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Abstract: The roll is the major component in the rolling process which comes into
direct contact with the workpiece and transfers the load. The roll life is limited by
thermal and mechanical fatigue, surface wear and plastic deformation. Surface
wear is the main reason for roll failure due to harsh condition at roll surface during
hot rolling. Thus techniques are required to enhance the roll life for making
process economical and for better product quality. Surface coating is the technique
used to develop surfaces to bear harsh conditions and increasing the life of the
substrate. In the current investigation, the plasma spray technique was used to
develop 65(97A1,03-3TiO2) + 35 (80Ni20Cr) composite coating composition on
HiCr iron alloy. The microstructure and properties of the as—spayed coatings were
explored. The friction and wear investigations of the coated and uncoated
specimens were done on pin—on—disk tribometer simulating hot rolling conditions.
The results revealed the uniform coating structure with superior properties. The
friction coefficient declined with increase in temperature. The specific wear
resistance was found to be higher for coated surfaces at all experimental
conditions. The wear mechanism investigated through Scanning electron
microscope showed adhesive wear and abrasive wear as major wear mechanisms.
Keywords: hot rolling, plasma spray, surface coating, friction, wear, tribometer
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1. INTRODUCTION

The metal forming by the rolling process is one of the oldest and widely used
processes. It accounts for around 90% of the metal forming. Rolling is a basic
process for transforming the ingot into blooms or billets or slabs [1-2]. In
the rolling process, the lifetime of the roll is an important factor due to the
cost involved in manufacturing, refurbishing, lost production and operative
handling. The lifetime of roll is restricted due to various aspects such as
surface wear, thermal and mechanical fatigue, and plastic deformation [3—
5]. Surface texture is one of the major factors which decide the product
quality and life of the roll. Surface texture usually deteriorates by roll
consumption. This took place by different wear mechanisms involved
during relative sliding between workpiece and roll. In hot rolling
conditions, the rolls are subjected to more harsher and complex tribological
conditions [4-6].

Thus surface engineering techniques are employed to shield the surface of
the roll. Among various techniques, the surface coating is recent and has
shown good results in reducing surface wear in many similar technological
systems. Even a small rise in wear resistance leading to increase in the
lifetime of roll material leads to large economic benefits due to enormous
production quantities. The success of the surface coating process depends
upon several factors such as surface coating methods, surface coating
feedstock and the working conditions, etc. The suitability of the surface
coating technique in controlling the wear of roll needs to investigate [7—10].
Among various coating methods thermal spray coating method is widely
used for industrial products due to easiness to apply, a wide range of
applications, and low porosity, higher bond strength, better microstructure
and tribological performance. Among the various thermal spray processes,
plasma spray process is further famous for industrial applications due to
easiness in technique, suitability to a wide range of substrate and coating
powder [11-12].
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Alz203 exhibits excellent hardness and chemical stability at elevated temperature makes it suitaby
for high temperature tribological applications. TiO2 contributes to the increase in toughness and
wear resistance. Thus Al203-3TiO2 coating composition was finalised as it offers high thermal
resistance and reduce the substrate surface temperature this enhances the component durability in
a harsh working conditions [13—-15]. However, the coating exhibits lower bond strength on metallic
surface and exhibits brittleness [16]. This technical restriction limits its wide use. In depth literature
survey suggests that Nickel based coating brings excellent wet ability which promotes good
cohesion thus act as binder powder and addition of chromium lead to formation of hard carbide
this strengthens mechanical properties such as hardness of the coatings and also improve the wear
and corrosion resistance [16—17]. Farhenholtz [ 18] reported Al203—35 vol% Ni composite exhibited
an impressively high combination of strength and toughness. Stott [19] stated that the tribological
properties of 80Ni20Cr exhibited distinct reduction in friction and wear rate at elevated
temperatures due to the formation of a smooth and softened oxide layer. The layer is consist of
phases layer consisted of NiCrz04 and Crz0s. This causes lower shear strength on the surfaces
under sliding.

