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ABSTRACT

Turbofan engines are used to provide thrust force by using the high
temperature and pressure gases flow from the nozzle to move passenger
planes or war jet planes. Turbofan engines consist of complicated parts
such as axial fan, compressor, combustion chamber, turbine, which are
manufactured with high engineering knowledge. Therefore, it needs to be
well designed, analyzed and manufactured. In this study, an axial
compressor of a warplane turbofan engine was designed and analyzed with
AxStream software. Results were compared with real turbofan engine
measured values, furthermore, computed flued dynamic and strain analysis
were performed to evaluate compressor design parameters. Results showed
that the polyprotic efficiency of the designed compressor was 2 % higher
than the actual compressor. Furthermore, similar pressure and temperature
were obtained at the outlet of the designed compressor.

Keywords: Turbofan Engine, AxStream, Axial Compressor, Computed
Fluid Dynamics.
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TURBOFAN MOTOR iCIN EKSENEL AKISLI KOMPRESOR
TASARIMI VE ANALIZi

0z

Turbofan motorlari, yolcu ucaklarini veya savas jet ugaklarini hareket
ettirmek i¢in noziilden gelen yiiksek sicaklik ve basing gazlarim kullanarak
itme kuwveti saglamak i¢in kullamilir. Turbofan motorlar, yiiksek
miihendislik bilgisi ile iiretilen eksenel fan, kompresér, yanma odasi, tiirbin
gibi karmagsik pargalardan olusur. Bu nedenle, iyi tasarlanmis, analiz
edilmis ve iiretilmis olmalidir. Bu ¢alismada, bir savas ug¢agi turbofan
motorunun eksenel kompresorii AxStream yazilimi ile tasarlanmis ve analiz
edilmistir.  Sonuclar gercek turbofan motor olgiim  degerleri ile
karsiastirtlmis, ayrica kompresor tasarim parametrelerini degerlendirmek
icin hesaplamall akigkan dinamigi ve gerilme analizi yapilmistir. Sonuglar,
tasarlanan kompresoriin poliprotik verimliliginin gercek kompresorden % 2
daha yiiksek oldugunu gdéstermistir. Ayrica, tasarlanan kompresoriin
ctkisinda gergek kompresor gore benzer basing ve sicaklik elde edilmistir.

Anahtar Kelimeler: Turbofan Motor, AxStream, Eksenel Kompresor,
Hesaplamali Akigkan Dinamigi.
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NOMENCLATURE
Lu: Specific work coefficient
U: Rotor speed

Lu,: Specific work gradient

H:  Head of the compressor
h: Entalphy

w:  Relative velocity

p: Pressure

Y, ¥ : Stator/rotor velocity coefficient
M ;. Mass flow rate
p: Density

W :  Total pressure loss coefficient

c: Absolute velocity
A: Area
S: Entrophy

Wy - Pressure loss coefficient of stator

Wg . Pressure loss coefficient of rotor

P2 = P(h3.53) : Pressure function
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51 = 5(p1, 1) : Entropy function

B : Flow angle in relative frame

1. INTRODUCTION

Turbojet engine has been started to use in aviation since 1941 by the
invention of Franks Whittle [1]. The first turbojet engine consisted of a
radial compressor, a single combustion chamber, turbine and it was a water-
cooled engine [2]. Besides, turbo jet engines were modified and different
kinds of engines have been manufactured such as turbo prob and turbofan
that used in aviation [3]. Turbofan engines are the most commonly used
aircraft propulsion both in civil and military aviation applications which has
a large fan driven by turbine mechanical energy and a large amount of
airflow through a duct around the engine [4]. The main parts of these
engines axial fan, compressor, combustion chamber, turbine and nozzle [5].
Axial fan compresses the air which its pressure and temperature increase
before entering the axial compressors [6]. Axial flow compressor increase,
not only pressure but also the temperature of the air as a consequence of a
given pressure ratio by changing the velocity and also enthalpy of the air [7,
8]. Axial compressors consist of stages in which one stage is formed by one
stator and rotor blades [9]. Furthermore, compressor stage numbers can be
up to 20 stages. The computer-aided design of an axial compressor has been
the most common method with advance calculations. On the other hand,
design can be analyzed by advanced techniques such as computed fluid
dynamic (CFD) and strain analysis [10-12]. This study presents a novel
approach to improve and compare an actual compressor performance that
runs in warplanes by using advanced software. Therefore, AxStream
software (manufactured by Softinway company) was used to design and
analysis of 5 stages of an axial compressor by using compressor running
parameters of a turbofan engine of a jet fighter in this study. Design and
analysis results were compared to running parameters of this turbofan
engine. Results showed that the design pressure of air at the exit of the
compressors was % 93 similar to the real engine pressure value.
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2. MATERIALS AND METHODS

The main design parameters of the axial compressor for the turbofan engine
can be seen in Table 1. The axial compressor was considered to consist of 5
stages and inlet temperature, the pressure was the out of the fan flow.

Table 1. Design parameters.

Inputs Units Minimum Maximum
Inlet pressure kPa 426.32 426.32
Inlet temperature K 475 475
Total outlet pressure kPa 2643.21 2643.21
Mass flow kals 52.89 52.89
Inlet flow angle tan.deg 90 90
Inloel'j t?:tlgﬁ;aene tan.deg 70 70
Shaft rotation rpm 22800 22800
Mean diameter mm 450 600
1’st blade height mm 50 80
Wor(kL(l:Jc/Jszle)ment i 0.1 05
graﬁ?:r(l:tl?lfl]/vzl?_rtlf_l) i 0.1 0.5
Stage number - 1 5
Hub diameter mm 1.0 10000
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The following fundamental energy, continuity and work equations were
used to calculate the design outputs of the axial compressor, respectively
[13]. Eqg. 1 shows energy transfer per mass in an adiabatic flow that occurs
in a rotating wheel with the angular speed of ®. 7 in Eq. 4 is the continuity
downstream of the working wheel.

2 1)

Sp = S(F'J,}%(h -Qa- Yz]h"‘fr))

)
_ PR~ WD -_U= Us
5"_5( 1-w ° R 2+2) 3)
m = p(pz, hz)-wz.5in ;. 4; (@)
ci
H=h+ 2 = )
_pfns - L .o
Pr= P(h“ 2@"3") (6)
P
Pk ™
53 =5y hy) (8)
c3 Wi
Ry =H+5-— )
Uf .
54 = F(P(H+ > wh.{le _p1}):51)
(10)
:p: = P{h:;s:] (11)
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hy = h3 ¢

a — Rz _? (12)
53 = S@3 — Wy @3 — P2) k3) (13)
Pz = Plhg.55) (14)

From the known velocity coefficients of ¢, y or total pressure coefficient Wur, War
three equation that is shown in Eq. 15, 16 and 17 can be derived for the compressor
stage.

k.Gh,w)=0 (15)
k@, wg,cg3)=10 (16)
koli,wa,cg)=10 @an

AxStream software solves numerically by minimizing of k% + k3 +k§ by a
method of conjugated gradients. Here 2000 iteration was used to find the
best solution to these equations with the residual target set to 3.0e-5
(FRMS). Results, such as efficiency, main dimensions, temperature,
pressure, and power, were compared to real engine design and running
parameters. Furthermore, 3D aerodynamic and stress calculations were
performed to improve the design.

3. RESULT AND DISCUSSION
3.1. Main Design and Flow Results

The optimum main dimensions of the designed 5 stages axial compressor is
shown in Fig. 1(a) with % 87.9 total efficiency. The average compressor
diameter was found to be 422.19 mm and the inlet guide vane height was
60.87 mm whereas the first stage rotor and stator blade height was found
48.49, 46.48 mm, respectively. The designed compressor 3D view was
shown in Fig. 1(b). Furthermore, the enthalpy-entropy diagram in Fig. 1(c)
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set out an enthalpy increase in the compressor which higher at the rotor
blades than the stator blades. 1D and 2D streamline calculations are shown
in Fig. 2, where inlet pressure was increased from 423 kPa to 2690 kPa and
the total temperature at the exit increased to 835 K. Furthermore, inlet total
enthalpy and total air velocity increased from 478 kj/kg to 885 kj/kg and

248.3 m/s to 457.9 m/s.

Dy ctpg Ny
p

D f gy

191,50/6g K), 384™10%BJ/Ke

.

N T

(b)

160 165 170 175 180
Entropy, Jitkg K)

Figure 1. (a) 5 stages axial compressor with dimensions and inlet guide
vanes (red blades are the rotor and blue ones are stator blades), (b) 3D
image of the designed compressor, (c) enthalpy-entropy diagram of the

designed compressor.
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N 20352778.529709 W
10849912
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ents 0.764145 -
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&
)

(@)

N 20352778 529709 W

gon K

870.6
8211
ma
1222
672.8
623.3
573.9
5244

475

N 20352778 529709 W

W, mis
605.6
565.9
526.2
486.5
446.8
4071
367.4
321.7
288.8
248.3

Figure 2. 1 and 2D flow calculations of axial compressor, () total pressure,
(b) total temperature, (c) total velocity increase of the air at stages.



Dogus OZKAN, Kadir BUYUKHAMURKAR

3.2. Stage Analysis of the Compressor

In this section, detailed enthalpy, pressure, stress, velocity and
computational fluid dynamic analysis (CFD) analysis of each stage of the
axial compressor were evaluated. Vectorial velocity diagrams are shown
with velocities and angles where A is the angle between angular and
absolute velocity, B is the angle between angular and relative velocity, C is
the absolute velocity, K1, K2 denotes inlet and outlet air angle of air
according to the blade.

-10 -
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3.2.1. Inlet Guide Vanes (IGV)

The calculated absolute velocities and angles are shown in Fig. 3 in where
Cin and Cqyt were 248.3 m/s and 268.58 m/s. In addition, A and B were 90°
whereas K1 and K2 were determined to be 90° and 68.46°, respectively (see

Fig. 3 (2)).

