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Resume 

The objective of this work was to determine the wear resistance of layers hard faced 

by the high-alloyed filler metal, with or without the austenite inter-layer, on parts 

that operate at different sliding speeds in conditions without lubrication. The samples 

were hard faced with the filler metal E 10-UM-60-C with high content of C, Cr and 

W. Used filler metal belongs into a group of alloys aimed for reparatory hard facing 

of parts damaged by abrasive and erosive wear and it is characterized by high 

hardness and wear resistance. In experiments, the sliding speed and the normal 

loading were varied and the wear scar was monitored, based on which the volume 

of the worn material was calculated analytically. The contact duration time was 

monitored over the sliding path of 300 mm. The most intensive wear was established 

for the loading force of 100 N and the sliding speed of 1 m.s-1, though the significant 

wear was also noticed in conditions of the small loading and speed of 0.25 m.s-1, 

which was even greater than at larger speeds. 
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1. Introduction 

Large number of machine parts and 

devices, especially in construction industry are 

exposed, on a daily basis, to rigorous exploitation 

conditions when the working parts of machines 

and devices are in the constant contact with hard 

and brittle abrasive materials. Due to their high 

hardness, such materials affect the working life 

of parts causing its shortening. Frequently, the 

working parts lose their original designed 

geometry, while the fracture of parts is frequent, 

as well. To prevent that and to extend  

the working life of parts, like the stone crusher's 

teeth [1], loading excavator bucket's teeth [2] 

knives of the terrain leveling grader board [3] and 

others, there is a tendency to manufacture them 

from the high quality and more adequate 

materials. However, even thus manufactured 

parts are worn relatively quickly, so the necessity 

for their replacement or reparation occurs. 

Considering that waiting for purchase  

of the new part could last quite a long time, what 

is usually accompanied with high costs, the 

alternative is reparation by hard facing  

of the damaged parts. 

The reparation by hard facing can create 

significant savings [4, 5], while simultaneously 

the working surfaces, which are more wear 

resistant than those on the original new parts are, 

are obtained. This subject was investigated  

by authors of paper [6 - 8] and [9 - 19] and  

in those papers the previously stated observations 

were confirmed. Thus, the objective of this  

work was to establish the possibility for 

extending the working life of the machine parts 

by hard facing the damaged surfaces with use  

of the adequate filler metal and to determine  

the influence of the sliding speed in the tribological
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 tests on the hard faced layers' characteristics. 

The previous investigations of certain 

materials with similar properties to those used 

in this research have established that the loss  

of materials' mass increases with increase  

of the loading, which can be taken for granted, 

and with increase of the sliding speed, which 

was to be confirmed with experiments 

performed within this investigation. Authors  

of [20] have investigated the grey cast iron with 

high carbon content, while in [21] authors were 

dealing with analysis of the Fe-Cr-B alloy 

aimed for hard facing, which has the similar 

content as the filler metal used in this paper.  

The applied sliding speeds were of 0.25, 0.5 and  

1 m.s-1, while the applied loads were  

of 50, 75 and 100 N and the purpose was  

to determine the wear resistance of the analyzed 

filler metal. 

 

2. Samples preparation and plan of experiments 

One of the most difficult steps  

in prescribing the hard facing technology  

is selection of the filler metal (FM). It should  

be selected in such a manner that it possesses 

high hardness and wear resistance and 

simultaneously to have the favorable weldability. 

The filler metal, analyzed in this paper, is the 

high-alloyed steel with high content of carbon, 

chromium and tungsten, marked as E 10-UM-60-

C (DIN standard 8555). Such a chemical 

composition ensures the high hardness and wear 

resistance of this filler metal, which is prescribed 

by the manufacturer for parts that work in such 

conditions.  

Prior to hard facing, the base metal (BM) 

is usually preheated to improve its weldability;  

in this case, the preheating temperature was 

defined as 250 ºC. However, in some cases, due 

to some restrictions, like the BM chemical 

composition or lack of the preheating 

equipment in the field, the preheating cannot be 

done, so it is usually replaced by deposition  

of the interlayer of the austenitic FM.  

The applied BM is the stainless steel marked  

as E 18 8 Mn B 20+ (DIN standard 8555). 

The chemical composition of the base 

metal (BM) and the filler metals (FM#1 and 

FM#2) is given in Table 1. 

The hard facing parameters were current 

125 A and voltage 25 V, with the welding  

speed of 1.9 mm.s-1. The plate of BM  

of 10 mm thickness was hard faced with such 

parameters, with three layers, so that adequate 

thickness is obtained to enable cutting out  

the samples for tribological investigations.  

For samples with the interlayer, the first layer 

was deposited by the FM of the stainless steel 

(#2), while the other two layers were deposited 

by the FM for hard facing (#1). Preparation – 

cutting out – of the samples for tribological 

investigations was done according to Fig. 1a, 

while the samples for measurement of hardness 

and analysis of microstructure were prepared 

according to Fig. 1b. In addition, besides 

samples (blocks) prepared from the hard faced 

layers, the blocks of the same dimensions were 

prepared from the base metal.  

Tribological test assumed subjecting  

the samples, cut-out from the hard faced layers 

and the BM, to the wear test on the tribometer 

with the block-on-disc contact (Fig. 2).  
 

 

Table 1 

Chemical composition of base metal and filler metals. 

Steel/Electrodes Alloying elements % Hardness 

HRC  C Si Mn P S Cr Mo W Ni Al 

BM S355J0 0.2 0.55 1.4 0.045 0.045 0.3 0.08 - 0.3 0.02 ≈ 28 

FM1 E 10-UM-60-C 4.0 - - - - 26 - 4.0 - - 57 - 62 

FM2 E 18 8 Mn B 20+ 0.12 0.8 7.0 - - 19 - - 9.0 - - 
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Fig. 1. Layer deposition and block for tribological testing (a) and metallographic sample (b); L1, L2 and L3 

denote the directions of hardness measurements. 
(full colour version available online) 

 

 

  
a) prepared blocks and discs 

(full colour version available online) b) block-on-disc contact scheme 
Fig. 2. Prepared blocks and discs and block-on-disc contact scheme. 

(full colour version available online) 

 

 

 
Fig. 3. Hardness distribution (diagram above) and the microstructures of the WM (1), HAZ (2) and BM (3) 

pictures (below). 
(full colour version available online) 
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3. Results and discussion 

3.1 Hardness measurement and microstructure 

analysis 

Hardness was measured on samples 

prepared according to Fig. 1 and it was used  

to form curves of the hardness distribution  

in the three characteristic parallel directions (L1, 

L2 and L3). Besides that, the characteristic micro 

structures were recorded in the three zones  

of the hard faced layer – in the weld  

metal (WM), heat affected zone (HAZ) and  

in the base metal (BM). Etching of samples was 

done in two phases. In the first phase, samples 

were etched by the 3 % Nital solution  

(in denatured alcohol) and after that, only  

the zones of the BM and the HAZ were visible. 

Then, in the second phase, the samples were 

etched by the 4 % Vilelle solution. This solution 

is very aggressive and it can provide good quality 

etching of the highly alloyed hard faced layers. 

Results of the hardness measurements and the 

microstructures of the individual hard faced 

layer's zones are presented in Fig. 3. 

From the graph in Fig. 3 one can see that 

the hard faced layer hardness is about 600 HV1, 

what corresponds to the data provided  

by the manufacturer. It can also be noticed that 

hardness was maintained over the whole cross 

section of the hard faced layer (average thickness 

of about 7 mm), after which it drops within 

the HAZ and the BM. 

The BM microstructure was estimated  

as ferritic-perlite, while the microstructure  

of the FM was ledeburite–cast structure with 

excreted carbides. They possess the high 

hardness what should ensure the improved wear 

resistance. 

 

3.2 Tribological test 

The wear resistance was determined  

by measurements of the wear scar and then  

it was used to calculate the volume of the worn 

material. The wear scar width was recorded  

by the optical microscope with magnification 

50×. The parameter for the contact duration was 

the path of 300 mm, which means that  

the contact time was different for different 

sliding speeds. The friction coefficient was also 

recorded, besides the wear scar width, during  

the sliding process under different conditions.  