The roll material property also depends upon the stages of rolling, at the initial (rough rolling) the
thermal, and mechanical fatigue with hot wear resistance are major requirements. While at for the
finishing roll resistance to abrasive wear is a major requirement. While in back up rolls are
subjected to high loads, so they must possess yield strength, shear strength, and spalling resistance.
On the basis of function and application of roll, the materials used for rolling are alloys of iron
consisting of carbon, chromium, silicon, molybdenum, and nickel, etc. The majorly used ferrous
alloys used to form roll are high speed steels (HSS), indefinite chill cast iron (IC) and high chromium
cast iron (HiCr). The rolling mill can have a roll of different materials depending upon the role of
the roll usually, indefinite chill cast iron roll is used in last for finish the roll material while high
chromium iron (HiCr) rolls are used in early finishing stands [3—4].

Thus in current investigation exploration of plasma sprayed 65(97A1203-3TiOz2) + 35 (80Ni20Cr)
coatings for reducing wear and friction will be performed. In doing so both coated and uncoated
specimens of roll material will be investigated on high—temperature pin—on—disc tribometer.

2. EXPERIMENTAL PROCEDURE

— Materials preparation
The commercially available high chromium iron alloy was selected as substrate. The material is
employed in early finishing stands of hot strip mills and heavy plate mills. Table 1 gives the chemical
composition of the substrate material.

Table 1. Chemical composition of substrate material

2.50/ 0.70/ 0.45/ 0.03 0.08 1.00/ | 15.0/ 1.00/ 0.20/

2.90 1.00 0.95 max. max. 1.50 18.0 1.80 0.40 Bal.

The material was procured in a
cylindrical shape and was machined

further in accordance with pin—on-— . -
disc tribometer used in current
investigation. Figure 1 shows the
sketch and pictorial view and of
machined specimens. The specimens
were also rubbed on grit paper to memmese b
obtain a flat surface to obtain uniform __?_51’?31_
b)

thickness of the coating. Composite 2)

coating powder 65(97Al1203-3TiOz) . : )
+ 35 (80Ni20Cr) was prepared by Figure 1. a) Sketch of Pin sample for wear test on pin—on—disc

tribometer. b) Pictorial view of prepared samples

g

40 mm

mixing mechanically in ball milling
equipment in a ratio of 65 (97A1203-3TiO2): 35(80Ni20Cr) by weight. The powders were
manufactured at Amperit Company. The 97A1203-3TiOz coating powder was manufactured by
fused process while NiCr was prepared by water atomization process. The chemical and physical
details of the powder are given in Table 2. The powders were characterized by X-ray diffraction
(XRD), Scanning electron microscope (SEM) and Energy—dispersive X—ray spectroscopy (EDS)
techniques.
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Table 2. Coating Powder Details

Chemical Chemical Powder Mesh . . . "
Chemical Composition

Formula name Code Size
Aluminium .
97ALOs | oxide- | Amperit | oo | o7 | Al | T, | ALOq B
3TiO; | Titatnium | 742.001 Max. | Max | 278% | Bal
Oxide ' '
. . Si Fe Mn C .
goNizocy | Nickel - Ampertt 5 0p | SIS is% | 1% | 1% | 0.25%|
) > | Max. | Max. | Max. | Max/ )
— Coating Development
The coating was deposited using Plasma spray technique TSZkLIEySAizzma spray pareggfters
at Metahzmg equipment company PVT. LTD. Jodhpur, =z vier qas Argon 38 SLPM
(India). The hydrogen was used as fuel gas and Argon was | “Fyel Gas Hydrogen 6.4 SLPM
used as the carrier gas. The powder was fed at rate of 30 Volt 67V
gram/minute. The detailed parameters are shown in Amp 500 A
Table 3. Prior to the coating process the surface roughness Powder feed rate 30 gram/ min,
of the surface to be coated was made rough to enhance Spray dist. 76 mm
adhesion strength of the coating. The roughing process | Flame temperature | 10000-12000°C
was done by grit blasting using Al2O3 powder. The coating Flame Velocity 150 m/s

thickness was monitored during spray process using Minitest-600B. The thickness of the developed
coating was 200 + 20 um.

