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Abstract

Machining is one of the most widely adopted manufacturing processes for producing high-
performance components with precise geometry, high dimensional accuracy, and excellent
surface quality. The machining performance under dry conditions strongly depends on the
cutting tool materials. M2 high-speed steel (M2 HSS) is a cost-effective and commonly used
tool material owing to its high hardness, good wear resistance, remarkable hot hardness, and
adequate toughness. Despite these advantages, its applicability is limited in high-speed
machining and specifically in machining difficult-to-cut materials. Therefore, the performance
of M2 HSS needs to be improved to meet the increasing demands of modern machining
applications. The incorporation of ceramic reinforcements is recognized as an effective
approach for significantly improving the hardness and wear resistance of M2 HSS. In the
present study, boron carbide (B4C) was selected as the reinforcement material owing to its
extremely high hardness, excellent chemical stability, and ability to maintain high hardness at
elevated temperatures, which enhances the hardness and wear resistance of the metal matrix.

Therefore, M2 HSS-B4C composite was developed for advanced cutting tool applications.

The fabrication of composite cutting tools using traditional manufacturing routes such
as powder metallurgy poses several challenges, including numerous processing steps, extended
lead times, material wastage, incomplete densification due to the use of binders, and difficulties
in fabricating intricate geometries. To overcome these limitations, directed energy deposition
(DED) emerges as a technologically advanced metal-based additive manufacturing (AM)
process capable of fabricating near-net-shape and fully dense metallic objects with high
material efficiency and design flexibility with significantly reduced processing steps.
Therefore, this study explores the feasibility and potential of the DED process for fabricating

M2 HSS-B4C composite cutting tool inserts.
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The selection of suitable DED process parameters is a crucial step for producing defect-
free and high-quality components. Therefore, the DED process was first used to manufacture
M2 HSS specimens with a focus on understanding the influence of key process parameters on
the geometrical features of single-track depositions. Based on the preferred range of dilution
and aspect ratio for high-quality depositions, the most suitable process parameters were
determined as a laser power of 1600 W, a scan speed of 500 mm/min, and a powder feed rate
of 12 g/min. Furthermore, a multilayer M2 HSS component fabricated under these selected
parameters was characterized for microstructure and phase analysis, which indicated the
presence of martensite, retained austenite, and eutectic carbide phases. The DED-fabricated

M2 HSS exhibited a microhardness of approximately 734 + 12 HV.

Subsequently, the DED parameters selected based on the single-bead deposition study
were used to fabricate M2 HSS-B4C composite samples containing 0-20 vol.% B4C. The
influence of B4C addition on microstructure, phase formation, microhardness, and wear
behavior were systematically investigated and compared with unreinforced M2 HSS. The
microstructure and phase analysis revealed that the incorporation of B4C reinforcement into
the M2 HSS matrix facilitated the in-situ formation of hard ceramic phases such as iron borides
(FeB and Fe;B) and iron carbide (FesC) in addition to the martensite, retained austenite, and
M:C-type carbide. The microhardness result demonstrated a substantial increase from ~734
HV for unreinforced M2 HSS to ~1034 HV for the composite containing 20 vol.% B4C,
representing an improvement of nearly 41%. This enhancement is primarily attributed to grain
refinement, solid-solution strengthening, and the presence of hard ceramic phases induced by
the B4C reinforcement. The wear characteristics were evaluated in terms of coefficient of
friction, mass loss, and wear rate. Further, the wear mechanism and surface topography were
analysed using scanning electron microscopy (SEM) and a 3D profilometer. The wear results

revealed that increasing B4C contents effectively decreased the mass loss and wear rate with a



maximum reduction of approximately 73% and 68%, respectively, for the composite containing
20 vol.% B4C relative to the unreinforced M2 HSS. The dominant wear mechanism in the
composite sample was transitioned from adhesive to abrasive type. The findings indicated an

improvement in wear resistance of the composite samples with increasing B4+C content.

