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In this study, an attempt has been made to comprehensively investigate the effect of adding 5 wt% titanium on the
microstructural characteristics, mechanical and physical properties of titanium nitride-based ceramics. The sintering of
TiN-5wt%Ti ceramics was carried out using the spark plasma sintering (SPS) process in a vacuum atmosphere, under
a pressure of 50 MPa, at a temperature of 1900 °C for 7 minutes. The results showed that the lack of sufficient
wettability between the titanium additive particles and the titanium nitride matrix phase and the trapping of gases
resulting from possible reactions between the particles and residual oxygen during the sintering process were the
reasons for the relative density of 92.5%. The formation of the titanium oxide phase during sintering was confirmed by
the reactions of titanium with titanium nitride and residual oxygen using the results of field emission scanning electron
microscopy (FESEM), X-ray diffraction (XRD) and thermodynamic evaluations. According to the laboratory results
of nanoindentation test, the maximum hardness and Young's modulus were obtained at loading rates up to 0.8 mN/s.
In addition, pop-in events were observed in the nanoindentation test curves due to the formation of microcracks and
dislocation nucleation in the indentation areas. Also, finite element simulation of the nanoindentation test was
performed using Abaqus software at the same experimental loading rates, i.e. 0.2, 0.4 and 0.8 mN/s, and a significant
agreement was obtained between the laboratory findings and the simulation results.
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Fig. 2 Field emission scanning electron microscope images of the polished surface of a TiN-5wt%Ti sample produced by spark plasma sintering method,

showing the indentor impact resulting from the micro-Vickers test
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Fig. 3 X-ray diffraction test result on the surface of TiN-5wt%Ti sample produced by spark plasma sintering method
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Fig.4 Field emission scanning electron microscope images of the polished surface and fracture surface of the TiN-5wt%Ti sample produced by spark

plasma sintering method
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Fig. 6 Applied load curves versus penetration depth from 25
nanoindentation tests at each loading rate of 0.2, 0.4, and 0.8 mN/s

performed on a sintered TiN-5wt%Ti sample.
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Table 1 Nano-indentation analysis results under different applied loads
on the sintered TiN-5wt%Ti sample

Loading rate(mN/s)
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186.748+7.960 155.782+4517 133265+ 1757  cducedElastic

modulus(GPa)
203.004 +7.960 164.050 +4.517 137.220+1.757 modified
19.845+1.285 17.238+1.060 16.906% 0.775 Hardness(GPa)
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Fig. 5 Applied load curves versus penetration depth obtained from

nanoindentation analysis under different loading rates (based on the

average of measured and calculated results) on a sintered TiN-5wt%Ti
sample

0139398530 (39451 (63 Lotnid s Jalxd -¥-0

TiN-5wt%Ti Sl yw (595 3 03—d plil 65,845l 9051
9 390 odb 48,3 4l )3l oo b (5)l5mb 5 IS0 &5
A g oIt g oIV Gilize (51380 £y aw sl Gialog]
S5 13 redls don (gl a5 3y oais ﬁlajl il e e
L ply cudyi o (Holding time) euslyiwl loj g oo Jlael )b
0 4 (lswd ez g el 039y 4l Y g (y3gu3g)Sue Asee
» UJLA.C‘ )L; (_gLa:L,.l.zLa odal s @ C"’L"’ Uu\_wl).) el
lael 3k 5 53 013993536 (9051 YO 51 Jol> 3585 Gae
Lged (59, 2 03— plail 4l p igaiGlee +[A g ¢/t g +IY
RO v 03)9.[ a JS.&)& IR e

b o2h&Kes agllho S« Jae @l i canlin o5l (8L (glp
9 a— plil 6xig 9,953 S (S5 55 lagledl e5ladl Lials
313383 @lS 4 ol sl Bad dunlio SoaSH bzl
bt VSl o ool wl onigyg,83L (SGa5 5 yihy ¢ladl
od— ol slsul el plis cams o ol_dd | U,gl)ia..m aelae
3 s B iag Sam 120 5,853 555 S35 53 ol
5 oael caws @y bols cavs p Jleel Hb i 55 A S

iyt SeilSe udige yale doliale



vy 0139935300 3T bl 0 o (SiilSe ity (55l § ailind (359 20y i — puilid Ly Siualus by datedie

Jsb 3 a5 oo Ty doangl s Sy (23)S g4l (3w
O3 @ 4 Sl gla ISy 30 g)lanl sl e
397 4y el Silowny Sty JSbpass czaled 53 5 Nig50
5 oas ahall ) )3 0ig 9,393 geil I J—el 0a> el
Gslm oS glamls ez ol Jleel 255 Glalidl L Lilsie

S9die 5 Syi sl s3ileBly Stly Sy

10
0.2 mN/s (Experiment)
0.4 mN/s (Experiment)
8 0.8 mN/s (Experiment)
———-0.2mN/s (FEM)
= —— — 0.4 mN/s (FEM)
=z
£ 61— 0.8 mN/s (FEM)
T
@
<]
|

200

Displacement(nm)
3 el s 4 bl cuns  Jleel Jb Gizxie A JS&
alaleT a5l 5 (FEM) 3gam0 plall (55luodndd
diged (59 » 03ig,9,993l (Experimental)
S 5 631 BL calitee slag s (sl TIN-5wt%Ti

Fig. 8 Applied load versus displacement curve obtained from finite
element simulation (FEM) and experimental testing of nanoindentor
on TiN-5wt%Ti sample for different loading and unloading rates
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(b) Stress distribution Contour corresponding to the end of unloading
stage at a rate of 0.2 mN/s.
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(d) Stress distribution Contour corresponding to the end of unloading
stage at a rate of 0.4 mN/s.
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Fig. 7 Sensitivity analysis of FE results to mesh size.
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(a) Stress distribution Contour corresponding to the end of loading stage at
a rate of 0.2 mN/s.
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(c) Stress distribution Contour corresponding to the end of loading stage at
a rate of 0.4 mN/s.
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