C=2 L]
B ieg
A =90.000000 tan. deg
K1 =90.000000 tan. deg

3 tan. deg
tan. deg

(b) Mach
0.798.
o m,
0.6439
0.4894
04124
0.3349
0.257
0.18f

0.1032

Figure 3. (a) absolute velocity and angles of the IGV, (b) relative velocity
change at IGVs, (c) Mach number change of flow at IGVs.

A significant relative velocity increase was observed at the pressure sides of
the IGVs due to the separation of the airflow from the blade surface (see
Fig. 3(b)). Meanwhile, the exit IGV average Mach number was determined
to be 0.72 which was in the range of 0.7-1.1 for aerospace application gas
turbines [14]. However, the increase in the relative velocity due to the flow
separation also increased the Mach number to 0.79 (see Fig. 3(c)).

-11 -
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497.8]
477.8
457.8

4178
397.8
377.8
357.8
337.8]
N7

Ptrel, kPa

437.8

Ttrel, K

523.4

5.267e+005
5.195e+005
5.124e+005
5.052e+005
4.981e+005

4.908e+005
4.838e+005
4.766e+005

(c)

It rel, Jikg

5.41e+005]
5A33Se+005.

(d)

Srnis, Pa

1.51 78+IJDB.

1.348e+008

1.18e+008
1.012e+008
8.432e+007
6.747e+007
5.062e+007

3.377e+007
1.692e+007
6.985e+004

Figure 4. CFD analysis of the IGV flow, (a) total pressure, (b) total
temperature, (c) total enthalpy change, (d) stress analysis of IGV blade.

The calculated average total pressure of 423 kPa was close to the design
inlet pressure of the flow whereas, red areas in the flow indicate the highest
total pressure of 461.5 kPa (see Fig. 4(a)). Furthermore, the highest total
temperature was calculated to be 503 K while the average temperature was
487 K (see Fig. 4(b)). On the other hand, the average total enthalpy
increased from 476.6 kj/kg to 506.3 kj/kg (see Fig. 4(b)). Moreover,

-12 -
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according to the Von Mises stress analysis, the maximum calculated stress
was 97.12 MPa (see Fig.4(c)).

3.2.2. First Stage Analysis

Fig. 5 shows the first stage velocity triangles where the inlet absolute
velocity (C) increased from 268.58 m/s to 387.64 m/s at the exit.
Meanwhile, inlet rotor relative velocity (W) decreased from 458.86 m/s to
332.14 m/s at the exit whereas angular velocity (U) was 500.12 m/s and
518.30 m/s at the inlet and exit, respectively. Contrary to rotor blades, stator
blades decrease the C and A increases at the exit of the stator blade. CFD
analysis of the first stage rotor blades was shown in Fig. 6. Relative velocity
(W) decreased at the inlet from 346 m/s to 262 m/s at the exit with flow
separation at the inlet of the blades (see Fig. 6(a)). The total enthalpy of the
air was around 668 kj/kg and did not change significantly at the rotor blades
(see Fig. 6(b)). The total temperature and a pressure change of the flow
showed the constant average temperature, which was determined to be 635
K that was increased with the total pressure from inlet to exit. The
maximum pressure was detected to be 1815 kPa where this pressure was
observed left pressure side of the rotor blades at the flow with the average
Mach number of 1.09 (see Fig.6(c), (d) and (e)). Stress analysis results in
Fig. 6(f) showed that the maximum stress observed near the blade roots with
462 MPa at the first stage of the rotor.

-13 -
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Rotor-1_inlet

C=268.58 m/s
W=458.86 m/s
U=500.12 m/s
IGV inlet: A
C=248.24 m/s /?=:71.'59; ;’:g.‘
B=90 deg.
A=90 deg. Stator-1_inlet
K1=90 deg. C=387.64 m/s

B=39.82 deg. Stator-1_exit

A=39.82 deg. K2=77.90 deg.
S K1=39.61 é/ A=68.53 deg.
A ._ B=68.53 deg.

IGV exit O\ C=266.79 m/s
K2=68.46 deg. N o4
A=67.58 deg. *®
B=67.58 deg.
C=267.58 m/s RV c @
w
C: Absolute velocity Rotor-1_Exit
W: Relative velocity K2=47.51 deg.
U: Rotor angular velocity A=39.82 deg.
B=48.37 deg.
U=518.30 m/s
W=332.14 m/s
C=387.64 m/s

Figure 5. Velocity vectors of the first stage with rotor and stator inlet and
exit analysis.

When looking at the velocity calculation results of the stator blades, inlet C
was 387.64 m/s and angles were determined to be K1=39.61° whereas A
and B were 39.82° (see Fig. 5). This velocity and angles changed to
C=266.78 m/s, K=68.53°, B=68.53°, A=77.90° at the exit of the stator
blades. Stator blades decreased the absolute velocity to the inlet of rotor
blades at the exit that provided almost constant absolute velocity at the
stage. Thermodynamics and stress analysis of the stator blades are shown in
Fig. 7. The relative velocity of the flow decreased from 440 m/s to 272 m/s
which was close to C exit value at the rotor (see Fig. 7(a)). The average total
pressure and the temperatures were 942 kPa and 616 K at the stator blades
exit, respectively (see Fig. 7(b), (d)). The total enthalpy changed from 578.7
Kj/kg to 607.2 kJ/kg at the stator related to absolute velocity decrease at the
inlet and exit of the stator (see Eq. 1 and Fig. 7(c)).

-14 -
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(6 £19786,52 316269)
W, m/s
440
a1 m?'
379.5
348.9
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8.6564005
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7.9340+005,

7.6768+005)
7.2180+005,
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6.5020+005)
6.1440+005)

5.7860+005

Figure 6. First stage rotor thermodynamic and stress analysis, (a) relative
velocity of the flow, (b) total enthalpy change of the flow, (c) total

temperature change, (d) total pressure change, (e), Mach analysis, (f) stress
analysis of the blades.
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Figure 7. First stage stator thermodynamic and stress analysis, (a) relative
velocity of the flow, (b) total enthalpy change of the flow, (c) total
temperature change, (d) total pressure change, (e), Mach analysis, (f) stress
analysis of the blades.
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Stator bladed decreased significantly the Mach number which decreased
from 1.09 to 0.74 at the exit of stator blades (see Fig. 7(e)). The stress was
high at the exit sides of the blades with 30.5 MPa which is very low when
compared to rotor blades (see Fig. 7(f)).

3.2.3. Fifth Stage Analysis

Fig. 8 shows the velocity diagram of the last stage consisted of the rotor and
stator blades of the axial compressor. The inlet and exit absolute velocity of
the stage was 265 m/s. Therefore, the absolute velocity of the air at the
combustion chambers was 265 m/s. K1 and K2 were changed from 23.22°
to 49.93°, 41.81° to 81.45° at the inlet and exit of the last stage. CFD
analysis of the last stage of the axial compressor is shown in Fig. 9.
According to the results, the relative velocity of the air (546 m/s) at the inlet
of the stage dropped to 264.38 m/s at the exit. Furthermore, the total
pressure of the air at stage exit was found to be 2651 kPa which was close to
the design criteria of 2643 kPa (see Fig. 9 (c) and (d)). The total temperature
changed from 932 K to 857 K with the total enthalpy change from 942 to
857 Kkj/kg at the inlet and exit of the stage that shows total inlet temperature
and enthalpy of the air at the inlet of combustion chambers (see Fig. 9 (e)

and (f)).
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Figure 8. Velocity diagram of the last stage of the axial compressor.

The Mach number decreased from 0.95 to 0.49 at the exit of the stage (see
Fig. 10 (c) and (d)). The maximum stress of the rotor blades was 365 MPa
whereas this stress was determined to be 82 MPa for stator blades (see Fig.

10 (a) and (b)).
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Figure 9. Flow analysis of the last stage, (a), (b) relative velocity of the
flow at rotor and stator blades, (c), (d) total temperature change of the flow,
(e), (f) total temperature change, (g), (h) total enthalpy change of the flow at
rotor and stator blades.
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Figure 10. (a), (b) stress analysis of the rotor and stator blades, (c), (d)
Mach number analysis of the flow at rotor and stator blades.
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4. DISCUSSION

In this study, an axial compressor consisted of 5 stages was designed and
analyzed by using AxStream software for a turbofan engine. The design of
the compressor was compared to an actual turbofan engine compressor
which is used in military aviation. Our design exit temperature at IGV was
487 K which was closed to the actual IVG exit temperature of 475 K.
Meanwhile, the last stage temperature was found to be 857 K and this also
similar to the actual compressor exit temperature of 833 K. On the other
hand, the calculated exit pressure of the designed compressor was 2651 kPa
whereas actual compressor pressure was determined to be 2643 kPa.