Thereafter, cutting tool inserts of M2 HSS-B4C composite materials were developed
using the DED process and the machining performance was investigated through turning AISI
1045 steel. The study focused on investigating the influence of machining parameters and
determining optimal conditions to achieve superior machining performance. Statistical
predictive models were developed using response surface methodology (RSM) to correlate
machining response variables such as cutting force, surface roughness, and tool wear with
machining parameters and B4C content. Subsequently, a multi-objective optimization was
performed using a genetic algorithm to optimize the machining parameters and B4C content,
aiming to minimize the response variables. The optimal machining conditions were identified
as a cutting speed of 53.12 m/min, a feed rate of 0.07 mm/rev, and a depth of cut of 0.13 mm,
along with an optimized B4C content of 11.13 vol.%. Finally, the machining performance under
the optimized conditions was compared with that of conventional M2 HSS cutting tools. The
findings indicated that the DED-fabricated M2 HSS-11.13 vol.% B4C composite cutting tool
achieved significant performance enhancements, exhibiting reductions of 28.8%, 30%, and
24.4% in resultant cutting force, surface roughness, and tool flank wear, respectively, compared
to the conventional M2 HSS tool. Additionally, corresponding reductions of 20.7%, 19.3%,
and 16.8% were observed when compared with DED-fabricated unreinforced M2 HSS cutting
tools. These results clearly indicate that the incorporation of B4C reinforcement into M2 HSS

significantly improves the machining performance of the cutting inserts.

Finally, the present work was extended to deposit TiN and AITiN surface coatings on
the optimized DED-fabricated M2 HSS-11.13 vol.% B4C cutting inserts using physical vapor
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deposition (PVD) to further enhance the machining performance. Both coatings exhibited
uniform, continuous, and crack-free deposition, along with some microvoids and droplets
observed on the surfaces. The XRD patterns revealed the presence of TiN and AITiN phases
with face-centered cubic (FCC) crystal structures. Compared to the uncoated tool, the TiN- and
AlTiN-coated tools showed improvements in microhardness of approximately 21% and 52%,
respectively. The performance of the coated tools was further evaluated through turning AISI
1045 steel under the optimized machining parameters. The results demonstrated that the use of
TiN-coated tools reduced the cutting force, surface roughness, and tool flank wear by
approximately 21%, 18%, and 24%, respectively, compared to the uncoated tools. In contrast,
the AlTiN-coated tools exhibited a corresponding reduction of about 38%, 31%, and 41%.
Furthermore, the application of TiN and AITiN coatings achieved improvements in tool life of
approximately 34% and 59%, respectively, compared to the uncoated tool. Overall, the AITiN-
coated cutting inserts exhibited superior machining performance compared to both TiN-coated

and uncoated inserts.
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R

HUME T & U T AUS ¥ U TS S arelt o ufwarslt & 3t g1 gt
fRufaal & T=fif &1 ve= F1w! 88 0@ Hic ¢a Il R MR Frar g1 M2 gR-Ts
W (M2 HSS) 30 I BRI, Sfwy forama UfeRiy, Ieeia=ia T HoRdl 3R g
TSIt & HRUT T AT THTET SR STHAR WR AT B oI aTelt ¢ It g1 84
BRG] & JTaSE, 39D ST gTs-wUTs HRAT H SR faviv &u @ gfiked ¥ $1¢ oH
arel yardf & AR & Rt 71 3, sy wRifT sruiv &t sgd! wiTl 1 g
FRA & I M2 HSS & TeRF & GUR & 3t saxgsd! g1 RRfire Sg-pRite &
M HAT M2 HSS BT HERAT 3R g uferiy T Bt YUR F3A & o1 T gt
TRIDT HIHT STl & | GaHM ST H, SR BIa15S (B4C) Pl AhIiwe Il & wU H
T T YT P SqDT ATVH 3= BRI, SHT IS FRRAT 3R I ATHH R
3o BRI I TT BT &4HAT B, S U1 Al ) HoRar 3R frama ufery oY Ieraht
2| UMY, I BT ga Sy & oI M2 HSS-B.C duifoTe faswRra fasam mmam i