— Coating Characterization

To investigate the coating morphology and coating properties following characterization were
performed on the as—sprayed coated specimens.

The surface roughness of the coating was calculated using Digital Surface Roughness Tester. The
surface roughness was recorded for both as—sprayed and after polishing. The surface roughness
was measured at five different places with a sampling length of 5mm. The average value of the
coating is reported.

The bond strength of the coating was measured on tensile strength machine setup using the HTK
Ultra Bond 100 adhesive having a nominal strength of about 12000 psi. The test was performed
in accordance with ASTM standard at Metalizing equipment company PVT. LTD. Jodhpur
(India).

The Coating porosity was measured using an Image analyser fitted with a microscope. The test
was performed at Metalizing equipment company PVT. LTD. Jodhpur, (India). The coating
porosity was measured at different areas in the coating and average value was recorded.

The XRD analysis was performed to for the as—sprayed coating to determine the phases
developed during coating

The SEM and EDS analysis were performed at Chandigarh University, Punjab (India). The
machine used was Jeol make (JSM-IT 500) equipped with EDS Genesis software. The analysis
was performed to study coating morphology and element present with percentage.

The surface Microhardness was measured by digital micro hardness tester. 2.9 N load was
applied on the square pyramidal diamond indenter for penetration. The average value of surface
microhardness is measured and reported in the study.

—Tribological testing

Tribological tests were performed on a pin—-on—disc tribometer as per ASTM G99 standard. The
machine was of Ducom make equipped with a computerized data acquisition and control system
Figure 2 shows the picture of the machine used. The tribological tests were aimed to investigate the
friction behavior and measure wear resistance of both the coated and uncoated specimens. The disc
used in the study was 20MnCr5 steel disc (is 0.18—
0.23 C, 1.2-1.5 Mn, 0.028 max P, 0.034 max S,
0.6 max Si, 1.1-1.4 Cr, and left over Fe). The disk

Table 4. Test parameters selected in current
investigation

was further hardened to 60 to 64 HRC by surface Load 25N, 50 N

engineering techniques. Prior to the wear Temperature RT, 350°C and 700°C

experimentation, the specimens were polished Sliding distance 1500 m
Sliding Velocity 0.5 m/s
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with emery papers to obtain surface roughness value less than 1 um.
Table 5. Experimentation set performed The parameters selected in the current
SYSIRNCCTIT IR I RN EEVRNMSHISIEN  investigation are given in Table 4. The

w iis o (IS) . parameter was selected in accordance with
2 UC 75 05 350 typical conditions encountered in the hot
3 UC 25 0.5 700 rolling process and in depth literature survey.
4 C 25 0.5 RT In a typical hot rolling process, the relative
5 ¢ 25 0.5 350 sliding takes place between the roller and the
(7; UCC %(5) 82 71%0 work piece. On the basis of parameters
3 UC 50 05 350 finalized, the experimental sets performed are
9 UC 50 0.5 700 shown in Table 5. The friction coefficient was
%Cl) g 28 82 SRSTO obtained by dividing the frictional force by
W . 20 5 225 applied load which was recorded by computer

controlled load transducer during the
experimentation. The average value friction and variation of the friction with time is reported in
the study. The wear resistance was measured using the below—given relation based on weight loss.
pex Sox AL

Wear resistance (Nm/mm®) =
L

where, pcis the coating density, Sp is the sliding distance, Av is applied load and ML is the mass loss.
The weight loss was recorded by measuring weight before and after experimentation using
microbalance with a precision of 0.001 mg. The samples after wear test were inspected to
understand the wear behaviour the worn—out samples were studied with the help of field emission—
scanning electron microscope.