The results showed that exit temperatures and pressures of the designed
compressor were 97% close to the actual compressor. The calculated
polyprotic efficiency of the designed compressor was 90% which is higher
than reported actual compressor efficiency of 88 %. Nickel-chromium alloy
X UNS 06002 was selected as compressor blade material consisted of 8.5
Mo, 21 Cr, 18 Fe, 0.6 W (% in weight). The maximum working temperature
and tensile stress of the material blade are 1200 °C and 572.74 MPa. The
calculated maximum stress of first and the last stage rotor blades were 462,
365 MPa which are in the safe working limits. On the other hand, the
compressor exit temperature of 857 K was lower than the maximum
temperature of the blade material. The contribution of the rotor to the
increase in pressure is expressed by the reaction rate by rate of rotor and
stator pressure differences. Here, the calculated reaction rate was 0.47 close
to 50 % that set out the symmetric stage means static pressure increase in
stage formed by an equivalent contribution of the rotor and stator.
Furthermore, aimed pressure can be achieved with a lower stage by using
the symmetric stage and it minimizes the surge and stall in the compressor
[15].
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5. CONCLUSION

An axial compressor was designed and analyzed with AxStream software
for a turbofan engine which is used in military aviation. Five stages of axial
compressor velocity, thermodynamics, stress, and CFD analysis were
performed. According to this basic analysis, the following conclusion can be
drawn:

e Although, rotor blades increased the absolute velocity at the exit
stator blades decreased absolute velocity to the inlet of the rotor at
the stage. This shows that pressure increase was evaluated at
constant absolute velocity.

e CFD analysis of the airflow in the designed compressor showed
similar pressure, temperature, and total efficiency with an actual
COmpressor.

e The polyprotic efficiency of the designed compressor was 2 %
higher than the actual compressor.

e AxStream is a powerful software for design and analysis of gas
turbines main components such as axial compressor, fan, and
turbine.
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ABSTRACT

The use of Transparent Conductive Oxide (TCO) thin films in technology
has increased in the last decades. These materials have good electrical
conductivity visible light transmittance simultaneously. TCOs have many
technology applications such as thin film transducers (TFTs), conductive
electrodes, capacitors, sensors, electrochemical devices. Although indium
tin oxide (ITO) is the most common semiconductor among these materials,
studies on N-type indium-gallium-zinc oxide (IGZO) that better electrical
properties (electron mobility uFE>10 cm® IN.s) cm? / Vs) have increased in
recent years. In this study, IGZO thin films are produced which have a very
homogeneous amorphous structure via using thermal evaporation system on
glass substrates. Structural characterization was carried out by atomic
force microscopy and scanning electron microscopy on 1GZO thin films for
various thickness and annealing temperatures. Transmittance and thickness
measurements were performed using UV-VIS spectroscopy and profilometer
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for the investigation of optical properties, respectively. It is seen that grain
size grows and grain boundaries decreases when annealing temperature is
increased. This results in reduced roughness and increased optical
transmittance and energy gap (EQ).

Keywords: IGZO, AFM, Thin Film, Band Energy.
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TAVLAMA SICAKLIGININ TERMAL BUHARLASTIRMA iLE
URETILEN IGZO INCE FILMLERDE YUZEY MORFOLOJIiSi VE
OPTIiK OZELLIiKLERE ETKIiSi

0z

Saydam [Iletken Oksit (TCO) ince filmlerin teknolojide kullanimi son
villarda artmistir. Bu malzemeler aynt anda iyi bir elektrik iletkenligine ve
goriiniir 151tk gegirgenligine sahiptir. TCO'lar, ince film doniistiiriiciiler
(TFT'ler), iletken elektrotlar, kapasitorler, sensorler, elektrokimyasal
cihazlar gibi bircok teknoloji uygulamasinda kullanilmaktadirlar. Indiyum
kalay oksit (ITO) bu malzemeler arasinda en yaygin kullanilan malzeme
olmasina ragmen, daha iyi elektriksel ozelliklere (elektron hareketliligi
uFE>10 cm® IV.s) cm?® / Vs) sahip olan N tipi indiyum-galyum-cinko oksit
(IGZ0) iizerinde yapilan c¢alismalar giiniimiizde onem kazanmistir. Bu
calismada, cam alttas iizerinde termal buharlastirma sistemi kullanilarak
viiksek vakum altinda oda sicakhiginda ¢ok homojen bir amorf yapiya sahip
IGZO ince filmler iiretilmistir. Uretilen 1GZO ince filmlerin yapisal
karakterizasyonu ise Atomik kuvvet mikroskobu ve taramali elektron
mikroskobu kullanilarak  c¢esitli kalinlik ve taviama sicakliklart icin
gerceklestirilmistir. Gegirgenlik ve kalinlik élgiimleri ise optik ozelliklerin
arastirilmast  i¢in  swasiyla  UV-VIS  spektroskopisi ve profilometre
kullanmilarak yapimistir. Taviama sicakligi arttikca tanecik boyutunun
biiyiidiigii ve tane simwrlarimin azaldigi  goriilmektedir. Bu durum,
pliriizliiliigiin azalmasina ve optik gegirgenligin ve enerji boslugunun (Eg)
artmasina neden olmaktadir.

Anahtar Kelimeler: IGZO, AFM, Ince Film, Band Enerjisi.

-27-



Atilgan ALTINKOK, Murat OLUTAS

1. INTRODUCTION

Transparent Conductive Oxides (TCO’s) are materials that have good
optical permeability and good electrical conductivity generally. They are
mostly composed of special double or triple compounds and contain at least
one metallic element. A good TCO has an optical transparency of around
80%, an energy band range of over 3 eV and a low resistivity value of 10-3
Q.m. These properties can be improved by improving oxygen or by doping
different metals to the pure TCO samples. Thus, we can obtain materials
with a better optical transparency and electrical properties. As a sample of
TCO, Zinc oxide (ZnO) thin films have high optical permeability, electrical
conductivity, magnetic - piezo electricity and wide energy band gap (~ 3.4
eV) within this framework. These superior features allow ZnO thin films to
be used in the areas of the LCDs, solar cells, thin film transistors and
chemical gas sensors [1-8]. ZnO thin films can be produced by different
methods such as magnetron sputter, spray pyrolysis and thermal
evaporation, [9-15]. Studies on ZnO have shown an increase in the 1990's
and its importance has increased with the presence of technological
applications nowadays. Metal oxide materials, such as ZnO, have a wide
band range of semiconductors in the I1-VI semiconductor group, so they do
not have sufficient electrical conductivity for technological applications
alone. In order to maintain high optical permeability and to create materials
with lower resistivity, it is necessary to create correct stoichiometric
composition or doping.

Recently, researchers have made metal contributions to ZnO in order to
improve electrical conductivity and optical permeability for the further
development of technology applications of ZnO thin films. Aluminum-ZnO
(AZ0), Gallium-ZnO (GZO0), Indium-ZnO (1Z0) and Indium-Gallium-ZnO
(IGZO) thin films are produced in this way. The most important reason for
choosing materials such as indium, aluminum and gallium is that the lonic
diameters of these metals are close to the ion diameters of the zinc. Thus, Zn
atoms can be replaced within the lattice matrix.

Although doping indium or gallium separately to the ZnO has investigated

in the literature, the properties of doping of these two metals together to
ZnO are still in the under the research. These type of materials are called
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InGaZnO (1GZO). IGZO is a special material that attracts the most attention
among the oxide semiconductor materials and also has semiconductor
material properties [16-20]. Furthermore, there are technological application
possibilities such as high electron mobility (> 10 cm? / \V.s), reproducibility
at room temperature and low temperature devices. Today, 1GZO studies
have begun to be published and are often focused on the device
characteristics and atomic ratio and [19, 21-23]. In addition, in many
articles, there are studies related to the annealing temperature of 1GZO thin
films [24].

In the technological applications of IGZO thin films, there are difficulties in
the resistance of films and interfacial problems [22, 24-26].] In order to use
these in technology more effectively, detailed investigation of the effects of
preparation conditions such as chemical composition (dependence of the
doping ratios) and annealing temperature on the samples is needed. One of
the world's biggest technology company Sharp is produced crystal oxide
semiconductor screen and they have started to use the first IGZO application
on the screens in recent years. Smartphones, tablets and touch screens
produced within the scope of these products have received awards from
many parts of the world [27].

In this study, IGZO films were deposited on Si/SiO and glass substrates via
thermal evaporation method [28] at various annealing temperatures. The
effect of annealing temperatures on the structural, optical physical and opto-
electrical properties of IGZO films was investigated.
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2. MATERIALS AND METHOD

Semiconducting 1GZO film samples were grown on Si/SiO and glass
substrates by a thermal evaporation (Vaksis MIDASm PVD/2T) operating at
a base pressure of 5 x 10° mbar. The typical deposition rates were kept
constant at 0.5 nm/s for the samples. The 1GZO thin films were prepared
onto glass substrates using indium (In), gallium (Ga) and zinc (Zn) metals
with the weight ratio of 1:1:1 wt% (In:Ga:Zn). In order to evaporate of
metals, a tungsten boat was used for every metal. The glass substrates were
cleaned by acetone, distilled water and ultrasonic cleaner. To prepare the
IGZO thin film, the indium metal was firstly deposited, then gallium metal
was deposited and finally zinc metal was deposited onto glass substrate
under 10™ mbar pressure. Five IGZO thin film samples were annealed for
thermal oxidation at different temperatures for 1 hour in the program
controller muffle furnace (Nabertherm L5 S27). One of the thin film called
as deposited (1IGZO-AD) which is without annealing, other four thin films
were annealed at different temperatures, 475, 500, 550 and 600 °C. The
samples were called according to their annealing temperatures as 1GZO-
475, 1GZ0-500, IGZ0O-550 and IGZ0O-600. profilometer.

Thickness of the thin film samples was checked with a KLA Tencor P6
profilometer. Thickness of IGZO thin films was around 221 nm IGZO-AD,
169 nm, 152 nm, and 149 nm and 134 nm as the annealing temperature of
IGZO thin films was 475, 500, 550 and 600 °C, respectively.

Surface nanostructures of 1GZO samples were investigated by scanning
electron microscope (Hitachi- SU1510). In order to investigate
morphological properties of IGZO samples, atomic force microscopy
(Nanosurf Flex-5) was used. These AFM images were obtained in the non-
contact mode [29, 30]. [29, 30]. The scan was performed on the field of 25
um with 1 line per second at a resonance frequency of about 160 kHz.
Several fields were scanned on the sample surfaces. The optical properties
of the ITO thin film samples were studied on the basis of transmittance and
absorbance measurements, and these measurements in wavelength range
from 300 to 1000 nm was carried out by a Shimadzu UV Mini-1240 Uv-Vis
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spectrophotometer. The optical band gap energy values and porosity of the
films are calculated by this the transmittance spectra.