The tests were done without application  

of lubricants. Obtained results are presented  

as graphs in Fig. 4 and in Table 2, while  

the macroscopic and microscopic appearances  

of the damaged surface of some blocks are shown 

in Fig. 5. The worn material volume was 

calculated based on the measured length and 

width of the wear scar. In the computer program 

the volume of the block mass, "eaten" by the disc 

is then calculated. 

Obtained results show that the hard faced 

layers possess significantly higher wear 

resistance than the base metal, as it was  

expected. The curves in Fig. 4 show increase  

of the worn material mass with increase  

of the sliding speed and the normal loading, all 

the way up to reaching the highest degree  

of wear at maximum load of 100 N and  

at the highest speed of 1 m.s-1 (Fig. 4c), what was 

also confirmed by some other investigations [17, 

20].  

However, it is interesting that almost  

the same results were obtained for the case  

of the applied force of 75 N at sliding speeds  

of 0.5 and m.s-1 (Fig. 4b). This means that 

increase of speed from 0.5 to 1 m/s, at that load 

does not have any influence. In addition, results 

show that at the loading force of 50 N,  

the optimal sliding speed 0.5 m.s-1, since the wear 

is the least (Fig. 4a). Results have also shown that 

there is no big difference in wear behavior 

between samples with and without austenitic 

interlayer (Table 2 – sample #3 has even 

somewhat higher resistance), what means  

that the interlayer can be used whenever  

it is necessary and that would not influence  

the wear resistance of the hard faced layers. 

Photos in Fig. 5 show the characteristic 

damages of the tested materials surfaces.  

The characteristic phenomena in the initial 

stadium of wear are appearances of crevices and 

wear scars. However, after a certain distance,  
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at the crack sites material particles started  

to detach from the sample's surface, usually due 

to adhesion to disc material [20]. Those particles 

can later also act as the abrasive and induce 

further damages. The shown damages are  

in accordance with the results obtained for steel 

S355J0 [22], verifying the fact that  

it possesses poor wear resistance. On the other 

hand, the hard faced sample exhibits the higher 

wear resistance and its wear scar is significantly 

smaller and there is no appearance of spots  

of the material detachments from individual zones. 
 

Table 2 

Obtained values of the wear scar width and volume of the worn material for the BM and FM. 
 Worn material volume, mm3 Wear scar width, mm 

SAMPLE #1 Base metal - S355J0 Base metal - S355J0 

Sliding speed, 

m.s-1 

Load, N Load, N 

50 75 100 50 75 100 

0.25 5.23779 8.89852 9.36935 4.97 5.91 6.01 

0.5 1.67035 5.73512 9.95678 3.41 5.12 6.13 

1 6.08405 5.46604 17.9884 5.22 5.04 7.42 

SAMPLE #2 Filler metal - E 10-UM-60-C Filler metal - E 10-UM-60-C 

Sliding speed, 

m.s-1 

Load, N Load, N 

50 75 100 50 75 100 

0.25 0.33811 0.54007 0.61469 2.007 2.345 2.448 

0.5 0.16379 0.47241 0.63226 1.577 2.243 2.471 

1 0.43419 0.39641 1.24646 2.181 2.116 3.095 

SAMPLE #3 
Filler metal - E 10-UM-60-C + austenite 

interlayer 

Filler metal - E 10-UM-60-C + austenite 

interlayer 

Sliding speed, 

m.s-1 

Load, N Load, N 

50 75 100 50 75 100 

0.25 0.118771 0.156112 0.323632 1.417 1.552 1.978 

0.5 0.350939 0.426453 0.469876 2.032 2.168 2.239 

1 0.279109 0.421149 0.556171 1.883 2.159 2.368 

 

 

 
a) 50 N 

Fig. 4. Worn material volume at different loads and histogram of the friction coefficient average values for all 

the loads and sliding speeds. 
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b) 75 N 

 

 
c) 100 N 

 

 
d) histogram of the friction coefficient average values for all the loads and sliding speeds 

Continuing of Fig. 4. Worn material volume at different loads and histogram of the friction coefficient 

average values for all the loads and sliding speeds. 

(full colour version available online) 

 



D Arsić et al.: Wear resistance of layers hard faced by the high-alloyed filler metal 

 

Materials Engineering - Materiálové inžinierstvo 23(2016) 90-97 

96 

 
Fig. 5. Macroscopic (left) and microscopic (right) appearances of the damaged blocks of the hard faced 

layers. 

 

 

4. Conclusions 

An analysis of the sliding speed influence 

in tribological tests, on the wear resistance  

of the base metal and the hard faced layers  

of the test samples is presented in this paper. 

Measurements of hardness and analysis  

of microstructure have shown that the base  

metal and the filler metal differ significantly  

and that the filler metal is characterized  

by the cast structure with the excreted carbides, 

what predetermines it as a material favorable  

for application in hard facing. The highest 

hardness was obtained in the surface welded hard 

faced layers (FM) and then it was gradually 

decreasing down to the base metal hardness. 

Besides varying the sliding speed and 

absence of lubrication, the investigation also 

included varying of the normal loading. Results 

have shown that the tested FM possesses high 

wear resistance. On the other hand, the sample 

hard faced with the same FM, but with austenitic 

interlayer, have exhibited slightly better wear 

resistance, what points to recommendation to apply 

the interlayer whenever the preheating cannot  

be executed. 

Influence of the sliding speed is obvious, 

since it is expected that the wear would increase 

with increasing sliding speed. It was maximal  

at sliding speed of 1 m.s-1 and load of 100 N,  

for both the BM and the FM. However, there 

were certain cases of deviation from the usual 

behavior, at loads of 50 and 75 N, when  

the wear was the more intensive at the smallest 

sliding speed of 0.25 m.s-1, then it decreased and 

later increased again (Fig. 3a) or when it settled  

at lower values (Fig. 3b). 

The technology presented in this paper 

was later applied on real parts – the blades  

for asphalt mixing were hard faced and then used 

in exploitation.  
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Resume 

A simplified experimental equipment was built to investigate heat radiation and 

free convection around hot exhaust pipe. Temperatures were measured  

on the surface of the pipe as like as on heat insulating and -reflecting aluminum 

shield. Special care was taken to the temperature measuring method: result proved 

that inappropriate fixing of measuring thermocouples lead to an error of up to 

30 % in the temperature-increase values. A detailed 1D numerical model was set 

up and parametrized so as to the calculation results can be fitted to measured 

temperature values. In this way thermal properties of the surfaces – as emissivities, 

absorption coefficients and convective heat transfer coefficients – were 

determined for temperature sweeps and stationary state cases. The used methods 

are to be further improved for real automotive parts and higher temperatures.  
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1. Introduction 

Large Heat flow around vehicle exhaust 

system is of great importance as regards heat 

insulating and other elements nearby hot parts. 

Experimental results as like as numerical 

simulations are commonly used to handle 

thermal effects [1, 2]; however, the results 

of these examinations are not always consistent. 

Inaccurate radiation settings in the numerical 

model and erroneous estimation of free 

convection are among the most usual reasons 

of this delusion [3]. 

Regarding real in-vehicle operation, 

the overheating of exhaust heat reflecting shield 

and nearby elements during heavy duty operations 

can be the consequence of an improper heat 

design. The risk of this malfunction is extremely 

increased when the combination of high exhaust 

temperature (due to e.g. high engine performance) 

with low forced flow (i.e. low vehicle speed) 

occurs. Such conditions can come up for example 

when the car stops immediately after a forced 

highway run, or during pulling heavy load uphill 

[4]. Dirt on the heat reflecting elements  

or extreme ambient conditions (e.g. hot black 

asphalt) further increases the chance of exhaust 

system overheating. 