T FATEHanuR ;:H@l;EEmuq coun

m—

| PC for control and
- recording data

%

Adjuster knob
for track dia

3. RESULTS

— Characterization of coating powders

The SEM image of the coating powder
65(97A1205-3TiO2) + 35(80Ni20Cr) is
shown in Figure 3. The SEM morphology of
the powder indicates uniform mixing of the
coating powders. The coating powder parts
were found in clusters formed by
agglomeration. The wide range of particle
size were found in SEM might formed during
mixing in ball milling. Figure 4 shows the
XRD diffractogram of the coating powder.  Figure 3. SEM morphology of composite Coating
The XRD pattern showed Alz03 phase in powder

strong intensity phase while NiCr and TiOz2 phases were found in medium intensity.

— Characterization of As—sprayed coatings

Figure 5 shows the camera image of the coated specimen developed using plasma spray technique
on high chromium iron alloy. The coatings developed were found smooth and greyish in colour
grey. Also, no cracks were observed on the surface on visual examination.

The SEM images of the 65(97A1203-3TiOz2) + 35 (80Ni20Cr) coating is shown in Figure 6. The
images were found large flat splats like morphology. Fully molten splats indicate the complete
melting of the coating particles during the spraying process. The images further showed some dark
and white zones in the coating. Light micro—cracks were also observed in the coating. These zones
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formed due to presence of two phases in

the coating with some zones richer in one | | & N Ao, m 1o,
phase. The EDS analysis confirms the

presence of the coating powder elements.

The oxygen was found be larger amounts

this is mainly due further oxidation of the

coating. e | 'L

The XRD diffractogram of the as—sprayed J |
(97A1205-3TiO2) + 35(80Ni20Cr) coating | .1+ v’u«wd“ (AL - hm«w«w%wﬂw i
on high chromium iron alloy is shown in x T T T T - )
Figure 7. The diffractogram showed that Posiion [*ZTheta

various major phases formed in the coating

are NiO, Cr20s3, NiCr, Al203 and TiOz. The

formation of the NiO and Crz03 was due to oxidation of NiCr powder. Preservation of AlzO3 and
TiOz phases were preserved during spraying. These oxides acted as wear resistance in metal matrix.

Figure 4. XRD diffractogram of the composite powder

L
Figure 5. Camera image of the ] 38 %
developed coating 2 i}l"}f
Table 6 showed the various = e [wi) - i
properties of the developed S ? |
coating. Bond Strength of the SR PR S )

Figure 6. SEM and EDS analysis of 65(97A1;03-3TiOz) + 35
(80Ni20Cr) coating

X NiO @ CLO; @ NiC: A ALO: BN TO,

N

400

coating was found to be 69 * 6 Energy (kev]
MPa. The higher value of the
bond strength of the coating
indicates the higher adhesion
between coating and substrate.
The higher bond strength of the - -
. . L] L
coating was also due to residual 1600
compressive stresses arise during ’
spraying. The  compressive
stresses usually originate when
fully molten particles strikes at /\ .u
higher velocities. This further JL“J n I\ -
also decreases the porosity value
of the coating. The porosity value °x T " pa T ux T -
was recorded to be 2.80 + 0.45 Pooon L2 Theta)
% ,thh is on the lower side. The Figure 7. XRD Diffractogram for as—sprayed (97A1,03—3TiO,) + 35
microhardness  value  was (80Ni20Cr)
recorded to be 850 + 15 HV. The
higher value of the microhardness for the developed coating was due to preserved oxides and dense
coating formation. The average surface roughness value was recorded as 4.23 = 0.5um. The
roughness was recorded as 0.6 1 um after polishing depicted low porosity of the coating developed.
— Friction and Wear Behaviour
The obtained values of the average coefficient of friction at three testing temperatures (0°C, 350°C
and 700°C) and the load of 25N and 50N is shown in Figure 8. The friction—sliding distance curve
Universitatea
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at three testing temperatures (0°C, 350°C and 700°C) and the load of 25 N and 50N is shown
Figure 9.
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Figure 8. Average coefficient of friction value obtainted after wear test at load a) 25N b) 50 N
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Figure 9 Coefficient of friction value Versus. Sliding Distance value plot obtained after wear test
at load a) 25N b) 50N