3. RESULTS AND DISCUSSION

Figure 1 (a) - (e) shows SEM images of the IGZO-AD, 1GZ0-475, IGZO-
500, I1GZ0O-550 and 1GZO-600 thin films, respectively. Surfaces of the
samples seem to be formed by grains and the grains have different shapes
and sizes. The porous structures can also be seen from SEM images. After
annealing, it was seen that the surface roughness decreases and the grains
are larger in Figure 1 (b) and (c). Thanks to the annealing process, thin film
samples have not only gained a transparent appearance, but have also shown
a lower resistance and become more homogeneous due to the effect of
oxygen. In Figure 1 (d), the grain sizes on the surface of the sample with an
annealing temperature of 550 °C start to shrink again and become smaller.
As the temperature increases, a more dense grained structure is formed. In
Figure 2 (e), due to the high annealing temperature value, the particle
structure on the surface of the sample has disappeared and a transition has
started from amorphous structure to crystal structure [31]. Also, at this
temperature, the transparency of the film was significantly reduced and its
resistance increased significantly. The best transparency of the thin film
samples was obtained at annealing temperature at 475 ° C.
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Figure 1. SEM images of (a) IGZO-AD; (b) IGZ0-475; (c) 1GZ0-500;
(d) 1GZ0O-550; (e) IGZ0O-600.
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AFM images of the surfaces of thin films produced at different annealing
temperatures are shown in figure 2 (a) - (€).The AFM roughness results are
summarized in Table 1. As seen from the table 1 , the IGZ0O-475 sample has
the lowest surface, roughness as 32.964 nm among the films while 1GZO-
AD found to be the highest roughness values, without annealing, as 74.713
nm. In addition to this, the different surface roughness values can be
interpreted as the lack of the oxygen [32, 33].

Table 1. Summary of AFM roughness results.

Average RMS
Sample roughness roughness
(Sa) (nm) (Sg) (nm)
IGZO-AD 74.713 92.781
IGZ0O-475 32.964 46.013
1IGZ0-500 59.503 97.182
IGZ0-550 42.221 61.269
IGZ0-600 68.754 85.05
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Figure 2. Atomic force microscopy (AFM) images of the IGZO films
annealed at (a) as deposited; (b) 475 °C;
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Figure 2. Atomic force microscopy (AFM) images of the IGZO films
annealed at (c) 500 °C; (d) 550°C; and (e) 600 °C.
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Figure 3 shows the transmittance spectra of the IGZO films as a function of
wavelength in the range of 300 to 900 nm. The average transmittance ratio
of 1GZO thin films was 14%, 33%, 27 %, 28.5 % and 25 %, respectively.
The decrease in the optical transmittance value is due to the formation of
oxygen vacancies [34, 35] and large grains [36], which is supported by
AFM results.

42
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Figure 3. Optical transmittance spectra in visible region of the IGZO
Samples.

There are several methods to calculate optical band gap energy (Eg) of the
materials in the literature. In this study, to determine the energy gap of the
samples the absorption coefficient a of the thin films were evaluated using
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the optical transmittance spectra and the absorption coefficient was
calculated using Equation (1) [36]

in(7)]

d 1)

where T is transmittance, d is the film thickness. In addition, the dependence
of the absorption coefficient on the incident photon energy is given by [38]
(ehv) = B(hv—E,)"? @

where B characteristic parameter, Ey denotes the energy bandgap, hv is the
photon energy. Thus extrapolation of the straight-line portion of the plot of

(chy)? versus photon energy (hv) to zero absorption (a=0) gives the
direct band gap of the films.
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Figure 4. Variation of the optical band gap of IGZO thin films: (a) as
deposited (without annealing); (b) 475°C.
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Figure 4. Variation of the optical band gap of IGZO thin films: (c) 500;
(d) 550°C and (e) 600°C.
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Figure 4 (a)-(e) shows the calculated values of the band gap energies (Eg) of
IGZO thin films were 3.87 eV, 3.80 eV, 3.83 eV, 3.85 eV and 3.87 eV as
the annealing temperatures were As-deposited, 475, 500, 550 and 600 °C,
respectively. While increasing the annealing temperature the bandgap
energy decreases then it reaches its previous value with the increase of
annealing temperatures further.

Generally, higher band gap value causes low optical absorption. Observing

low absorption in the visible range is a main characteristic of metal oxide
semiconductors (MOS), having a band gap energy of above 3 eV.
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4. CONCLUSION

In this study, polycrystalline 1IGZO thin films were deposited on glass and
Si/SiO substrates by thermal evaporation technique at room temperature. it
IS investigated that how the annealing temperature affects the
microstructural and optical properties of the 1GZO thin films.
Characterization of the samples was conducted by atomic force microscopy,
scanning electron microscopy, UV-VIS spectroscopy. The results showed
that Structural, optical, morphological properties of the thin films are
strongly dependent on annealing temperature. The grain size is increased by
temperature. Without annealing sample (IGZO-AD) has the highest Average
roughness (74.713 nm) while 1GZ0O-475 has the smallest roughness 32.964
nm. The maximum transmittance is observed to be 33 % for the 1GZ0-475
sample while the minimum transmittance is observed to be 14 % for the
IGZO-AD film as a result of the different grain sizes and roughness. While
the maximum energy gap has the 3.87 eV for the 1GZ0O-600 sample the
minimum band gap energy value is 3.80 eV for 1ZGO-475 sample. This is
of the opinion that it is related to the structural disorder existing at the grain
boundaries.
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ABSTRACT

Gas nitriding is a widely applied thermochemical surface treatment, which
is applied to enhance mechanical properties and wear characteristics of
iron and steels. The impact of the gas nitriding process on the mechanical
and wear resistance characteristic of DIN 1.2344 (X40CrMoV5-1) hot work
steel were investigated in this paper. Nitrided and non-nitrided samples
were characterized through a different method such as the optical
microscope, scanning electron microscopy, energy dispersive spectrometry,
X-ray diffraction, atomic force microscope (AFM) and 3D optical
profilometer. The results of analyses reveal that increases in wear
resistance of the nitrided sample due to the formation of surface layers of
nitrides and oxides.

Keywords: Gas Nitriding, Wear Behavior, DIN 1.2344 Steel, Atomic Force
Microscope.
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NITRASYON ISLEMININ DIN 1.2344 SICAK I$ TAKIM
CELIGININ ASINMA DAVRANISLARI UZERINE ETKIiLERI

0z

Gaz nitrasyon yontemi demir ve c¢eliklerin mekaniksel ozelliklerini ve
asinma karakteristiklerini gelistirmek icin uygulanan bir termokimyasal
yiizey islemidir. Bu ¢alismada DIN 1.2344 (X40CrMoV5-1) sicak is takim
celigine uygulanan gaz nitrasyon igleminin mekanik ozelliklerine ve asinma
direncine etkisi arastirilmigtir. Nitriirlenmis numune ve islem gérmemis
referans numune optik mikroskop, SEM EDX, X isimi difraksiyonu, atomik
kuvvet mikroskopu ve 3D optik profilometre yoluyla karakterize edilmistir.
Analiz sonuglart nitriirlenmis numune yiizeyinde olusan nitriir alasimlart ve
oksidasyon tabakasi sayesinde asinma direnci artis meydana geldigini
gostermigtir.

Anahtar Kelimeler: Gaz Nitrasyon, Asinma Davranisi, DIN 1.2344 Celigi,
Atomik Kuvvet Mikroskopu.
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1. INTRODUCTION

The success of high technology countries is mostly the result of continuous
and efficient running systems in industrial applications. The effective life of
system components is an important phenomenon in mechanical systems [1].
In recent years, there has been a growing submission for surface treatments
that can alter the surface properties of different materials by developing
their physical and chemical characteristics like wear and corrosion
resistance, hardness, fatigue strength, coefficient of friction, etc [2]. The
nitriding is a famous process for supplying surfaces with better tribological
properties [3]. The nitriding process is a thermochemical surface treatment
based on the development of the surface with nitride phases in consequence
of the diffusion of nitrogen ions into the material surface [4]. The nitriding
process is carried out at low temperature as compared with alternative
surface hardening techniques such as carburizing and carbonitriding. Hereby
the steel stays in the ferrite phase (or cementite depending on the alloy
composition) along the process. Quenching is not needed in the nitriding
process and thanks to distortions are at the minimum level. Additionally, the
nitriding process is comparatively practical to audit by process parameters
and core hardness [5].

The formation of the nitrided case results from the “compound layer” and
“diffusion zone" from the surface to the core. Two different structures are
shown in Figure 1. The field under the diffusion zone is the core of the steel
including tempered martensite. The compound layer contains epsilon phase
(¢ -Fe; 3sN), gamma phase (y-Fe;N) or a mixed-phase (et+y) [6]. Phase
structure and thickness of the compound layer notably influence the
material's mechanical properties. A longer nitriding time is needed to form
v-FesN whereas ¢ -Fe, 3N can easily be formed on the surface and grown
over time because the y-Fe4N structure that can nucleated and grown within
the ¢ structure [7]. The fact that the white layer consists only of these
intermetallic compounds ensures that the hardness is independent of the
chemical composition of the material. However, the white layer has an
extremely hard and fragile structure. Therefore, it can cause material
deformation and crack under contact conditions [8]. Meanwhile, the white
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layer should be reduced or removed greatly by some methods such as
grinding and chemical dissolution from the surface before using the nitrided
part. The nitrogen is found as an intermediary atom in the iron cubic or
finely dispersed alloy nitride in the diffusion zone. The hardness value
decreases due to the decreasing amount of nitrogen in the inner parts of the
steel [9]. While the white layer contributes to the development of the
corrosive properties, the diffusion layer improves the tribological properties
and fatigue strength of the steels [10].

e====) | Compound (White) Layer

====) | Diffusion Layer

—

Core

Figure 1. Formation nitrided case [6].

There are three types of nitriding methods: gas, liquid and ion nitriding
which  Ammonia is used in gas nitriding. Nitrogen decomposes from
ammonia gas, reacts with iron and alloy elements in steel and then forms
fine-grained nitrides. Liquid nitriding is done in salt baths containing NaCN.
Some of the nitrogen and carbon in the cyanide (CN) penetrate the steel. lon
nitriding is based on the ionization and bombardment of a mixture of gases
such as nitrogen and hydrogen, on the surface of the material [11].