To handle this issue, well-harmonized 

experiments and numerical simulations should 

be executed. During our work we targeted 

the investigation of an in-between area: a simple 

model measurement, which could be effectively 

parametrized for real conditions and accurately 

simulated numerically. The two most unsettled 

processes: the heat radiation and the free 

convection are in the focus of our research, 

which were examined via experimental and 

numerical methods. 

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative 
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2. Experiments 

A simplified exhaust tube – heat 

reflecting shield setup was designed and built 

aiming the effective modelling of heat transfer 

processes. The equipment consists of a part 

of an exhaust tube (stainless steel, OD Ø54 mm) 

with its fittings, a hot air supply (Steinel 3483 

heat gun, up to 650°C air temperature),  

a half cylinder-shape aluminum heatshield 

(Ø220 mm) with 30 mm rock wool outer 

insulation and 23 temperature measurement 

points (K-type thermocouples, 4×3 on the tube 

– marked with red dots, 3×3 on the heatshield – 

marked with blue dots and 2 inside the tube  

for measuring heating air temperature – marked 

with hollow orange dots, see Fig. 1).  

Three main sections along the tube  

were defined: the inflate side has the highest 

temperature while the outlet has the lowest. 

During the design of the apparatus 

special care was taken to: 

 Hot air inlet to exclude ambient temperature 

suck (resulting cooler tube); 

 Fixing of hot elements to minimize heat 

transfer via conduction (using heat resistant 

rubber and silicone fixtures); 

 Fixing the thermocouples: 

o Air temperature was measured with 

coaxial, hermetically insulated ones 

o Tube surface temperature was 

measured with spot-welded 

thermocouples 

o Thermocouples on the aluminum 

heatshield (inner side) were fixed 

by aluminum adhesive tape – the effect 

of fixing method was also investigated. 

 

 

 

 

 
a) layout 

 

 

 
b) real equipment 

Fig. 1. The measurement scheme. 

(full colour version available online) 
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Basic measurement course was started  

at ambient temperature for all parts  

of the apparatus. During continuous registration 

of the temperatures the heat gun was switched  

on and the tube started to heat up; meanwhile  

the heatshield warms up too due to heat radiation 

and convection. After around 1 hour  

the temperature of the system becomes stationary 

resulting a ΔTG, ΔTT and ΔTS temperature excess 

compared to ambient temperature for the gas,  

the tube and the heatshield, respectively (see  

Fig. 2). 

For being able to investigate the effect 

of thermal convection and heat radiation 

separately, the apparatus was designed 

for operation in normal and upside-down 

(inverted) position too. Latter one excludes heat 

convection from the exhaust tube → heatshield 

heat transfer path (see Fig. 3). 

The effectiveness of heat flow (thermal 

convection) elimination during inverted setup 

measurement was proven by measuring 

the temperature of the heatshield surface and 

the air temperature just above the heatshield 

(see Fig. 4). If considerable heat flow occurs 

between the tube and the heatshield, the air 

temperature would be higher than that  

of the surface (the air would heat the shield). 

In contrast, air temperature was equal  

or slightly below the shield surface temperature, 

which proves that no significant heat flow via 

air occurs between the tube and the heatshield 

(practically, the shield warms up the air above 

itself). 

Taking into account the above 

considerations, one can conclude that  

in the reversed position the only heat transfer 

path from the heated tube to the heatshield 

is thermal radiation. Thus, at this setup mode the 

clear radiation properties can be examined 

concerning the heat input of the heatshield. 

Furthermore, comparing the results of normal 

and inverted position measurements, the impact 

of free thermal convection on the warming 

of heatshield can be calculated. 

Aiming the investigation of different 

surface qualities, two modifications  

of the aluminum heatshield inner side were tested 

beside the base (as-rolled aluminum sheet) 

surface (see Fig. 5): 

 Modification of roughness: polished and 

roughened with sandpaper (P120 grit); 

 Modification of color: coated with black 

(Kontakt Chemie Graphit 33) and white 

(MR Chemie MR 70 developer white) 

sprayed layer; 

The surface color modification of exhaust 

tube was also investigated. 

 

 
Fig. 2. The characteristic temperature increase of the gas (ΔTG), the tube (ΔTT) and the heatshield (ΔTS) during 

heating up and in stationary state. 

(full colour version available online) 
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Fig. 3. Heat transfer from tube to heatshield at normal (left) and inverted (upside-down, right) position. 

(full colour version available online) 

 

 

 
 

 
Fig. 4. Temperature measurement at inverted position proved the absence of heat flow from the tube. 

(full colour version available online) 
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Fig. 5. Different surface colours of the tube (left) and roughness of heatshield (right). 

(full colour version available online) 

 

As mentioned previously, the sticking 

method of thermocouple onto aluminum 

heatshield surface was also investigated, as even 

such a simple temperature measurement method 

can result in erroneous values [5]. Sticking 

thermocouples with aluminum adhesive tape 

onto aluminum heatshield surface was proved 

to be the best solution. The detailed description 

of this examination could not be presented  

in this work. 

Our goal in the following is – after 

ensuring the high precision of measurements – 

to examine experimentally the heating up  

of the heatshield at inverted position beside 

different surface conditions, and reproduce 

the measured values with a 1D numerical  

model. By fitting the model results  

to the measured values, the parameters  

of the model (emissivities, absorption and 

convective heat transfer coefficients) will  

be determined. 

 

3. Theoretical considerations and numerical 

model 

In the first step let’s focus on thermal 

radiation. The basic principle is stated  

by the Stefan-Boltzmann law (1) which gives 

the eradiated thermal energy [6]: 

 

�̇� = ε ∙ 𝜎 ∙ T4 ∙ A            (1) 

 

where �̇� denotes the radiated heat flux, ε is 

the emissivity, T is the absolute temperature and 

A is the surface area of the radiating body. 

The absorbed radiation power can be given  

as equation (2): 

 

�̇�𝑎𝑏𝑠 = α ∙ �̇�𝑖𝑛𝑐            (2) 

 

where �̇�𝑖𝑛𝑐 is the overall incident radiation and 

α is the absorption coefficient. According 

to Kirchhoff’s law, the emissivity (ε) and 

the absorption coefficient (α) are equal  

for a given surface [7]. 

 

3.1 Simplified numerical considerations 

for thermal radiation 

For a rough estimation from steady-state 

temperature increments (ΔTG, ΔTT and ΔTS  

see Fig. 2) of the tube-heatshield system  

at inverted position the following considerations 
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can be established: 

 We assume, that the only heat input  

of the heatshield is the radiation from the heated 

tube, thus, the input thermal energy 

is proportional to the emissivity of the tube / 

absorption coefficient of the heatshield inner 

surface. (Heat convection and heat  

conduction as thermal energy inputs  

are negligible.) 

 Taking into account the low temperature  

of heatshield at inverted setup (generally  

5-20 degrees above room temperature) its heat 

loss via radiation is negligible compared  

to other het loss modes. As both free convection 

and heat conduction are proportional  

to temperature difference, the energy loss  

of heatshield can be considered as being 

proportional to temperature excess over 

ambient temperature. 

 In steady state the energy loss of heatshield  

is equal to its energy intake. 

 

Based on the above assumptions, one can 

conclude, that the temperature increment  

of the heatshield (ΔTT) in steady state 

is proportional to the emissivity of exhaust tube 

(ε) or absorption coefficient of the heatshield (α) 

(whichever was changed), see equations (3)  

and (4): 

 
∆𝑇𝑇1

∆𝑇𝑇2

=
𝜀1

𝜀2
  (when α = const.)  (3) 

as well as: 

 

∆𝑇𝑇1

∆𝑇𝑇2

=
𝛼1

𝛼2
  (when ε = const.)  (4) 

 

This speculation enables us to give  

a rough estimation to the emissivities and 

absorption coefficients of different surfaces from 

the steady-state temperatures at inverted position, 

however, the preconditions contain some arbitrary 

simplifications – as the zero thermal radiation 

of heatshield and the supposition of constant 

exhaust tube temperature – which shows 

the limitations of this simplified model. 

