advantech)
Insert tip CNMG120408-WF(SANDVIK)

Tool holder

Tool microscope

DCLNL2525M12(SANDVIK)
MF-1030TH (Mitutoyo)

7] {8t FAES] Fe A sk e RS
)2 Ao A WAl 22t P64 mm, D20 mm<]
TR THS AT ke ZEIRIE: Ut
& HlolEE ARESIAL, AT Table 33 2T},
HaHAle dubg oA 2 o) AEEE dEdds

AHg-stsitt.

Table 3. Condition of machinability experiment.

Ttems Conditions
Cutting speed (rpm) 600
Feed (mm/rev) 0.15
Depth of cut (mm) 2.0 mm
Coolant Emulsion

A - oA - 2T

AL Wt Atomic%
6] 3.7 9.6
S 33.3 42.9
Cr 4.7 3.7
Mn 58.3 43.8
A Wi% | Atomic%
o] 26.1 47.6
Al 3.5 3.8
Si 16.9 17.6
S 1.7 1.5
Ca 8 5.8
Cr 15.5 8.7
Mn 27.9 14.8

Fig. 2. Complex oxide inclusion and its EDS analysis in Ca
added alloy of LC-CA-AI-1.
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At BgNAES EDS AE B4L 93 EDS
mapping ¥4 F3to] FepEE RS st &
AN =2 Fig. 291 2ol FAFl= Ca-Al-Si-O7}F 5=
R0 o]Fo|F L L Fo] MnS7F S8 Mol »
F BT Fig. 394T HEAIES] F8 A&
?l Mn, S, Al, Si, Ca, 0¢] EDS mapping 4%} 7]
A F48 AE< Ni, Cre] EDS mapping 235 Eo
FaL Aok MAES] F4FE Al Si, Ca, O &L
2 PAY 93 7PEAEE Mn B S7F FAROE
AE I Je-S HAFET), ol EdviAEe] IAE u)
Al-Si-Ca AFglEo] @z WA PAo] =i L 99
MnS7t FES & F 9

MAE & 354 Al AR8-3F back scattering image
nlHEAe Fig. 49 JERAIS™ A E-&-2 Table
39] YERARI T MnS 2 Mn-S-Ca-Al-Si-O E-31 A &
& R e R FHEEA otk AAES] = MnS
E I 944 Mn 2 S, EIAIES B84
71E Ca, Al gHFo] =& FE(LC-CA-ALA &0l A
h Bo Ao Yyt

o u

i
rO
W
ey
it

3.2 HE0|E 2
7F oA HEelE B8-S 45t Table 49
ERRich slgtolE B8-& CryNi )7t Fohskel ub

Table 3. The volume fraction of inclusions in 304 stainless alloys.

Sample HC

HC-CA

LC-CA-AL-1 LC-CA-AL-2 LC-CA-AL-3

Volume fraction of inclusion 0.22%

0.32%

0.34% 0.32% 0.41%
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Fig. 3. EDS mapping analysis in the complex oxide inclusion.

Fig. 4. Back scattered electron image of ferrite and inclusions in 304 stainless steels. (a)HC, (b)HC-CA, (¢)LC-CA-AL-1, (d)LC-
CA-AL-2 and (e)LC-CA-AL-3.
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Table 4. The ferrite volume fraction in 304 stainless steels (%).

LC-CA-AL-3
Sample HC HC-CA HC-HCA LC-CA-AL-1 LC-CA-AL-2"  Ag Hot Hot forming
received forming /annealing
Ferrite volume fraction  0.44 0.16 04 0.89 3.47 2.58 1.44 0.28
Cr/Ni equation 1.76 1.75 1.74 1.78 1.81 1.81
¥, 223 g2 § IAE AFE olgat] FEelE M&w wE AS FAY € 2ET Al A &
&S S48 A @A oldo] BETE HElE & Zel ZFsie] B dlglelErt A E 22 &
g2 stk &I} =9 A FAY T LUt oA 8w of
Gold 2AL WAL $AT YAEAN T £ AR HYHH 22EjelE 24e] 4D sPsHel 9
4ol B APOIE £82 2Hap) 9ol 2 BEol) A o6l o) Apgel we 2dE QHelE 4
W SO HPE F & FElE £88 ST 4 Ade] IAE] A AR diddnt £ 23 A
G 7 F W) ADL Fig 5o Jeileh 4§ AR %S SISEAN A8YF] A B FR
HollA a7t whE 27191 50 /s EAA A LC-CA-AL2 §aolde W Sadwdae 2% 7
& sjglel=rl FARUTt. 1Y SIEEY Sumisdl & FolEs} sl F4E £ e Aow wudE.
RO o2EolE SAe] AENT LC-CA2 § UWF $3L §R SIgtelE BES Table 5o Lhe)
T sl A e] AT S0 2E) Slel DU S AT 4 ) S a
do) GRS 2B st BHE A0 e 0 SIAVORYE lom 2 4om ol FielA v
A lewm!” B ddlel we Sadwe] SaAWN  ARAE Bl dEelE £Ed 24 cP%lE} A
T AR HEelErE dAYE ZoR Fosih & S o] LETH(20.5°C/em)E ZE sk AW lem