DIN 1.2344 is widely used in hot die applications, die casting and extrusion
dies, wear-resistant tools, high pressure die casting tools and pressing tools.
Since DIN 1.2344 hot work steel is exposed to a compeller mechanical and
thermal shocks, its wear and corrosion resistance, hardness should be
improved through several surface treatments [12]. This study presents the
wear and friction behavior of gas nitrided DIN 1.2344 hot work steel.
Previous works showed that the wear rate belongs to the thickness of the
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nitrided layer and hardness, toughness [13]. Wear and friction tests were
carried out at three different contact pressures. The effect of plasma
nitriding discussed in the light of wear rates of the nitrided sample and bare
steel comparison with wear mechanisms evaluation.

Table 1. Chemical composition of the DIN 1.2344 hot work steel [14].

Element C Si Cr Mo V

Wt % 0,40 1,00 5,30 1,40 1,00

2. MATERIALS AND METHODS

2.1. Substrate Preparation

DIN 1.2344 (X40CrMoV5-1) hot work steel substrates (30x30x5mm) were
selected as the base material. The chemical composition of DIN 1.2344 hot
work steel is shown in Table 1 [14]. Before nitriding processes, the substrate
should be subjected to some pretreatments for sufficient hardness [15]. The
samples are heat-treated by using the consequent steps: austenitizing at
1030°C for 25 minutes, quenching, and after all double tempering (at 590°C
and 600°C for 2 hours to remove the internal stresses in the steel. After the
first tempering, the expected impact of rough carbide which has a brittle
structure, occurred by the transformation of austenite to tempered martensite
is reduced during the second tempering step [16]. Substrates were polished
to Rg=19.98 nm quadratic surface roughness (measured with atomic force
microscopy (AFM)) with sandpapers and then cleaned with isopropanol for
15 min. by the ultrasonic cleaner.

2.2. Nitriding Process and Characterization

Treatments were realized in a gas nitriding furnace which was preheated to
450 °C where the ambient air consists of ammonia and nitrogen gas mixture.
The temperature was set to 530°C during the active nitriding process [17].
The nitrided samples were grinded and polished after mounting with
bakelite mold metallographic examination. Polished samples were etched
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for about 10-15 seconds with 5% Nital [18]. The thickness and
microstructures of nitrided layers were observed by an optical microscope.
Average (Ra), root mean square roughness (Rq) of the nitrided sample and
bare steel sample were obtained by AFM (Nanosurf Flex AFM-5)
topography analysis. Surface structure and chemical composition of the
nitrided sample and bare steel sample were investigated via SEM Zeiss
Ultra Plus field emission scanning electron microscope) and EDX (Bruker
XFlash 5010 EDX detector with 123 eV resolution). To specify the phases
in the nitrided specimens, X-ray diffractometry (XRD) by the use of Bruker
D8 Advance X-ray diffractometer was performed.

2.3. Tribometer Test Condition and Test Parameters

Tribometer (UTS 10/20) with a ball on the flat reciprocating module device
was operated to determine the wear behavior of the samples and to obtain
the friction coefficient values.

Table 2. Tribometer test condition and test parameters.

Load [N] 5/10/15
Frequency [HZz] 2
Stroke [mm] 5
Sliding Distance [m] 100
Temperature [°C] 24 °C

Alumina balls with a diameter of 6 mm are used at wear test. According to
the parameters given in Table 2, wear tests of nitrided and bare steel
samples were performed at 5, 10, and 15N loads.

The maximum Hertzian contact pressure was assessed by eq.(1) (: load, E" :
Effective elastic modulus, : diameter of the ball) [19].

1
1 /6xLxE?\3
Prks = Z\ TRz

1)
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The observed maximum Hertzian contact pressure of the nitrided sample
and bare steel sample were shown in Table 3.

Table 3. Hertzian contact pressure.

Hertzian Contact Pressure (GPa)

DIN 1.2344 Bare Steel DIN 1.2344 Nitriding

5N 1.28 1.35
10N 1.61 1.70
15N 1.84 1.95

2.4. Surface and Tribochemical Analysis

Morphological changes and wear mechanisms formations were observed by
optical microscope and AFM analysis. Wear scar surfaces were scanned via
force modulation mode by using uncoated silicon nitride (SisN4) rectangular
PPP-LFMR cantilever with the spring constant of 0.178 N/m. The surface
energy of the samples was carried out force-distance mapping on the
surfaces with a 16x16 force curve analysis with SPIP 6.7.8 analysis. Wear
volumes of the wear scars were evaluated with scanning of the all wear scar
surface by an optical profilometer (Sensofar) and then raw data examined
with Mountainspip 8 software. Tribochemical evaluation of the tribofilms
and worn surfaces were carried out SEM/EDX.
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3. RESULTS AND DISCUSSION
3.1. Characterization of The Nitriding Process

X-ray diffraction pattern of this sample showed that the nitriding layer
included mainly of o-Fe that slightly y and & nitrides formed after the
nitriding process (see Figure 2)[6]. A thin compound layer was detected
above the diffusion zone that can be explained by the XRD phase analysis
diagram which is similar in both samples. This layer is the brittle white
layer formed by iron nitrides and it can be removed from the surface by
abrasive methods after nitriding [20].

1000
———2344_Bare Steel 1000
900 4

= 2344_Nitriding
900 4

8001 800 4

a-Fe (110)

a-Fe (110)

700 4 700 4

6004 6004

5001 500

A0 400

Intensity (a.u.)
Intensity (a.u.)

300 4 300 4

200 o
o0 200 4
100 4
100 4
0+
04

100 4
-100

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2Theta 2Theta

Figure 2. XRD patterns of the 2344 bare steel and 2344 nitrided steel.

The optical microscope, AFM and SEM/EDX images of the samples are
shown in Figure 3. AFM topography analysis showed that bare steel and
nitrided steel had a different average surface roughness (Ra) and root mean
square roughness (Rq), 15.32, 6.64 and 19.98, 8.67 nm, respectively. The
decrease in the roughness values of the nitrided surface improved the wear
properties. SEM/EDX images showed the nitrogen phase compatibly XRD
analysis results. Nitrogen was detected on the nitriding sample surface
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where the decrease in iron amount indicates the formation of iron nitride
structures [21].

Element % atomic
C 20.73
¥ 0.90
o Nan
Cr 10.20
Fe 67.04
Si 0.79
Mo 034

2344 Bare Steel

Element % atomic
Cc 1521
V. 0.62
(o} Nan
Cr 9.24
Fe 59.67
Si 0.77
Mo 0.32
N 14.16

—
o |
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Figure 3. Optical microscope, AFM and SEM/EDX images of the bare steel
and nitrided sample.

3.2. Friction Coefficients and Wear Rates

Friction coefficients results are shown in Figure 4. Wear tests are applied at
three different loads, the sample that was nitrided under all loading
conditions showed a lower friction coefficient. The COFs of 2344 bare steel
sample was found to be 1.13, 0.96, 1.15 at 5, 10, 15N, whereas 2344
nitrided steel COFs were 0.58, 0.52, 0.95 at 5, 10, 15N, respectively. The
friction coefficient values of 2344 nitrided steel at the 5 and 10 N was
approximately 55% lower than the 2344 bare steel. On the other hand,
similar COFs were observed at 15N [22]. In addition, the nitriding layer
broke down at the sliding distance of 40 m where the COF increase started
at 15N.
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Figure 4. Friction coefficient evaluations (a) COFs at 5 N, (b) COFs at 10
N, (c) COFs at 15 N.

Rockwell C hardness measurement was performed on the sample surfaces
under 150 kgf load as shown in Figure 5. The brittle structure on the top of
the nitride layer caused cracks in the hardness trace.

2344 Nitriding Rockwell C Hardness

2344 _Bare Steel Rockwell C Hardness

RT100 pm 160 ym

L

Figure 5. Rockwell C hardness scar of 2344 bare steel and 2344 nitrided
steel at 150kgf.
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The thickness and microstructures of nitrided and layers were shown in
Figure 6. The thickness of the total nitrided layer was measured as 77.99 pm
[23].
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Figure 6. Optical microscope image of the formation nitrided case.

After wear tests, wear line widths of the samples and counter surface images
of the alumina ball were obtained with an optical microscope (see Figure 7).
The 2344 bare steel sample wear widths were measured to be 425.65,
693.27, 719.72 pm at 5, 10, 15N, respectively and the abrasive wear lines
wear homogeneously formed throughout all scars. Wear widths increased
with load at the same time, on the other hand, the amount of wear transfer
element originated from the counter surface alumina increased with the
load. Therefore, the worn area diameter of the alumina ball increases with
load. When compared to the wear scar widths of samples, the nitrided
sample had approximately 60% lower wear scar width against the bare
sample. Abrasive wear lines are not dominant at 5 and 10N, but abrasive
wear lines were observed as labeled with yellow arrows at 15N load. The
higher wear transfer material was observed on the alumina ball as a result of
the high contact pressure at 15N.
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Length = 693.27 ym —

Length = 391,09 pm

Figure 7. Optical microscope images of the wear scars and alumina ball
surfaces, (a), (b), (c) 2344 Bare steel and ball tested at 5,10 and 15N, (d),
(e), (f) 2344 Nitrided steel and ball tested at 5,10 and 15N.
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The 3D surface profiles of wear scars of nitrided and bare samples tested
under a dry sliding condition are shown in Figures 8, 9 and 10. Wear
volumes of the wear scars were obtained by scanning all the wear scar
surfaces with a confocal optical profilometer.

Hm Wear Volume= 1.17x10 2 mm?
3.39 e s
4
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0.0 0.2 0.4 0.6 0.8 1.0 mm E
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1.3 { . | : E
0 100 200 300 400 500 600 pm y

Figure 8. Optical profilometer images of the samples (a) 2344 bare steel
and (b) 2344 nitrided steel at 5N.