(]

T3S UTdHH oY URURSE AT ART &1 SUTART HRp HuUlvIe HieT gal Bl
AT g gHIfaal O a5, O & URiRur @Ry, A s egH, aeh &t
gafd), LS & IUANT & HRUN 3HERT I 3R Sfed sanfhifa & fFmfor & sig=mgar e
g1 37 el B R FRA P oY, STREES TSI {STRTRA (DED) U ddbilbt T I
J9d UTd- 3T UfSfed AghaatiaT (AM) Ufshal & &U & IURAT § of o ATt Gefdl
3R fEomg THIauT & A1y THT A-]Y 3R G RE ¥ 1 Urfcds awgsit &1 fAamr
HeA H TeH &, o U1 TR § ST B SNl 71 3, T8 ST M2 HSS-
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B4C HUIIC T ¢a SHC o HT0T & forT DED Ufehan &1 HagTdT SiR &l &1 Tadrd

CGIR

3IY-Tad 3R IF-T[Urax aTat HUHe §H & ol SUgad DED Ufehdl HIUGS! BT
99 U HE@YUl HeH g | STE, DED UfehadT BT SUTART Ugd M2 HSS AT & fHfur &
fore fopar o o1, foed Riva-cw feuifoRm &t st faRwarst w e wfsan
AUCS! & THTT DI THSH TR & disd (a1 7 YT S=-T0ra alel fSaforRe & fag
SIEeRM 3R Ugd SIUTd Bt TRicial T & YR WR, T SUgad Ufhal ATucs! &l
1600 W @1 WoR fad, 500 mm/min &1 b 1A 3R 12 g/min $1 ISR BI8 & & &Y
4 fRuffed fobam 7o 11 39 reTar, 7 g §U WRHIeR & T8 d ST TTT Ueb Hee IR M2

HSS HUMC BT AZDH R MR Urel TATIOIRN fopar 7T, for Ardurge, Rews s ze

3R gefacsdh FHagS Bl B ASGT BT Udl Ial | DED-FATHT M2 HSS T @M1 734 + 12

HV &1 HTgehIgTe 4 UTs 718 |

P SIe, Ria-dis fSOfoRM ©&t & SMYR R I T DED REHER &1 IUINT
FRPB 0-20 AlegH% B4C AT M2 HSS-B4C HUIIE HUS §IT Y| HAISHRCERR, ol
HIHRH, AEohiere~d 3R R SRR | B.C M & UuTa &t Fafyd EU 9 Fid ot
Ts 3R Pt o for SmRife ard M2 HSS ¥ @1 T | AISHRETR 3R Tl
TATFIRN § Tl =l fob M2 HSs Afea # B,C S hIHe &1 IMHS & ACHISE,
RS 3REAEE 3R MoC-UPR P HIEES P Gl 3R IRISS (FeB 3R FesB) 3R
TR HIEZS (FesC) O HOR RRMUF Wl &1 A-Uig AT = g Tl

ASHhIgISg & TR F yar a7 fo famr Hshidre ard M2 HSS & ol ~734 HY @

SGdR 20 dIcgH% B,C dTd HUIRSIC & feTT ~1034 HV B T, Sl TIHT 41% BT UR
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SR 8| I8 YUR & ¥ ¥ I9 Rbrede, Hiiis-Aieg=H LU iR B.C Aghide
SR1 ORA SR RRMA® e o IufUT & SR 5| fRR faRwarsit &1 geaie g
Ul SoHT g1 SR R e & g # fova T | 39 SradT, faeR fosfod ik Idg
& RIATHIA BT fIRAT0T BT SaaeH AISHRBIU! (SEM) 3R 3D TMHIEAmeR &
IUANT b far Tar| fawR & ufondt @ udr g & B,C &) HET 9¢M T GouHM 81
3R R X & guTel =0 J FHH o1g, Ford fomT Ss-miRite ard M2 HSS & gaT & 20
ATegH% B4C aTa SUIfSIC & foTT ShHRT: TIHT 73% 3R 68% &1 HTYHIH ST St T3 |
Huifore Jua T 7@ R Adi—od TSeRa ¥ Tafid UeR # ged mar| Fps! § uar
Tql 3 B4C B U d6- & T1Y duifole Jud & faaR Iordd  guR gaf|