At room temperature, in uncoated specimens the friction coefficient was noted as 0.57 at 25 N this
declined to 0.44 with an increase in load at 50 N loads. While in coated specimens the average
coefficient of friction was found to be stable with an increase in load and was noted as 0.57. The
decline in the coefficient of friction with an increase in load might be due to the easy wear of the
uncoated specimen with the rise in load leading to the lowering of frictional forces. While in coated
specimens the high coefficient of friction was mainly due to high hardness of the coated surface,
which does not allow material to wear with the rise in load.
In friction—sliding curve at larger fluctuation were seen for both uncoated and coated specimens at
25 N loads. The fluctuations were noted lower at 50 N. The coefficient of friction curve showed a
large slope variation in friction values at 50 N loads.
The average coefficient of friction value declined sharply with a rise in temperature to 350°C for
both coated and uncoated HiCr alloy specimens. The recorded for uncoated specimens value was
0.38 and 0.37 at the two loads respectively. The recorded value for the coated specimens was 0.4
and 0.35 at the two loads respectively. The decline in the coefficient of friction was the due
formation of oxidation of surfaces and softening of materials. The major reason for the decline in
friction value was mainly due to the formation of oxide layers, these layers allow easy movement
between two sliding surfaces. The friction curve coefficient showed lesser fluctuations at 350°C.
The fluctuations were lesser for uncoated specimens than coated specimens.
With an increase in temperature at 700°C the uncoated specimens showed near the similar value
of friction coefficient at 25 N loads which further declined at 50N. This might increase in depth of
oxidation the layer which gets compressed at higher loads providing smoother surface permitting
easy sliding. The friction curve showed the lowest fluctuations at 700°C. A thin line was formed by
both coated and uncoated specimens.
The specific wear resistance values of all the specimens after the tribological investigation are
shown in Table 6. The wear resistance of the coated specimens was found higher for
experimentation sets. The wear resistance of the uncoated specimens was lowest at room
temperature testing at 25N. The wear resistance increases with temperature. This is mainly due to
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¢ formation of oxide protective layers formed by surface oxidation and wear debris. Further, the
wear resistance of the uncoated specimens was found to increase at 50 N loads. The increase in
wear resistance at 50N was mainly due to frictional heating and formation and strengthening of
the protective layer under higher compressive load, the highest value of wear resistance for
uncoated specimens was found at 350°C and 50N. Further, wear resistance of the uncoated
specimen declines at 700°C. This might be due to the destabilization of formed layer leading to

Table 6. Specific wear resistance values for the uncoated and 65(97A1,03-3TiO,) + 35 (80Ni20Cr).
Coated specimen’s obtained after a tribological investigation
Sliding Speed Temperature (°

Specific Wear resistance
(103 Nm/mmb3)

Load (N) Sample details

0.5 RT 25 Uncoated 1.58
0.5 350 25 Uncoated 1.83
0.5 700 25 Uncoated 1.98
0.5 RT 25 Coated 109.66
0.5 350 25 Coated 157.02
0.5 700 25 Coated 145.96
0.5 RT 50 Uncoated 2.88
0.5 350 50 Uncoated 3.69
0.5 700 50 Uncoated 2.68
0.5 RT 50 Coated 196.18
0.5 350 50 Coated 296.09
0.5 700 50 Coated 293.99

In Coated specimens, the wear
resistance was also noted to
increase with temperature. The
highest wear resistance was
found at 50N and at 350°C.
The specific wear resistance
decreases slightly at 700°C. The
lower value of wear resistance
at 25N loads in comparison to
values obtained at 50N is due to
an increase in protective layer
strength under compressive
loads.