Hm Wear Volume= 2.71x10 2 mm?
9.73 . + . ; L : : :
-10.3 T T T T T T T T T B
0.0 0.2 0.4 0.6 0.8 1.0 mm
Hm Wear Volume= 2.76x10 * mm3
1 : : i g i
0
-1 4
0 100 200 300 400 500 600 ym E

Figure 9. Optical profilometer images of the samples (a) 2344 bare steel
and (b) 2344 nitrided steel at 10N.
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Mountains map software was used to convert the wear volumes and wear
scar cross-sections into numerical values and compare them. When the wear
volumes are compared, positive the effect of nitriding can be seen on wear
resistance of the bare steel. The wear volumes of nitrided samples were
lower than bare steel. This difference in the wear volume of between bare
steel and nitriding steel was observed to be approximately 5 times at 1.9
GPa contact pressure (15N).

Hm Wear Volume= 3.56x10 2 mm?
10 4
0
10
00 02 04 06 08  1.0mm EI
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7.99 : ; + +
| ————
0
12 . ; ; . 3 E
0 100 200 300 400 500 600 pm

Figure 10. Optical profilometer images of the samples (a) 2344 bare steel
and (b) 2344 nitrided steel at 15N.

Wear rates, Wgr, were obtained by Archard’s equation as shown in Eq. 2 and
plotted in Figure 11.

AV

Wg = ——
R FyxL )

V (mm®) is the wear volume, Fy (N) is the applied force and L (m) is the
sliding distance at the eq(2) [24].
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When looking at the 2344 bare steel sample wear rates were measured to be
2.35x10° mm®N.m, 2.71x10° mm*/N.m, 2.37x10° mm*/N.m at 5, 10,
15N, respectively and 2344 nitriding sample wear rates were measured to be
3.53x10" mm*N.m, 2.76x107 mm*/N.m, 4.23x10° mm*N.m at 5, 10,
15N, respectively. Nitrided 2344 steel showed the best wear resistance with
the 2.76x10”7 mm*/N.m at 10N [25].
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N
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5,0x10® 1,0x10° 1,5x10° 2,0x10° 2,5x10° 3,0x10°
Wear Rate (mm3lN.m)

S
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Figure 11. Wear rates of 2344 bare steel and 2344 nitrided steel at 5N,
10N, 15N.

Figure 12 and Figure 13 shows AFM topography analysis of abrasive wear
scars of 2344 bare steel and nitride steel, respectively. Abrasive wear scars
depths were 373, 614, and 512 nm at 5, 10, and 15N for 2344 bare steel.
Abrasive wear scars depths were 238, 485, and 510 nm at 5, 10, and 15N for
2344 nitrided steel [26].
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Figure 12. AFM analysis of the wear scars of 2344 bare steel (a) 5N, (b)
10N and (c) 15N.

It can be seen that the application of a higher load scales up the scratch
depth. In addition, the nitrided sample has a lower wear scar depth than the
bare steel sample. The wear scar depths in 10N and 15N loads have
approximately the same values in both samples[27-28].
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Figure 13. AFM analysis of the wear scars of 2344 nitrided steel (a) 5N, (b)
10N and (c) 15N.

3.3. Tribochemical Analysis of The Worn Surfaces

SEM/EDX results were shown in Figure 14. When the elemental
composition of the 2344 bare steel wear scars is examined, the elements that
constitute the chemical composition of 2344 steel and oxygen are
determined. The reason for this is the oxide layer formed on the surface as a
result of contact of the wearing surface with air during the wear test [10].
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Figure 14. SEM/EDX analysis of the 2344 bare steel tested at 5N, 10N and

15N.
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Figure 15. SEM/EDX analysis of the 2344 nitrided steel tested at 5N, 10N

and 15N.
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2344 nitrided sample’s SEM/EDX results were shown in Figure 15. When
the SEM/EDX results of nitrided samples are examined, an expected
increase in N percentage due to the nitriding process was observed. The
higher level of Fe was detected with the load increase and the nitration layer
decrease [16].

4. CONCLUSIONS

The mechanical and wear behavior of DIN 1.2344 hot-work tool steel,
frequently used in the production area, is a significant research issue. The
present study was performed to investigate the wear behavior of nitrided
DIN 1.2344 hot work steel. The diffusion layers have been created as a
result of the gas nitriding process in ammonia. Microscopic examinations
exhibit that the microstructure varies from the surface to the core. The
compound layer, diffusion zone, and core are illustrated in the optic
microscope image of nitrided 2344 steel. The thickness of the diffusion zone
was measured to be about 77 um. The friction coefficient of the nitrided
steel and non-nitrided 2344 steel increased in the early step of the wear
tests. However, the friction coefficients of non-nitrided 2344 steel were
higher than nitrided 2344 steel under all contact pressure. Wear scars
analysis results indicated that the wear rate increased with a higher load at a
constant sliding distance for both samples. The EDX analysis of nitride
sample showed nitride precipitates exist within the grains and at the grain
boundaries. Furthermore, Cr which is the base alloying element in DIN
2344 steel, has a comparatively intense chemical bond with nitrogen
through the nitriding process. The consequence of the AFM analysis
introduced that the abrasive wear scar depths of the nitrided sample were
lower at 5N whereas similar depths were observed for at 10N and 15N.
Herewith the wear resistance of steel was substantially advanced by the gas
nitriding process. This work can also support the improvement and
productive usage of hot work steel with these findings.
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ABSTRACT

NbN thin films are very useful superconducting materials for the electronic
devices. Using sputter deposition technique is a cheap alternative to
produce of NbN thin films on glass or SiO for the technology applications.
The NbN films was coated on glass and SiO/Si substrates by DC magnetron
sputtering technique. Pure Nb target was used the production of NbN thin
films in different compositions of Argon and nitrogen gases. The effects of
different substrate temperatures, sputtering power and, various ratios of
Nitrogen/Argon gases were investigated on Superconducting Critical
Temperature (Tc). It is seen that increasing the substrate temperature or
sputtering power resulted in increased on the Tc. Thereby optimum
condition values are deduced by the Residual Resistance Ratio (RRR)
calculation and resistance-temperature (R-T) curves. It is observed that the
substrate temperature and the flux of nitrogen gas effect (111) preferential
orientation during the deposition, whereas the critical temperature of the
thin films is affected by the of deposition chamber vacuum. Tc is also highly
dependent on the Nitrogen and Argon pressures on sputtering deposited
NDbN films.

Keywords: Transition Temperature, Niobium Nitride (NbN), Thin Films,
Residual-Resistance Ratio, Superconductivity.
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CAM VE Si/SiO ALTTAS UZERINE KAPLANAN NbN INCE
FILMLERIN KAPLAMA KOSULLARININ ARASTIRILMASI

0z

NbN ince filmler elektronik cihazlar icin ¢ok kullanish siiper iletken
malzemelerdir. Piiskiirtme biriktirme teknigini kullanmas: teknoloji
uygulamalart i¢in cam veya SiO itizerinde NbN ince filmlerin iiretilmesi i¢cin
ucuz bir alternatiftir. . Bu ¢alismada, NbN ince filmler, reaktif magnetron
pliskiirtme yontemi ile cam, Si ve SiO alt tabakalart iizerine kaplanmigtir.
Saf Nb metali, Argon ve azot gaziarinn farkli karsim oranlarinda NbN ince
filmlerinin iiretimi igin kullamlmistir. Cesitli alttas sicakliklari, piiskiirtme
giicii ve Argon / Azot gazi oraminin stiperiletken gegis sicakligr (T;) iizerine
etkileri  arastirimistir.  Alttas  sicakligimin  veya piiskiirtme  giictiniin
arttirldmasvun  T'yi de arttigr gorilmiigtiir. Bunun sonunda optimum
sicaklik degerleri, direng-sicaklik (R-T) egrileri ve Artik Direng¢ Orani
(RRR) hesaplamasi yardimi ile bulunmustur. Kaplama swrasindaki alttas
sicakliginin ve azot gazi akis degerlerinin tercih edilen yonlendirmeyi giiglii
bir sekilde etkiledigi gozlenirken, ince filmlerin kritik sicakligi orijinal
vakumun kalitesinden etkilenmektedir. Ayrica T iiretilen NbN filmlerinin
kalitesi kaplama islemi siiresindeki Azot ve Argon basinglarina da olduk¢a
bagimlidir.

Anahtar Kelimeler: Kritik Sicaklik, NbN, Ince Film, Kalinti Diren¢ Oran,
Stiperiletkenlik.
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1. INTRODUCTION

The nitrite thin film coating is used in the field of different technologies.
However, NbN thin films produced by sputtering on Si or SiO2 substrate are
more attractive among other studies due to their low cost and easy
accessibility for the production of high-density integrated circuits. NbN thin
films can produced by reactive DC magnetron sputtering [1-4], ion beam
deposition [5, 6], pulse laser deposition [7, 8] metal organic chemical
deposition (MOCVD) [9]. In order to obtain NbN thin films with good
superconducting properties, it is necessary to define the appropriate value
production conditions well, which is possible with detailed studies on the
effects of conditions in the deposition process.

Previous works [10], on the development of superconductivity properties of
NbN thin films, proved that the partial nitrogen pressure increase in the
Argon-Nitrogen (Ar / N3) gas mixture provides an increase in the N/Nb ratio
in NbN thin films. Competition among researchers is still ongoing to find
the effective mechanism that primarily suppresses superconducting critical
temperature (T;) and to increase in the T, of NbN films. The effects of
parameters such as Ar and N, pressures, film deposition time, and substrate
selection on the NbN thin films should be investigated in more detail.

In the past, studies were carried out on the improvement of T, at optimized
production conditions. For example, the influence of the N partial pressure
ratio on the film produced at room temperature was studied by Z. Wang et
al. [11], at the same time the effect of the temperature of the substrate and
sputtering power were investigated by S. Chockalingam et al. [12]. In
addition, the effects of film thickness on T, of NbN is summarized in [13]
and [14].