 

3.2 Detailed numerical model setup 

Aiming the empirical determination 

of emissivities / absorption ratios of different 

surface qualities, a 1D numerical model was built 

up based on elementary thermodynamics and 

measured data. The temperature of center cross 

section of heatshield during heating up was 

calculated parametrically from related measured 

temperatures and the result were fitted to directly 

measured temperature values. Parameter values 

were determined according to best fit (least sum  

of squares). 

The heat transfer processes that were taken 

into account in the numerical model are visualized 

in Fig. 6. The calculations were made at inverted 

position, thus thermal convection from the tube  

to the heatshield could be neglected. 

 
 

Fig. 6. Thermal components of numerical model. 

(full colour version available online) 
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As the heating of the tube was realized 

by hot air flow, its temperature is decreasing 

from the inlet to the outlet. It causes 

a temperature gradient in the heatshield too. 

Heat input of the examined section  

of the heatshield consists of two components: 

1. The thermal radiation of heated tube 

(irradiation); 

2. Heat conduction inside the heatshield  

from its warmer side. 

Heat loss consists of the following 

components: 

1. Thermal radiation of heatshield (emission); 

2. Free convection of warmed air; 

3. Heat transfer toward outer insulation;  

4. Heat conduction toward cooler side  

of the heatshield (hot air outlet side). 

Radial direction heat gradient  

in the heatshield can be neglected as its width  

is small (1 mm) and aluminum has excellent 

thermal conductivity (205 W·m-1K-1 [8]).  

The temperature of heatshield middle line 

is considered to be constant too – meaning 

no heat flow in tangential direction. Temperature 

values for calculation and validation are get from 

the bottom (center) line of the heatshield. 

Practically, the following measured data 

were used during calculation: 

 Ambient temperature; 

 Temperature of exhaust tube surface middle 

(bottom) point at the middle cross section  

for heat irradiation; 

 Temperature of heatshield surface middle 

(bottom) point at inlet and outlet cross section 

for heat conduction inside the heatshield  

in axial direction; 

 For parameter fitting, the calculated 

temperature values of heat shield examined 

cross section were fitted to measured 

temperatures at its surface middle (bottom) 

point at middle cross section during heating 

up; 

 The calculated instantaneous temperature  

of heatshield middle (examined) cross section 

was used for the calculation of all other heat 

transfer modes. 

The parameters which were determined 

via fitting: 

 Emissivity of exhaust tube (εtube = αtube)  

beside different surface conditions  

(as-received, sprayed black and sprayed 

white); 

 Absorption coefficient of heatshield  

(αshield = εshield) beside different surface 

conditions (as-rolled, sprayed black, sprayed 

white, polished and roughened); 

 Convective heat transfer coefficient 

of heatshield (kc or sometimes marked as h) 

for free convection beside different surface 

conditions (as-rolled, sprayed black, sprayed 

white, polished and roughened). 

Thermal conductivity of aluminum heat 

shield (kAl) and heat transfer coefficient of rock 

wool insulation (kins) were taken from literature  

[8, 9]. 

 

3.3 Calculation of radiation 

Thermal conduction, heat transfer trough 

insulation and free convection were calculated 

according to well-known governing equations 

[6]. Heat radiation calculation, however,  

is a bit more difficult, as: 

1. Emitted radiation by one part irradiates  

the other part at a proportion of view factor. 

2. Incident radiation is partly reflected and 

after reflection(s) it can reach the surface 

again. 

View factors at a pipe-half pipe setup can 

be determined as shown in Fig. 7. [10] 

Using the data of current case, we get:  

r = 0.2455 = F21; F22 = 0.3441; F23 = 0.4104. 

Multiple reflections of heat radiation are 

of interest when calculating radiated thermal 

energy from exhaust tube to heatshield and  

the amount of emitted thermal energy by heat 

shield – partly backscattered by exhaust tube.  

To deal with this issue, the apparent absorption 

coefficient (αshield
app) of the heatshield 
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is introduced, meaning the ratio of overall 

absorbed radiation relative to irradiation. 

Hereinafter heat emission toward surrounding 

is considered as heat loss – supposing large 

enough space to neglect reflections, and  

thermal heat transmission is set to zero  

for each part – thus the whole irradiation goes 

to absorption or reflection. 

Start the consideration with the amount 

of heat reaching the inner surface of heat shield 

(considered as being uniformly dispersed):  

Q0 – see Fig. 8a. According to eq. (5)  

the amount of direct absorption equals: 

 

𝑄𝑎𝑏𝑠1 = 𝑄0 ∙ α𝑠ℎ𝑖𝑒𝑙𝑑           (5) 

 

while first reflection is given by eq. (6): 

 

𝑄𝑟𝑒𝑓1 = 1 − 𝑄𝑎𝑏𝑠1 = 𝑄0 ∙ (1 − α𝑠ℎ𝑖𝑒𝑙𝑑)          (6) 

 

Supposing uniform reflection and using 

equations of Fig. 7 the backscattered radiation 

that reaches the central tube can be given as (7) 

(see Fig. 8b): 

 

𝑄𝑟𝑒𝑓1
𝑡𝑢𝑏𝑒 = 𝐹21 ∙ 𝑄𝑟𝑒𝑓1 = 𝐹21 ∙ 𝑄0 ∙ (1 − α𝑠ℎ𝑖𝑒𝑙𝑑)     (7) 

 

while the backscattered radiation that reaches 

the heatshield again (8) equals: 

 

𝑄𝑟𝑒𝑓1
𝑠ℎ𝑖𝑒𝑙𝑑 = 𝐹22 ∙ 𝑄𝑟𝑒𝑓1 = 𝐹22 ∙ 𝑄0 ∙ (1 − α𝑠ℎ𝑖𝑒𝑙𝑑)    (8) 

 

The backscattered radiation towards 

surroundings has no relevance for us – 

as mentioned above. 

The amount of re-reflected radiation 

by tube is given by (9): 

 

𝑄𝑟𝑒−𝑟𝑒𝑓1
𝑡𝑢𝑏𝑒 = (1 − 𝛼𝑡𝑢𝑏𝑒) ∙ 𝑄𝑟𝑒𝑓1

𝑡𝑢𝑏𝑒         (9) 

 

One problematic point is that  

the re-reflected radiation by tube surface (Qre-ref1
tube) 

is not dispersed uniformly to all directions (see 

Fig. 8/c): most of the re-reflected heat  

is directed backward to heatshield  

(Qre ref1
tubeshield) and only a smaller part  

is oriented to the surroundings. This ratio 

depends e.g. on the surface roughness  

(via the rate of scattering compared to straight 

reflection). To handle this effect we  

assume homogenous scattering by heatshield 

and suppose: that part of re-reflection  

is directed back toward the heatshield which 

reaches the bottom side of the tube –  

as marked in Fig. 9. Based on the indicated 

geometries and incident radiation surface 

distribution, the ratio of re-reflected radiation 

toward heatshield compared to the whole 

amount of re-reflected radiation (considered  

as the reflection-efficiency of the tube toward 

the heatshield) can be expressed as (10) (where 

r = Rtube/Rshield): 

 

 

 

 

 

 

Summarizing equations (5) – (10)  

the re-reflected radiation from the tube  

to the heatshield can be expressed from  

the original incident radiation (Q0) as (11): 

 

𝑄𝑟𝑒−𝑟𝑒𝑓1
𝑡𝑢𝑏𝑒→𝑠ℎ𝑖𝑒𝑙𝑑 = 𝑄0 ∙ 𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓 ∙ 𝐹21 ∙ 

           (1 − 𝛼𝑡𝑢𝑏𝑒) ∙ (1 − α𝑠ℎ𝑖𝑒𝑙𝑑)        (11) 

 

Adding the directly reflected radiation 

which reaches the heatshield directly (Qref1
shield 

see (6) and Figs. 8b and c), the overall  

heat radiation that was back-reflected  

to the heatshield during the first reflection step 

is given by eq. (12) as follows: 

 

𝑄𝑟𝑒𝑓1
𝑠ℎ𝑖𝑒𝑙𝑑 𝑜𝑣𝑎𝑟𝑎𝑙𝑙 = 𝑄0 ∙ (1 − α𝑠ℎ𝑖𝑒𝑙𝑑) ∙ 

             (𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓 ∙ 𝐹21 ∙ (1 − 𝛼𝑡𝑢𝑏𝑒) + 𝐹22)      (12)
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Fig. 7. View factors of a tube – half-tube setup. 