S §1G, DED Wfthal HT JUANT Hh M2 HSS-B,C dHUIfvIe AT & BT g
3¢ fapRId fbT T 3R AlSI 1045 T &1 e B FRAMT ye= @t |id &1 7
ey | AT IRTHICY & UG B Wi B IR dgaR AT UeRH U & &
ferg gyaw fRufaal @1 (Ui B W @M Siad fbar @11 R Webe Aursiarsi
(RSM) BT STIHTA PP LeRewd Uiefaea Ared fapRid feu v afes &idn i,
WY TG 3R 7o IR o i Rei-g aRwee &1 A=iif1 IRmfieR 8k BiC dee
q ST o & | 39 dTe, N3 aRTI B! HH B & Hpdg I HRifn Rifed sik
B4C hc ol SMPHISY PR & o S TMRGH BT SXAHTT Heh Heel-3Hlsvifaed
SHOATSR fobar Tam| SHifPHe AT S &1 53.12 m/min BI HICT WS, 0.07
mm/rev &1 IS I€ 3R 0.13 mm 1 HE B! TTeRT5 B ATY-T1Y 11.13 vol.% & HPHAETS
B4C hcc b U H UgdHI AT | SRR H, 3P ATS TS SR o ded AR IRBIHY B
qOT URURS M2 HSS i & ¥ &t 15 | ol o Ul Ial fdb DED-Whisdhes M2 HSS-

11.13 vol.% B4C HHISIE BT ¢l 7 URURD M2 HSS ¢ &1 a1 H Refece dicT BN,
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BT IG-Y 3R A Widb AR H B 28.8%, 30% 3R 24.4% $ HH G §U
WREHT T B0 YR TR fHa1| $9F 3], DED-Hidhes SFRABIRS M2 HSS
BT T DI AT H 20.7%, 19.3% 3R 16.8% B! Y& fd HH! ¢l 7T | T ol TMH IR
TR FAMd & fob M2 HSS | B,C IS pIiTe &1 =MMAd 3 9§ HicT 38 o1 A1 R re
T B! GUR ST 8|

MRER & 3 B0 D! 3MPHAESS DED-Thigdhes M2 HSS-11.13 vol.% B4C HieT 39¢
R hforpd duR fESARSTRM (PVD) &1 39T b TiN 3R AITIN TR HIfe™ SHT
B & forw sgran T arfe ARifT WBIHg @ 3R 9gdR ST o 9 | gFl difdtg =

el R $© AIRHIAIsSY 3R Sucey & I1Y T JHM, TR 3R Hdh-16! fSAT=H
faaman| XRD Te A By-Yes agfad (FCC) fohed WaaR & MY TiN 3R AITiN TROT i
IufRfa &1 Jar fear| faar dics ¢ & o §, TiN- 3R AITIN-®BICS ¢ A
SIS H HHTT: TIHIT 21% 3R 52% &1 JUR ST HICS T & WHIHY B
i HifPrRss A= tRifled & dgd AlSI 1045 Wd & e b fowar |
Tatol I UdT =a o fo1 ST aret e &t ol & TiN-PICS ¢ o SIIHT § dicT]
B, B IH-Y 3R ¢ Ui AR H HHRT: TIHT 21%, 18% 3R 24% HI HHT TS |
P IAC, AITIN-DICS T H FUT A8 TIHT 38%, 31% 3R 41% DI HH! o1 715 | TP
3{TTaT, fomT ST ard g ! gaT H TiN 3R AITIN BIfT & 3T o ¢ a1 |

SHHTT: T 34% 3R 59% HT JUR M| F AR, AITIN-DICS BT ZIC A TiN-

DIes 3R I I aTed 1 9 BI ga1 H SR AR ey faamn|
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