In this study, some basic measurements were made about the production of
NDbN thin films and the change in superconductivity transition temperature.
NbN films were produced in ultra high vacuum system with DC reactive
magnetron sputtering technique. The effect of different rates of Ar and N,
gases on glass and Si / SiO, on two different substrate of T. were
investigated. T, was found in the range of 4.5-8.5 K and 10.1-14.7 K for Nb
and NbN thin films, respectively depending on the sputtering conditions.
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The highest T, of the NbN is 14.7 K on the Si/ SiO, substrate at 300 W
sputtering power. According to our results, Si/ SiO, substrate improves
superconducting properties of the superconducting thin films. Residual-
resistivity ratio (RRR) is calculated for the thin films and the flux of N,
have a strong effect on RRR of the thin films.

2. MATERIALS AND METHOD

NbN films were produced by reactive DC magnetron sputtering method in
cryo and turbomolecular pumped chamber where base pressure prior to
sputtering was below 2x10° Pa. The NbN films were deposited using a
99.95% pure Nb target from Kurt Lesker Co. with a diameter of 3 inch in an
argon and nitrogen mixture atmosphere onto glass and thermally oxidized Si
(Si/SiOy) substrates. The pure Argon (99.999%) partial pressure was kept at
0.3 Pa and the nitrogen (99.99%) various nitrogen pressures. The nitrogen
concentration in the mixed gases, which is defined as the nitrogen partial
pressure divided by the total pressure of 1.0 Pa, which can be changed from
0% to 100%. In this study, partial pressure of nitrogen was varied from
%15 to %20. Argon flow rate was optimized to produce stress free NbN thin
films and the Nitrogen flow rate to reach maximum critical temperature.
Gas pressures were precisely measured by digital mass flow meter (Sierra
Mass Flow Meter-Smarttrek100). During deposition the flow rate (Ar: Ny)
for glass substrate was set to 40: 9.5 sccm and Si / SiO, substrate (Ar: N,)
40: 7.06 sccm. To prevent surface impurities in NbN films to be prepared,
pre-sputtering was applied to the Nb target for 20 minutes by closing the
cover in front of the substrate prior to the deposition process. The power of
DC power supply was kept at 190 and 300 W, respectively. The distance
between the target and the substrate in the chamber is 80 cm to achieve the
highest deposition rate and the deposition rate was 6.8 nm/s for every
sample. Thin film thickness was measured calibrated with a computer-
controlled quartz crystal thickness monitor. Then, these thicknesses were
confirmed by measuring with a profilometer (Bruker DXT stylus).
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Figure 1. Schematic diagram of the NbN films onto a) glass b)
Si/SiO2 substrates.

Figure 1. shows the schematic diagram of the thin films which their surfaces
were covered with a buffer layer Al,O3 of 5 nm thick to prevent the samples
from being exposed to external influences and being degraded. The heater
current is held constant for all thin film samples to heat the substrate and the
substrate temperature was Ts = 450 °C.

The thin films electrically characterized by the standard 4-point method.
Here, four connections made as two for voltage and two for current
terminals. The voltage and current terminals were connected using indium
with 0.5 mm diameter copper wire. The temperature of the samples was
recorded by a calibrated RuO thermometer.
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3. RESULTS AND DISCUSSION

Table 1 shows the variation critical transition temperature (T.) of the NbN
thin film deposited on the glass substrate at 450 °C for different thicknesses

Table 1. Variation of the critical temperature by thickness.

. Partial
'II\'II’?iI::IKEIég T. (K) RRR | Argon N, Flux pressure
¢ P00/ pre | Flux (sscm) ratio
(nm)
(sscm) % N,
20 10.1 0.90 40 9.5 19.2
50 10.3 0.93 40 9.5 19.2
100 12.0 0.95 40 9.5 19.2
150 13.0 0.94 40 9.5 19.2

As seen in the table 1, the N, partial pressure has a value of 19.2% in total
pressure. The reactive DC sputtering power is 190, used for the deposition
of the NbN films onto glass substrates.

Here, the calculated RRR value is the ratio of the resistivity at 300 K to
resistivity at 10 K. RRR value shows the level of the impurity. High RRR
value implies high material purity for re-crystallized material. Niobium
nitrate thin films can be characterized by RRR as the first criterion of the
level of purity. This is easier and faster way when it is compared to thermal
conductivity. The results in the table 1 show that increasing the thickness
values improves the superconductivity properties of NbN thin films at
optimum N, and Ar pressure on the glass substrate.

Figure 2 shows the variation of the thickness of the films produced on the
glass substrate. Although the film, has thickness of 150 nm, gives the
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highest superconductivity temperature (T, = 13 K), the RRR value slightly
decreases.

-
o

[9))
T

Critical temperature (K)

® 80 100 150

NbN thickness (nm)
Figure 2. The thickness dependence of critical temperature
(Te).

This decrease in the RRR implies that when the superconductivity is
improved on the films, the film quality may be poor. Changes in the grain
structure of the films occurred by the deposition of the thicker thin films. In
the study [15], the change in film quality is attributed to related the
dependence of the T. and RRR is connected the grain boundaries and
scattering in point defects. For example, changes in the homogeneity of the
thin film may cause this behavior. It has also been reported [1] that small
particle size causes lower T values.
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Figure 3. The resistance of NbN films as a function of
temperature; a) 70 nm, b) 140nm, c¢) 210nm thickness.
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Deposition of the NbN thin films on Si / SiO, substrates significantly
changes the RRR and T, values associated with film quality, despite the
reduction of partial pressure N, gas and DC sputtering power. It is shown
that how changes critical temperature and RRR values in detail for 190 W
DC sputtering power, which observed highest T is 13.5 K, in the Figure 3.

The N, and Ar gas flux ratios, T, and RRR variations for the films produced
onto Si / SiO, substrate are given in table 2.

Table 2. Variation of the critical temperature by thickness and sputtering
power.

NbN Film Partial

Thickness | T (K) | RRR Argon N, Flux pressure Sputter
(nm) Flux (sscm) ratio Power

(sscm) % N, (W)

70 12.8 0.91 40 7.06 15 190

140 13.1 0.94 40 7.06 15 190

210 13.5 0.96 40 7.06 15 190

210 12.7 0.94 40 7.06 18 300

210 14.7 0.95 40 7.06 19 300

As shown in Fig. 4. the highest T, is measured as 14.7 K in our work,
whereas an argon flow of 40 sccm, a partial N, pressure of 19% and a
power of sputter of 300 W. Thus we conclude that critical temperature
improved with increasing N partial pressure and reaches a highest value.
Especially, the effect of N, partial pressure on T, at 300 W is clearly visible
for this study.
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Figure 4. The resistance of NbN films as a function of temperature.
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4. CONCLUSION

In this study, it is observed that with the increase in the substrate
temperature and sputtering power and occasioned increase on the transition
temperature (T.) of the superconducting NbN thin films. A maximum value
of T, (14.7 K) is measured at 40/7.06 Ar/N, pressure ratio, 15% partial
pressure of N, and 450 °C substrate temperature while the minimum is
12.7 K. These results are also routinely reproducible. The best thin films
production parameters are calculated via Residual-Resistance Ratio and R-T
curves. Then, it is conclude that the increase in temperature of substrate
results in favor of critical superconducting temperature. It is also shown that
T, of the NbN films highly depends on the stream of N, and Ar gases.
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Yayn Etigi ve Sorumluluklar

Deniz Bilimleri ve Miihendisligi Dergisi (Bundan sonra DBMD olarak anilacaktir.); uluslararasi diizeyde,
hakemli, ¢ok disiplinli, Nisan ve Kasim aylarinda olmak iizere 2003 yilindan bu yana yilda iki kez yaymlanan,
bilim ve teknoloji dergisidir. DBMD yayin etiginde en yiiksek standartlarin, editoryal ve hakemlik siireclerinin
kilit unsuru olarak degerlendirildigi bir platform sunmayi taahhiit etmektedir.

DBMD’ne gonderilen her bir makale i¢in degerlendirme siirecinde ¢ift-kor hakemlik sistemi uygulanmaktadir.
Buna gore, degerlendirme siireci boyunca hakem ve yazarlar birbirlerinin bilgilerini gérememektedir. Dergiye
gonderilen ¢aligmalarin yazar-hakem ve hakem-yazar agisindan siireglerinde gizlilik esastir. DBMD’ne gonderilen
makalelerin degerlendirme siirecindeki inceleme asamasinda kabul edilmeleri halinde, ilgili makaleler icin
diizenleme asamasina gegilmektedir. Diizenleme asamasinda, ilgili makaleler yazim formati ve dilbilgisel
yonlerden incelenir. Makalelerin sayfalar iizerindeki bigimi ve yerlesimleri kontrol edilip diizenlenir. Ayrica
referans kontrolii yapilir. DBMD’nde kontrol edilen ve diizenlenen makaleler gizli tutulmaktadir.

DBMD’ne gonderilen makaleler, iThenticate intihal tespit programi araciligryla bilimsel ¢alint1 konusunda kontrol
edilir. Editorler, iddia edilen veya kanitlanmis bir bilimsel koti kullanimdan ya da usulsiizliikten haberdar
olurlarsa bu konuda gerekli adimlart atabilirler. Bu anlamda, Editorler gerekli durumlarda DBMD’ne gonderilen
ya da DBMD’nde yayinlanmis makaleleri geri ¢ekme hakkina sahiptir.

Diizenleme asamasmin basarili olarak sonuglanmasini takiben, ilgili makaleler DBMD’nin bir sayisinda
yaymlanmak {izere sakli tutulur ve kayit altma alinir. DBMD’ne yaymlanmak ilizere gonderilen makaleler; yazili
materyal gonderme, isleme ve yayinlama siireglerindeki tiim f{icretlerden muaf tutulmaktadir. DBMD’nde
yaymlanmak tizere kabul edilen makaleler, derginin internet sitesinden g¢evrimi¢i olarak iicretsiz bir sekilde
yayinlanir ve basilir. Dergide yaymlanmas: kabul edilen ¢aligmalar, derginin web sitesinden agik erigim ile
erisilebilir kilinmustir. Dergi ayrica, Milli Savunma Universitesi, Deniz Harp Okulu Basimevi tarafindan
basilmaktadir. Derginin basili haline Universite kiitiiphanelerinden erisilebilmektedir.