 

 

   
a) direct radiation b) reflection from heatshield c) re-reflection of reflected 

radiation from tube 

Fig. 8. Reflection of tube thermal radiation. 

(full colour version available online) 

 

 

 
Fig. 9. Distribution of the radiated heat comes from the heatshield and back-reflected by the tube. 

(full colour version available online) 

 

Substituting original incident radiation 

(Q0) by the overall first reflection we can get  

the amount of radiation that was backscattered  

to the heatshield in the second reflection step 

analogously. In general, the amount of radiation 

that was backscattered to the heatshield after  

the nth reflection step can be written as (13): 

 

𝑄𝑟𝑒𝑓𝑛
𝑠ℎ𝑖𝑒𝑙𝑑 𝑜𝑣𝑎𝑟𝑎𝑙𝑙 = 𝑄0 ∙ ((1 − α𝑠ℎ𝑖𝑒𝑙𝑑) ∙

         (𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓 ∙ 𝐹21 ∙ (1 − 𝛼𝑡𝑢𝑏𝑒) + 𝐹22))
𝑛

       (13) 
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Consequently, the radiation that 

is absorbed by the heatshield after the nth 

reflection step is given by equation (14): 

 

𝑄𝑎𝑏𝑠
𝑛𝑡ℎ𝑠𝑡𝑒𝑝 = α𝑠ℎ𝑖𝑒𝑙𝑑 ∙ 𝑄0 ∙ ((1 − α𝑠ℎ𝑖𝑒𝑙𝑑) ∙

         (𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓 ∙ 𝐹21 ∙ (1 − 𝛼𝑡𝑢𝑏𝑒) + 𝐹22))
𝑛

      (14) 

 

 

The overall absorbed radiation is the sum 

of absorbed amounts in each step – see (15): 

 

Q𝑎𝑏𝑠
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ∑  α𝑠ℎ𝑖𝑒𝑙𝑑 ∙ 𝑄0 ∙ ((1 − α𝑠ℎ𝑖𝑒𝑙𝑑) ∙∞

𝑖=0

          (𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓 ∙ 𝐹21 ∙ (1 − 𝛼𝑡𝑢𝑏𝑒) + 𝐹22))
𝑖

       (15) 

 

Mathematically it is the sum  

of a geometric series, which can be written 

simply as equation (16): 

 

∑ Q
𝑠ℎ𝑖𝑒𝑙𝑑

=
α𝑠ℎ𝑖𝑒𝑙𝑑∙𝑄0

1−(1−α𝑠ℎ𝑖𝑒𝑙𝑑)∙(𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓∙𝐹21∙(1−𝛼𝑡𝑢𝑏𝑒)+𝐹22)
   (16) 

 

We can finally express a so-called 

apparent absorption coefficient of the heatshield – 

given by eq. (17): 

 

α𝑠ℎ𝑖𝑒𝑙𝑑
𝑎𝑝𝑝 =

α𝑠ℎ𝑖𝑒𝑙𝑑

1−(1−α𝑠ℎ𝑖𝑒𝑙𝑑)∙(𝜂𝑡𝑢𝑏𝑒_𝑟𝑒𝑓∙𝐹21∙(1−𝛼𝑡𝑢𝑏𝑒)+𝐹22)
  (17) 

 

which is the ratio of the total absorbed radiation 

by the heatshield and the initial incident 

radiation. 

Hereinafter, the heat absorption can 

be calculated from the incident radiation using 

apparent absorption coefficient – which 

incorporates all further reflections. This 

method simplifies calculations, thus makes 

parameter fitting faster and easier. 

As one can see, the apparent absorption 

coefficient depends on the absorption 

coefficients of the heatshield and the tube,  

on the geometry trough view factors (F21 and 

F22) and on the reflection efficiency (ηtube_ref) – 

latter is also a geometry-dependent variable, 

but surface characteristics )as e.g. diffusivity 

of reflection) can also be incorporated into this 

parameter. 

If we calculate the apparent absorption 

coefficient for different surfaces, we can see 

that it can be more than twice of the real 

absorption coefficient of the heatshield when 

both the heatshield and the exhaust tube own 

low absorption coefficient (high reflectivity).  

On the other hand, if exhaust tube  

is considered as a black body, αshield
app / αshield 

ratio falls into the 1...1.52 range – higher  

values correspond to higher reflectivity  

of the heatshield, resulting stronger heatshield 

→ heatshield reflections. 

The energy loss of heatshield via thermal 

radiation was handled in a similar manner: 

substituting Qref1 by the thermal heat emission 

of heatshield, all further considerations and 

calculations concerning reflections can be 

treated in the same way as described above. 

 

3.4 The numerical model 

The numerical model was built up along 

the previously described principles: the overall 

heat balance of the heatshield middle line was 

constructed. The base equation (18) declares 

the balance of input-, egressed and stored 

energies (heat amount per unit time) per unit 

mass: 

 

∆Ė = �̇�𝑖𝑛𝑝𝑢𝑡 − �̇�𝑜𝑢𝑡𝑝𝑢𝑡        (18) 

 

where ΔE denotes the stored thermal energy via 

temperature increase (heat capacity). 

Explicating the components of (18) 

equation (19) is resulted: 

 

𝐶𝑝 𝐴𝑙 ∙ ∆𝑇𝑆
̇ = �̇�𝑐𝑜𝑛𝑑

𝑡𝑜𝑡
+ �̇�𝑟𝑎𝑑

𝑡𝑜𝑡
− �̇�𝑖𝑛𝑠 − �̇�𝑐𝑜𝑛𝑣     (19) 

 

with the nomenclature: 

Qcond
tot: Total heat input energy via heat 

conduction of heatshield aluminum (heat 

input from warmer side minus heat output 

toward cooler side of heatshield) 
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Qrad
tot: Total radiated energy input (irradiation 

from exhaust tube minus thermal emission 

by shield); 

Qins: Heat loss trough outer insulation  

of the heatshield; 

Qconv: Heat loss via free convection; 

Cp Al: The specific heat capacity of aluminum 

(heatshield material); 

∆𝑇𝑆
̇ : The rate of temperature-increase 

of heatshield. 

Numerical model was based on equation 

(19) with a time step of 0.5 s and total heating 

time of 3600 s. 

The values (parameters, constant and 

measured values) that were used during 

calculations are listed in Table 1. 

The numerical model was built up 

in Microsoft Excel with a time step equal 

to measurement (0.5 s). After giving initial values 

(given in Table 1. in braces after each variable)  

the variables were optimized so as to reach 

minimum difference (sum of squares) between 

measured and calculated temperature values 

of heatshield at examined point. To compensate 

the high number of measured values at stationary 

state compared to that of heating ramp, relative 

differences were used for the fitting – normalized 

by temperature increase relative to initial 

temperature. 

Optimization processes were executed 

by Solver module using nonlinear GRG 

(gradient) method using adjacent differences 

and 10-4 convergence criterion. 

Table 1 

List of numerical values used for calculation. 

Name / Description Notation Value 

Constants – Geometrical properties 

Radius of heated tube R1 0.027 m 

Radius of heatshield R2 0.11 m 

Distance of sections 1 and 3 from the middle section - 0.28 m 

Heatshield insulation thickness - 0.03 m 

Heatshield aluminum sheet thickness - 0.001 m 

Calculated view factors from the setup’s geometry  - see Fig. 7. 