Figure 10 shows SEM images
for uncoated worn out
specimens. In uncoated
speciments, the wear
mechanism was both adhesive
and abrasive wear at room
temperature. The compressed
oxide layers were seen in
specimens tested at 350°C and
700°C temperatures. These
layers were seen deforming at
50N loads. At 700°C and 50 N
load, the oxide layers started
rupturing by the abrasive
action of wear debris.

Figure 11 show SEM images for
coated worn out specimens, at
room temperature testing the
frictional heating and
compression of the top surface,

Universitatea

Figure 10. The SEM images for uncoated specimen tested under a) Rt &
25N b) 350°C & 25N ¢) 700°C & 25N d) Rt & 50N e) 350°C & 50N f)
700°C & 50N

can be seen. At higher temperature, the stable oxide layer were seen. These oxide layers deform and
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provide protection against
wear. The wear mechanism in
coated  specimens  mainly
adhesive wear with slight
abrasive wear at elevated
temperatures.

4. CONCLUSIONS

In current investigation, the
65(97A1205-3TiO2) +
35(80Ni20Cr) composite
coating was developed on the
HiCr iron alloy used as roll
material. The coating was
deposited by Plasma spray
technique. The microstructure
and mechanical properties of
the coating were evaluated.
The coating potential in
providing wear resistance in
hot rolling condition was
investigated using Pin—on—disk
under different loads and
temperature conditions.

— Plasma spray technique
successfully developed
65(97A1205-3TiO2) +
35(80Ni20Cr) the coating
composition on HiCr iron
alloy. During spray NiO,
Cr203, NiCr, Alz03 and
TiO2 oxides were formed.

— The SEM images and EDS
analysis showed uniform

structure of the developed coating and coating elements were uniformly distributed in the

developed coating.

— The developed coating showed high bond strength value, low porosity and high hardness. This
indicated the superior mechanical properties of the coating composition.

— Friction coefficient was found to high at room temperature and low at room temperature due

to formation of oxide layer.

— The wear resistance of the coating was found to be high at all testing loads and temperatures.
The wear resistance of the coating was found highest at found at 50 N and at 350°C.

It is concluded that wear resistance of the HiCr iron alloys used in hot rolling can be enhanced

using 65(97A1203-3TiOz2) + 35(80Ni20Cr) surface coating developed by plasma spray technique.

Thus the coating can be further applied to actual roll mill for its further evaluation.

References

[1] Wang, B.O.: A simulation of roll wear in hot rolling process, Thesis, Master of Engineering, 1996,

University of Wollongong.

[2] Vergne, C., Boher, C., Levaillant, C., Gras, R., Analysis of the friction and wear behavior of hot work
tool scale: application to the hot rolling process, Wear 250, 2001, 322—-333.
[3] Pellizzari, M., Molinari, A. Straffelini, G.: Tribological behaviour of hot rolling rolls, Wear, Vol. 259,

2005,1281-1289.

[4] Spuzic, S., Straffordm, K.N., Subramaniana, C., Savage, G.: Wear of hot rolling mill rolls: an overview,

Wear 176, 1994, 261-271.

[5] Lundberg, S. E., Gustafsson, T.: The influence of rolling temperature on roll wear, investigated in a new
high temperature test rig, Mater. Process. Technol., 42, 1994, 239-291.

[6] DeMello,].D.B., Gonc—alves, J.L., Costa, H.L.: Influence of surface texturing and hard chromium coating
on the wear of steels used in cold rolling mill rolls, Wear 302, 2013, 1295-1309.

xxxxx

Figure 11. The SEM images for coated specimen tested under
a) Rt & 25N b) 350°C & 25N ¢) 700°C & 25N d) Rt & 50N
e) 350°C & 50N f) 700°C & 50N

Universitatea

Politehnica

54| Fascicule3

Timisoara

p




ANNALS of Faculty Engineering Hunedoara = International Journal of Engineering
Tome XVIIl [2020] || Fascicule 3 [August]

Kennedy, D., Xue, Y., Mihaylova, M.: Current and Future Applications of Surface Engineering, The

Engineers Journal (Technical) Vol.59, June, 2005, 287—-292.