(a)

Fig. S

"

. The Solid/Liquid interface morphologies in (a)HC, (b)LC-CA-AL-2, (¢)LC-CA-AL-3 alloys at 5 gm/s, and (d)HC, (e)LC-
CA-Al-2, (f)LC-CA-AL-3 alloys at 50 ym/s.

Table 5. The ferrite volume fraction with solidification rate in directionally solidified samples (%).
iqui All
Solidification rate Length from liquid/ o
solid interface HC HC-CA LC-CA-AL-1  LC-CA-AL-2  LC-CA-AL-3
ICm 1.45 0.14 0.84 2.56 1.83
5 um/s )
4Cm 2.39 1.86 1.86 1.92 341
1Cm 3.19 299 3.36 8.39 6.41
100 um/s
4Cm 2.44 1.99 3.26 5.77 5.49
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a Pmmpal cutting force Cutting speed : 600rpm
OFeed cut‘ung force Feed : 0.15mm/rev
O Thrust cutting force Depth of cut : 2.0mm
Z 2000
8
=
&
80
8
=
- h h h
0

HC-CA HC-HCA  LC-CA-AL-1 LC-CA-AL-2 LC-CA-AL-3

Alloy

Fig. 6. Cutting force of 304 stainless steels.

Table 6. Fracture time of tool in 304stainless steels (sec).

HjEE 0 2 ipro] e A THFig. 6). HCEHel =2t
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7L F8ke] Table 69 YERNSICH. LC-CA-AL-3 %
LC-CA-AL-1 $¢] &+ o] 7P =kow LC-
CA-AL-1 32 FHE 7P g0 43 3l wjet
i B2 HAE HolFQl)

el 75 whaghEro] Al At M kAl Mn,
S, Ca, Al®] Figo] Wtd o vr] wjige] gare o]
A ey s e Aow wukdtl HC-CA, HC-
HCA &2 #2F "A71948] Mn, S, Ca 5°] HC &
 Hr} thh Eol FFHo] HCHUTE A=
LC-CA-AL-2, LC-CA-AL-39] $HHET} 34 38 &
T k. LC-CA-AL Al @52 HC-CA ¥ HC-HCA
HL-LO%I Hlgl] gha o] Wi met Al o] A U
el w3 e gagsr 2 i ZArA
(Mn,S,Ca, AlF AFA FFE v 22 dAdEr)

33.1 gAio 9%

o] ke R eR g 3 gatgol J%
& VA Fo& Yepdtt datEelx HCAl $3 LC
A L vlwsle] B Fig 6914 BE vkl o] LC

A7 ki B veRETE SR el HCAl el
HC, HC-CA, HC-HCA #=°] LCAl & LC-CA-
AL-1 ¥ LC-CA-AL-3 §& Xt} @A 3] ¥ty olg}
o] By A AR eR JIE vXE Al &
9~ I}k 12y Table 69] LC 59 o751 A3l
A HoFe wpe}l o] vha ko] YrjEln ot A
7H4x(Ca, Al, Mn, S)7} 5 wf FPge] v A
o2 Yelyth oldde vhe FAEAL ATV
e BAE Ve SRt Pt Arklavt Be o)
= AAEAE 98k 258 o 5 dth

Alloy Ist 2nd 3rd 4th Sth Deviation Average
HC 60 30 60 60 60 13 54
HC-CA 180 30 120 60 120 58 102
HC-HCA 360 240 30 30 30 154 138
LC-CA-AL-1 600 360 300 240 300 141 360
LC-CA-AL-3 360 300 286 343 - 35 322
LC 220 44 176 132 - 75 143
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3000

B Principal cutting force
O Feed cuting force
1 Thrust cutting force

Cutting speed : 600rpm
Feed : 0. 15mmvrev
Depth of cut : 2.0mm

Cutting force (N)
53
=3
2

s
2

Forging

Non—forging
and annealing

Forging and
annealing

Alloy

Fig. 7. Cutting force with ferrite volume fraction in HC-CA-
AL-3.
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Table 7. Cutting length to fracture of tool with the ferrite
volume fraction.

LC-CA-AL-3 LC-CA-AL-3 -C-CA-ALS
Sample . .~ (Hot forming/
(As received) (Hot forming) .
annealing)
Ferrite Volume
%) 2.58 1.44 0.28
Cutting length 374 210 252

(mm)
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