Constants – Thermal and physical properties 

Conductivity of aluminum kAl 205 W.mK-1 

Specific heat capacity of aluminum Cp 897 J.kg-1.K-1 

Density of aluminum ρAl 2700 kg.m-3 

Stefan-Boltzmann-constant σ 5.67 · 10-8 W.m-2 .K-4 

Variables – Emissivity and convective heat transfer coefficient of different surfaces (values given in 

brackets are initial values of parameter fitting according to [11]) 

Emissivity of as-received exhaust tube ε (0.5) 

Emissivity of black-sprayed exhaust tube ε (0.97) 

Emissivity of white-sprayed exhaust tube ε (0.6) 

Emissivity of as-rolled aluminum heatshield ε (0.09) 

Emissivity of black-sprayed aluminum heatshield ε (0.8) 

Emissivity of white-sprayed aluminum heatshield ε (0.6) 

Emissivity of roughened aluminum heatshield ε (0.2) 

Emissivity of polished aluminum heatshield ε (0.06) 

Convective heat transfer coefficient of as-rolled heatshield kc (5) 

Convective heat transfer coeff. of white coated heatshield kc (5) 

Convective heat transfer coeff. of black coated heatshield kc (5) 

Convective heat transfer coeff. of roughened heatshield kc (10) 

Convective heat transfer coeff. of polished heatshield kc (5) 

Measured values 

Ambient temperature (for the calculation of emitted heat of heatshield) 

Temperature of exhaust tube surface middle point at middle section (above examined heatshield area, for radiated 

heat calculation) 

Temperature of heatshield at the inlet and at the outlet section (for conducted heat input and output calculation) 
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4. Results and discussion 

As described above, exact surface thermal 

radiation and convection properties were 

determined by fitting numerical model 

(described in Chapter 3.2) to measured 

temperature data. To illustrate this method, two 

results were shown in Figs. 10 and 11 - for base 

(unmodified) surfaces and for black coated tube 

and heatshield surfaces, respectively. Despite 

the not totally accurate fit, the typical difference 

of measured and calculated values does not 

exceed 0.2°C, the standard deviation of relative 

error is 0.04 for the unmodified surfaces (keep 

in mind the logarithmic axis of temperature!). 

The situation of black tube and black heatshield 

is even better: in this case the fitting follows quite 

accurately the measurements: typical difference 

of measured and calculated values are within 

0.1°C, the standard deviation of relative error 

is 0.01. 

The accuracy of fitting depends mostly 

on the reflectivity of the surfaces: the model 

describes most accurately the homogenously 

scattering, highly absorbing surfaces (with lower 

ratio of reflection). 

As described above, calculation fitting was 

executed via parameter optimization resulting 

refined values of emissivities, absorption 

coefficients and convective heat transfer 

coefficients (of heatshield) for different surfaces. 

However, due to industrial secret, direct numerical 

data could not be presented in this paper. 

 

 

 
Fig. 10. Measured and calculated temperature data of tube and heatshield – both with as-received surface. 

(full colour version available online) 

 

 
Fig. 11. Measured and calculated temperature data of tube and heatshield – both with black coated surface. 

(full colour version available online) 
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5. Conclusions 

A simplified setup of car exhaust tube – 

heat shield system was designed and built. Using 

this equipment different aspects of heat transfer 

processes were investigated. Heat radiation and 

free convection were set in the focus; their effects 

were uncoupled by using the system in upside-

down (inverted) position. A simplified theory 

was developed for rough estimations from steady 

state temperatures of the system, as like as a more 

complex numerical model was built up aiming 

the determination of the system’s thermal 

properties via fitting calculated data  

to measured ones. 

The most important findings are: 

1. Using well-parameterizable and flexible 

measurement setup, the thermal radiation and 

convection effects were successfully 

decoupled and different surfaces were 

examined. 

2. A detailed numerical model was created, 

which incorporates heat conduction, 

convection and radiation too. By introducing 

apparent absorption coefficient, multiple 

reflections were handled in a convenient and 

effective way. 

3. The thermal properties of tube and heatshield 

were determined by fitting the calculation  

to measurement data via parameter 

optimization. Low fitting deviation implies 

that the numerical model was built up  

in an adequate way. Fitting error and 

theoretical consideration equally prove that 

the numerical model gives the best results  

for highly absorptive/diffusively reflective 

surfaces – as e.g. porous coatings. 

4. Results are usually in good accordance with 

literature data however, we get slightly 

different (presumably more accurate) values  

for some surfaces (e.g. for matte white and 

black coatings). 

5. kc values for free convection above heat 

heatshield were also determined, which are  

in good accordance with expectations. 

Considering the results and issues that 

emerged during examinations the following 

additional tasks are planned in the near future: 

1. Reconstruct the measuring equipment  

for making it suitable for higher tube-surface 

temperature (up to 600°C). 

2. Thorough examination of free convection  

in normal setup (heatshield above tube). 

3. Measuring on real automotive heatshield 

(embossed aluminum sheet). 

4. Building up CFD and radiation simulation 

models, which should be developed and 

validated according to measurements. 
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Resume 

In this paper, the effect of mixing process on solid state reaction of solid oxide 

material mixture was studied. Lead piezoelectric ceramic specimens 

0.5 Pb(Zn1/3,Sb2/3)O3-0.5 Pb0.98La0.02(Zr0.48,Ti0.52)O3 prepared by different mixing 

procedures, were conducted under different conditions such as order, combination 

and mixing time. The phase formation, composition nature, structural properties 

of powder mixture was analyzed by X-ray diffraction. The obtained results 

for different mixing processes make the solid state reaction method more selective, 

taking into consideration the attraction forces between the reactants and 

the electronegativity of oxide reactants. 
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1. Introduction 

The most widely used piezoelectric 

ceramics for these applications are those based 

on lead titanate zirconate x PbZrO3 -(1-x) PbTiO3 

solid solution, also known as PZT, because 

of their good properties and the wide possibilities 

to modify their structure and properties using 

various dopants [1, 2]. 

Different methods were developed 

to synthesize ceramic powders, including 

chemical and physical processes [3, 4]. 

The simplest physical method is the mechanical 

milling, where mechanical action is used to refine 

the powders [5 - 8]. In comparison, chemical 

process, such as solid-state reaction and various 

wet-chemical solution routes are the most widely 

employed to synthesize advanced ceramics 

in general [9, 10]. For solid-state reaction 

methods, the use of high energy milling in recent 

years has shown certain advantages in reducing 

the phase formation temperatures of ceramic 

materials, because transparent ceramics have 

usually relatively high reaction temperatures [11, 

12]. 

The comparison between the different 

synthesis methods, leads to conclude that the solid 

state reaction method is characterized by poor 

control of composition, morphology and reactivity 

[13, 14]. 

In this paper, an attempt has been made 

to systematically study the effect of different 

mixing processes for the solid state reaction 

method on the structural properties of PZS-PLZT 

ceramics. The samples were synthesized by solid 

state reaction method, their nature; structural 

properties and selectivity were investigated. 

 

2. Experimental  

For this study, (1-x)PZS-xPLZT system 

was chosen [15, 16], with 0.5Pb (Zn1/3, Sb2/3) O3-

0.5Pb0.98La0.02 (Zr0.48, Ti0.52) O3 composition. 

It was synthesized from high purity oxide powders 

namely, PbO (99.90 % purity), ZrO2 (99.90 % 

purity), TiO2 (99.80 % purity), ZnO (99.90 % 

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative 

Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA.
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purity) from Sigma Aldrich, Sb2O3 (99.90 % 

purity) and La2O3 (99.90 % purity) from Alfa 

Aesar. The samples were prepared  

by the conventional ceramic process (solid-state 

method) using four different mixing combinations 

(see table 1 processes 1, 2, 3, 4, 5, 6, 7 and 8). 

Stœchiometric amounts of metal oxides were 

mixed, ball-milled, and calcined at 800 °C 

(2 °C/min) for 120 min. The calcined powder was 

then ball-milled for 4 hours until very fine (small) 

particles are obtained. After drying, the powder 

was pressed and disk-like shaped then sintered 

at 1200 °C (heating rate = 2 °C/min) during two 

hours in a closed alumina crucible using a high 

temperature programmable furnace. It is to be 

noted that a lead loss is possible by evaporation 

of PbO which is very volatile at T ≥ 900 ˚C. 