Heimann, R.B. and. Lehmann, H. D, Recently Patented Work on Thermally Sprayed Coatings for

Protection against Wear and Corrosion of Engineered Structures, Vol. 1, 2008, 41-55.

[9] Dohda,K.,Boher, C., Aria, F. R., Mahayotsanun, N.: Tribology in metal forming at elevated temperatures,
Friction 3(1), 2015,1-27.

[10] Shibe, V., Chawla V.: An Overview of Research Work in Surface Coating, JRMET Vol. 3, Issue 2, May —
Oct 2013

[11] Vardelle, A., Moreau, C., Themelis, N. J., Chazelas, C.: A Perspective on Plasma Spray Technology, Plasma
Chem Plasma Process, 2014

[12] Alonso, LF., Agoaga, F., Oregui, P , Viviente, L.: Metallurgical study of SiC-NiCr plasma—sprayed
coatings, Materials Science and Engineering: B Volume 11, Issues 1-4, 1992 Pages 279-283

[13] Salman, A. S.: Study of Titanium based Composite Coatings for Resistance against Molten Aluminium
Soldering on H13 Tool Steel, Ph.D Thesis, 2011, The University of Waikato.

[14] Yao, Y., Lyckfeldt, O., Tricoire, A., Lundstrom, D., Klement, U.: Microstructure of Plasma Sprayed Al,O3
3wt%TiO; Coating Using Freeze Granulated Powder, Journal of Materials Science and Chemical
Engineering, 2016, 4, 8-14

[15] Yilmaz, R., Kurt, A.O., Demir, A., Tatl, Z.: Effects of TiO2 on the mechanical properties of the A1203—
TiO2 plasma sprayed coating, a Journal of the European Ceramic Society 27, 2007, 1319-1323

[16] Wang, ]J.Y., Shan, Y. H., Wang, G. W., Yi, G., Jia, J.: The Tribological Properties of NiCr—Al,O3—TiO,
Composites at Elevated Temperatures, Tribol Lett (2015) 58:1

[17] Liu, F., Jia, J., Yi, G., Wang, W., Shan, Y.: Mechanical and tribological properties of NiCr-Al.O3
composites at elevated temperatures, Tribology International 84, 2015, 1-8.

[18] Fahrenholtz, W.G., Ellerby, D.T., Lochman, R.E.: Al,Os—Ni composites with high strength and fracture
toughness, Jam Ceram Soc 2000; 83, 1279-80.

[19] Stott, F.H., Lin, D.S., Wood, G.C., Stevenson, C.W.: Tribological behavior of nickel and nickel-chromium

alloys at temperatures from 20° to 800°C, Wear 1976 ; 36,147-74.

J oL or Pty twamvteeiv sontpoiss I
] | [m] B
£ ll HE =
g I B
Zml e .
= '\ =
; acully =
¢ O I" m:;rnna B =
- unedoara =
- Ol ———— |mE =
|| I !ﬁﬁ. HE -
: i 1PE] Jgg
; INNEEE EEEEEN -
S NEEEC] CEEEEC -

l!lth.'(hiTIEl!ll JOURNAL OF [NGINIIRIK ﬁ.

m—

ANNALS of Faculty Engineering Hunedoara — International Journal of Engineering
ISSN 1584 — 2665 (printed version); ISSN 2601 — 2332 (online); ISSN-L 1584 — 2665
copyright © University POLITEHNICA Timisoara,

Faculty of Engineering Hunedoara,

5, Revolutiei, 331128, Hunedoara, ROMANIA
http://annals.fih.upt.ro

Universitatea

Politehnica .
Timisoara 55| Fascicule3