DBMD; editorii ve en az bes degisik iiniversitenin 6gretim iiyelerinden olusmus danisman grubu ile agik erisim
politikasin1 benimsemektedir. Buna gore, tiim igerikler ticretsiz olarak kullanicilar veya kurumlar igin
ulagilabilirdir. Kullanicilarin DBMD biinyesindeki makalelerin tam metinlerini okuma, indirme, kopyalama,
dagitma, yazdirma, arama veya bunlara baglanti verme ve diger yasal arastirma amaglar i¢in kullanma haklar
sakli tutulmaktadir.

DBMD’nin yayin etigi, temel olarak Yaym Etigi Komitesi (COPE), Diinya Miihendislik Kuruluslar1 Federasyonu
(WFEO), Bilim Kurulu Editorleri (CSE) ve Elsevier'in Editorler i¢in Yayin Etigi agiklamalari kapsaminda
yaymlanmis yonergelere ve Onerilere dayanmaktadir.

Editorler, yazarlar ve diger taraflar da dahil edilebilecek sekilde yayin siirecindeki gorev ve sorumluluklar
asagidaki gibi tanimlanmustir.

Yazarlarin Sorumluluklar::

-Yazarlar, dergide yayinlanan makalelerinin bilimsel, baglamsal ve dilsel yonlerinden sorumlu tutulmaktadir.
Dergide ifade edilen veya ima edilen goriisler, aksi belirtilmedigi siirece, Enstitiniin resmi goriisii olarak
yorumlanamaz ve yansitilamaz.

-Yazarlar c¢aligmalarinda, DBMD’nin DergiPark internet sayfasinda yer alan "Yazim Kurallari"n:1 dikkate
almalidir.

-Yazarlar arastirmalarini etik ve sorumlu bir sekilde yiiriitmeli ve ilgili tiim mevzuatlari takip etmelidir.

-Yazarlar ¢aligmalar1 ve yaymlarinin igerigi i¢in ortak sorumluluk almalidir.

-Yazarlar, yontemlerin ve bulgularin dogru bir sekilde raporlandigindan emin olmak igin yaymlarini her asamada
dikkatlice kontrol etmelidir.

-Yazarlar, bagkalarina ait caligmalar1 dolayli alinti, dogrudan alinti ve referanslar ile dogru bir sekilde
gostermelidir. Yazarlar, makalelerindeki fikirlerin sekillendirilmesinde etkili ya da bilgilendirici olmus her tiirlii
kaynaga referans vermelidir.
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-Yazarlar ¢aligmalarindaki hesaplamalari, ispatlari, veri sunumlarini ve yazi tiplerini dikkatlice kontrol etmelidir.

-Yazarlar c¢aligmalarnin sonuglarmni diiriistge; uydurma, carpitma, tahrifat veya uygunsuz manipiilasyona yer
vermeden sunmalidir. Caligmalardaki gérsel kaynaklar yaniltic bir sekilde degistirilmemelidir.

-Yazarlar, ¢alismalarindaki bulgulart agik ve net bir sekilde sunmak igin arastirma yontemlerini tanimlamali ve
paylagmalidir.

-Yazarlar, yayinlanmis makalelerinin telif haklarin1 DBMD yayincisma devrettiklerini kabul etmektedir.

-Yazarlar ¢ahgmalarina cesitli gdrsel kaynaklari, figiirleri, sekilleri vb. dahil etmek i¢in gerekli izinleri almakla
yiikiimladur. Ilgili ¢alismada yer almasi gereken resim, sekil vb. anlatimi destekleyici materyaller igin gerekli
kisilerden ya da kurumlardan izin alinmas1 yazarin sorumlulugundadir.

-Cok yazarli yayimlarda -aksi belirtilmedikge- yazar siralamalari sunulan katkilara gére yapilmalidir.

-Yazarlar gonderdikleri ¢alismada herhangi bir hata tespit ederlerse bu konuda derhal editorii uyarmalidir.
-Yazarlar dergiye gonderdikleri makalelerin baska bir yerde yayimlanmanmis ya da yayimlanmak iizere
gonderilmemis olmalan ile ilgili DBMD’nin DergiPark internet sayfasinda yer alan “Yaym Kurallari”m dikkate
almalidir.

-Yazarlar, ilgili ¢alismalari DBMD’nde yaymlandiktan sonra hata tespit ederlerse bu konuda gerekli diizeltmelerin
yapilabilmesi amaciyla derhal editor veya yayinci ile iletisime gegip onlar ile birlikte ¢aligmalidir.

-flgili ¢alismada, dogasi geregi kullanimlarinda olagandist tehlikeler barindiran gesitli kimyasallar veya
ekipmanlardan yararlanilmig ise yazarlarin tim bunlart ¢alismasinda agikg¢a belirtmesi ve tanimlamasi
gerekmektedir.

-Insanlar ve hayvanlarin katilimmi gerektiren calismalar igin, yazarlar tiim siirecin ilgili yasalara ve kurumsal
yonergelere uygun olarak gergeklestirildiginden emin olmalidir ve ilgili komitelerden etik onay alindigin
¢aligmalarinda agik bir sekilde ifade edip belgelendirmelidir.

-Insanlarmn katilimim gerektiren caligmalar igin, yazarlar kurumsal etik kurul onayr almakla yiikiimliidiirler.
Yazarlar, katilimeilarin siireg ile ilgili olarak bilgilendirildiklerini ve bu anlamda, katilimeilardan gerekli izinlerin
alindiginm1 bildirmek ve belgelemek zorundadir. Yazarlar, katilimeilarin haklarinin gozetildigini agiklayan agik bir
bildirim sunmalidir. Ayrica bu siiregte, katilimeilarin gizlilik haklari her zaman korunmalidir.

-Yazarlar, hakemlerin degerlendirmelerini, yorumlarini ve elestirilerini zamaninda ve isbirligi i¢erisinde dikkate
almalidir ve bu konuda, gerekli giincellemeleri yapmalidir.

Editorlerin Sorumluluklar:

-Editdrler, derginin bilimsel kalitesini arttirmak ve yazarlari bilimsel kalitesi yliksek arastirmalar tretmek igin
desteklemek ile sorumludur. Higbir kosulda, intihal ya da bilimsel kotiiye kullanima izin verilmemektedir.
-Editdrler, dergiye gonderilen her ¢aligmanin ¢ift-kor hakemlik siirecine ve diger editoryal siireglere tabi olmasini
saglamaktadir. DBMD’ne génderilen her ¢alisma, ¢ift-kor hakemlik siirecine ve nesnel degerlendirmeye dayali
editor kararma bagl tutulmaktadir.

-DBMD’ne gonderilen her bir ¢aligma, uygunluklari agisindan editor tarafindan degerlendirilir ve daha sonrasinda,
incelenmesi ve degerlendirilmesi amaciyla en az iki uzman hakeme gonderilir.

-Editorler, yazarlar ile ¢ikar ¢atismasi olmayan hakemleri, ¢aligmayi degerlendirmek tizere atamakla sorumludur.
Cift-kor hakemlik siireci, editor i¢in degerlendirme ve diizenleme asamalarinda katki saglamaktadir.

-Editorler, DBMD’ne gonderilen tiim calismalarin 6n kontrol, tarama, intihal kontroli, degerlendirme ve
diizenleme asamalarindan ge¢mesini saglar. Editorler iddia edilen veya kanitlanmis bilimsel kotii kullanimdan
haberdar olurlarsa makaleyi geri ¢ekebilirler. Editorler, gerekli durumlarda gonderilen calismayi diizeltme, geri
¢ekme veya ¢aligma hakkinda 6ziir yayilama hakkina sahiptir.

-92.-



NATIONAL DEFENSE UNIVERSITY
BARBAROS NAVAL SCIENCES AND ENGINEERING INSTITUTE
JOURNAL OF NAVAL SCIENCES AND ENGINEERING

VOLUME: 16 NUMBER: 1 APRIL 2020 ISSN: 1304-2025

CONTENTS / iCINDEKILER

Mechanical Engineering / Makine Miihendisligi

RESEARCH ARTICLE

Design and Analysis of an Axial Compressor for a Turbofan Engine 1-24
(Turbofan Motor i¢in Eksenel Akisli Kompresor Tasarimi ve Analizi)

Dogus OZKAN, Kadir BUYUKHAMURKAR

Physics / Fizik

RESEARCH ARTICLE

Annealing Temperature Effects on Surface Morphology and Optical
Properties of IGZO Thin Films Produced by Thermal Evaporation
(Tavlama Sicakliginin Termal Buharlastirma ile Uretilen IGZO ince Filmlerde
Yiizey Morfolojisi ve Optik Ozelliklere Etkisi)

Atilgan ALTINKOK, Murat OLUTAS

25-44

Mechanical Engineering / Makine Miihendisligi

RESEARCH ARTICLE

Effect of the Nitriding Process in the Wear Behaviour Of DIN 1.2344 45-70
Hot Work Steel

(Nitrasyon Isleminin DIN 1.2344 Sicak Is Takim Celiginin Asinma
Davranislar1 Uzerine Etkileri)

Seda ATAS BAKDEMIR, Dogus OZKAN, M. Cenk TURKUZ,

Elif UZUN, Serdar SALMAN

Electrical-Electronics Engineering / Elektrik-Elektronik Miihendisligi

RESEARCH ARTICLE 71-83
Investigation of the Sputtering Conditions on the Deposition of

the NbN Thin Films Onto Glass and Si/SiO Substrates

(Cam ve Si/SiO Alttas Uzerine Kaplanan NbN ince Filmlerin

Kaplama Kosullarinin Arastirilmasi)

Atilgan ALTINKOK

MILLi SAVUNMA UNIiVERSITESI
BARBAROS DENiZ BILIMLERI VE MUHENDISLIiGI ENSTITUSU
DENIiZ BIiLIMLERiI VE MUHENDISLIGi DERGISI

CILT: 16 SAYI: 1 NiSAN 2020 ISSN: 1304-2025