To limit this effect; a PbO overloaded medium 

was maintained with PbZrO3 powder to reduce 

this loss during sintering. A Bruker-axe X-ray 

diffraction analyzer, D8 with Cu Kα radiation 

(λ = 1.5406 Å) was used. The presence 

of perovskite structure and phase composition 

in samples were detected by Rietveld method 

using the crystallographic and geometric 

properties of resulting compounds. 

 

3. Mixing combinations 

In every process, each oxide should 

be mixed in an alcohol medium for two hours 

at 100 °C. After that, every two oxides were 

mixed and stirred in the same conditions. Finally, 

the resulting three mixtures (each mixture 

containing two oxides which were already 

agitated) were mixed and stirred in an alcohol 

medium for two hours at 100 ° C. The final 

mixture was milled for 30 minutes; then stirred 

during the same period and finally milled again 

for two hours. Eight mixing processes based 

on the choice of the addition order of oxides 

for the mixing operation were proposed (see 

Table 1 process 1, 2, 3, 4, 5, 6, 7 and 8). 

 

4. Results and discussion 

The purity and crystallinity  

of the synthesized samples were further examined 

by the powder XRD technique. The XRD patterns 

of the 0.5Pb (Zn1/3, Sb2/3) O3-0.5Pb0.98La0.02 (Zr0.48, 

Ti0.52) O3 specimens sintered at 1200 °C after 

using different mixing procedure are shown 

in Fig. 1 (process 1, 2, 3, 4, 5, 6, 7 and 8).  

The different mixing procedures obviously 

affected the nature and the microstructure 

properties of sintered samples. 

The obtained compounds (phases) with 

quantification percentage are shown in Table 2. 

Varying the mixing procedure affects chemical 

kinetic formation of resulting compounds. This 

may be due to the attraction forces between 

different solid powder reactants [17 - 19]. 

Fig. 2 shows the quantitative percentage 

of PZT and PLZT depending on the mixing 

procedure. The results reveal that the mixing 

procedure influenced the nature of formed 

compound. The mixing processes (1, 3, 5, 6, 7 and 

8) led to produce the PZT compounds, while (2) 

and (4) processes were found to lead to PLZT 

compounds. It can be seen that the mixing process 

can provide greater selectivity in the reaction 

system. 

Obviously, the mixing procedures influence 

not only the nature of the phase and 

microstructure, but also Zr/Ti composition.  

As for the mixing procedures (1, 2, 5, 6, 7 and 8), 

the percentage of zirconium is greater than that  

of titanium in the formed phases. But for the third 

and fourth processes (3, 4), the Zr percentage was 

found less than that of Ti (see Table 3). 

The total electronegativity of the oxide 

was determined by Portier using 

the following equation (1) [20, 21]: 

 

          (1) 

 

Where  and  are the electronegativities  

of the cation and oxygen anion, respectively, and 

m is the stoichometery of the cation in the oxide 

while n is the stoichiometry of the oxygen anion  

in the oxide. So the Table 4 shows 

the approximate values of  (oxide reactant 

electronegativity) and mass composition  

of the samples. 
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Table 1 

Different mixing process. 

 

 Process 01 Process 02 Process 03 Process 04 Process 05 Process 06 Process 07 Process 08 

Step 01: 

Agitation at 

100°C in 

alcohol medium 

(2hours), for 

each oxide 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

PbO;TiO2 

ZrO2;Sb2O3 

ZnO;La2O3 

Step 02: 

Mixing at 

100°C in 

alcohol medium 

(2hours) 

(PbO+TiO2); 

(ZrO2+Sb2O3); 

(ZnO+La2O3) 

(PbO+La2O3); 

(ZrO2+Sb2O3); 

(ZnO+ TiO2) 

(PbO+Sb2O3); 

(ZrO2+La2O3); 

(ZnO+ TiO2) 

(PbO+La2O3); 

(ZrO2+TiO2); 

(ZnO+Sb2O3) 

(La2O3+Sb2O3); 

(ZnO+ TiO2); 

(ZrO2+ PbO) 

(ZrO2+La2O3); 

(PbO+Sb2O3) 

M
ix

in
g

 a
t 

1
0

0
°C

 i
n

 a
lc

o
h

o
l 

m
ed

iu
m

 (
2
h

rs
) 

/M
il

li
n

g
(2

h
rs

) 

  

(ZrO2+La2O3) (PbO+Sb2O3) 

(ZrO2+La2O3+ 

TiO2) 
(PbO+Sb2O3+ZnO) 

Step 03: 

Milling for 

(2hours) 

(PbO+TiO2); 

(ZrO2+Sb2O3); 

(ZnO+La2O3) 

(PbO+La2O3); 

(ZrO2+Sb2O3); 

(ZnO+ TiO2) 

(PbO+Sb2O3); 

(ZrO2+La2O3); 

(ZnO+ TiO2) 

(PbO+La2O3); 

(ZrO2+TiO2); 

(ZnO+Sb2O3) 

(La2O3+Sb2O3); 

(ZnO+ TiO2); 

(ZrO2+ PbO) 

(ZrO2+La2O3); 

(PbO+Sb2O3) 

(ZrO2+La2O3+ 

TiO2+ZnO) 

 

(PbO+Sb2O3+ZnO+ 

TiO2) 

(ZrO2+La2O3+ 

TiO2+ZnO+ 

Sb2O3) 

 

(PbO+Sb2O3+ZnO+ 

TiO2+ZrO2) 

Step 04: 

Mixing at 

100°C in 

alcohol medium 

(2hours) 

(PbO+TiO2+ 

ZrO2+Sb2O3+ 

ZnO+La2O3) 

(PbO+La2O3+ 

ZrO2+Sb2O3+ 

ZnO+ TiO2) 

(PbO+Sb2O3+ 

ZrO2+La2O3+ 

ZnO+ TiO2) 

(PbO+La2O3+ 

ZrO2+TiO2+ 

ZnO+Sb2O3) 

(La2O3+Sb2O3+ 

ZnO+ TiO2+ 

ZrO2+ PbO) 

(ZrO2+La2O3+TiO2); 

(ZnO+PbO+Sb2O3) 

(ZrO2+La2O3+ 

TiO2+ZnO+ Sb2O3+PbO) 

(PbO+Sb2O3+ZnO+ 

TiO2+ZrO2+ La2O3) 

Step 05: Milling in alcohol medium for (0.5hour)  : (PbO+TiO2+ZrO2+Sb2O3+ZnO+La2O3) 

Step 06: Mixing  in alcohol medium (2hours)  : (PbO+TiO2+ZrO2+Sb2O3+ZnO+La2O3) 

Step 07: Milling in alcohol medium for (2hours)  : (PbO+TiO2+ZrO2+Sb2O3+ZnO+La2O3) 

Step 08: Calcination at 800°C  : (PbO+TiO2+ZrO2+Sb2O3+ZnO+La2O3) 



S. Adel: Optimization of solid-state synthesis process of advanced ceramic materials: 

influence of mixing conditions 

Materials Engineering - Materiálové inžinierstvo 23(2016) 111-120 

114 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

100

200
 Process 01

PbZr0.9Ti0.1O3  38.6 %

PbZr.58Ti.42O3 2.6 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  1.3 %

Pb ( Zr0.97Ti0.03 ) O3  17.0 %

PbZr0.75Ti0.25O3  2.7 %

Pb ( Zr0.7Ti0.3 ) O3  37.7 %

 

a) mixing procedure 1 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

50

100
 Process 02

Pb0.92La0.08Ti0.392Zr0.588O3  5.2 %

PbZr0.9Ti0.1O3  14.5 %

Pb ( Zr0.44Ti0.56 ) O3  22.8 %

Pb ( Zr0.97Ti0.03 ) O3  0.0 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  49.5 %

PbZr0.75Ti0.25O3  8.0 %

 

b) mixing procedure 2 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

100

200
 Process 03

Pb0.92La0.08Ti0.392Zr0.588O3  3.5 %

PbZr.58Ti.42O3  3.5 %

Pb ( Zr0.44Ti0.56 ) O3  11.1 %

Pb ( Zr0.97Ti0.03 ) O3  75.6 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  0.0 %

PbZr0.9Ti0.1O3  6.3 %

 

c) mixing procedure 3 

Fig. 1. XRD patterns of sintered samples for different mixing procedures 1, 2, 3, 4, 5, 6, 7, and 8. 

(full colour version available online) 
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Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

100

200

 Process 04

Pb0.92La0.08Ti0.392Zr0.588O3  11.3 %

PbZr0.9Ti0.1O3  19.0 %

PbZr.58Ti.42O3  0.0 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  42.9 %

Pb ( Zr0.44Ti0.56 ) O3  11.4 %

Pb ( Zr0.838Ti0.162 ) O3  15.5 %

 

d) mixing procedure 4 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

100

200

 Process 05

Pb0.92La0.08Ti0.392Zr0.588O3  0.6 %

PbZr0.9Ti0.1O3  0.0 %

Pb ( Zr0.44Ti0.56 ) O3  48.2 %

PbZr0.75Ti0.25O3  24.8 %

PbZr.58Ti.42O3  26.4 %

Pb ( Zr0.601Ti0.399 ) O3  0.0 %

 

e) mixing procedure 5 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

200

400

 Process 06

PbZr.58Ti.42O3  49.1 %

PbZr0.9Ti0.1O3  12.7 %

Pb0.92La0.08Ti0.392Zr0.588O3  10.9 %

Pb ( Zr0.601Ti0.399 ) O3  0.0 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  7.3 %

Pb ( Zr0.97Ti0.03 ) O3  20.0 %

 

f) mixing procedure 6 

Continuing of Fig. 1. XRD patterns of sintered samples for different mixing procedures 1, 2, 3, 4, 5, 6, 7, and 8. 

(full colour version available online) 
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Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

200

400

 Process 07

PbZr.58Ti.42O3  53.9 %

PbZr0.9Ti0.1O3  0.0 %

Pb ( Zr0.796Ti0.204 ) O3  10.4 %

Pb ( Zr0.97Ti0.03 ) O3  2.6 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  7.6 %

Pb0.92La0.08Ti0.392Zr0.588O3  25.5 %

 

g) mixing procedure 7 

Position [°2Theta]

10 20 30 40 50 60 70 80 90

Counts

0

200

400

 Process 08

PbZr0.9Ti0.1O3  20.9 %

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3  13.3 %

Pb ( Zr0.97Ti0.03 ) O3  0.0 %

Pb0.92La0.08Ti0.392Zr0.588O3  16.3 %

Pb ( Zr0.44Ti0.56 ) O3  22.7 %

PbZr.58Ti.42O3  26.7 %

 

h) mixing procedure 8 

Continuing of Fig. 1. XRD patterns of sintered samples for different mixing procedures 1, 2, 3, 4, 5, 6, 7, and 8. 

(full colour version available online) 

 

 
Fig. 2. Quantitative percentage of PLZT and PZT as a function of mixing process. 
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Table 2 

Relative quantitative percentage of PZT and PLZT formed phases (relative to all the obtained PZT based phases) 

as a function of mixing process. 

 

 

 

 

Resulting compounds 

quantitative percentage 

P
ro

ce
ss

 1
 

P
ro

ce
ss

 2
 

P
ro

ce
ss

 3
 

P
ro

ce
ss

 4
 

P
ro

ce
ss

 5
 

P
ro

ce
ss

 6
 

P
ro

ce
ss

 7
 

P
ro

ce
ss

 8
 

Pb(Zr0.9Ti0.1)O3 38.6% 14.5% 6.3% 19% 0% 12.7% 0% 20.9% 

Pbt(Zr0.58Ti0.42)O3 2.6% 0% 3.5% 0% 26.4% 49.1% 53.9% 26.7% 

( Pb0.9La0.1 ) ( Zr0.3Ti0.7 ) O3 1.3% 49.5% 0% 42.9% 0% 7.3% 7.6% 13.3% 

Pb ( Zr0.97Ti0.03 ) O3 17% 0% 75.6% 0% 0% 20% 2.6% 0% 

Pb(Zr0.75Ti0.25)O3 2.7% 8% 0% 0% 24.8% 0% 0% 0% 

Pb ( Zr0.7Ti0.3 ) O3 37.7% 0% 0% 0% 0% 0% 0% 0% 

(Pb0.92La0.08)(Ti0.392Zr0.588)O3 0% 5.2% 3.5% 11.3% 0.6% 10.9% 25.5% 16.3% 

Pb ( Zr0.44Ti0.56 ) O3 0% 22.8% 11.1% 11.4% 48.2% 0% 0% 22.7% 

Pb ( Zr0.838Ti0.162 ) O3 0% 0% 0% 15.5% 0% 0% 0% 0% 

Pb ( Zr0.601Ti0.399 ) O3 0% 0% 0% 0% 0% 0% 0% 0% 

Pb ( Zr0.796Ti0.204 ) O3 0% 0% 0% 0% 0% 0% 10.4% 0% 

Total 
≈100% 

(99.9%) 
≈100% ≈100% 

≈100% 

(100.1%) 
≈100% ≈100% ≈100% 

≈100% 

(99.9%) 

 

 

 

Table 3 

Percentage of Zr and Ti in the PZT and PLZT phases formed as a function of mixing process. 

 

 

 

 

Process 8 Process 7 Process 6 Process 5 Process 4 Process 3 Process 2 Process 1  

64% 92.4% 92.7% 51.8% 45.7% 88.9% 27.7% 98.7% Q%Zr ˃ %Ti 

36% 7.6% 7.3% 48.2% 54.3% 11.1% 72.3% 1.3% Q%Ti ˃ %Zr 

 

 

 

Table 4 

Approximate values of (oxide reactant electronegativity) and mass. 

 

 

mass of oxide 

used for each 

sample (g) 

n (mole) 

Oxide Electronegativity 

(ev or 1.602E-19 J) for 1mole 

of oxide (based on Pauling scale) 

 (ev or 1.602E-19 J) 

(Oxide Electronegativity*n) 

PbO 6.5959 0.0295 2.831 0.08351 

TiO2 0.6264 0.0078 2.631 0.02052 

ZrO2 0.8828 0.0071 2.506 0.01779 

Sb2O3 1.4415 0.0049 2.796 0.01370 

ZnO 0.4048 0.0049 2.382 0.01167 

La2O3 0.0483 0.000148 2.18 0.00032 
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Table 5 

Absolute values of ∆   (difference between oxide reactant electronegativity). 

Absolute  

∆  (ev) 
PbO TiO2 ZrO2 Sb2O3 ZnO La2O3 

PbO - 0.06299 0.06572 0.06981 0.07184 0.08319 

TiO2 0.06299 - 0.00273 0.00682 0.00885 0.01988 

ZrO2 0.06572 0.00273 - 0.00409 0.00612 0.01747 

Sb2O3 0.06981 0.00682 0.00409 - 0.00203 0.01338 

ZnO 0.07184 0.00885 0.00612 0.00203 - 0.01135 

La2O3 0.08319 0.01988 0.01747 0.01338 0.01135 - 

 

 

 

Table 6 

Evolution of attraction level (between oxide reagents) with the absolute values of ∆  (difference between oxide 

reagents electronegativity). 
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A difference between the values  

of electronegativity can cause attraction  

or repulsion [22] between different oxides 

reagents, which can influence on kinetics solid 

reaction. Table 5 summarizes the absolute 

values of difference in electronegativity ∆  

between oxide reagents. 

Therefore, based on the absolute values 

obtained of ∆ , attractions between oxides 

can be classified into three categories: strong, 

medium and low attractions as shown  

in Table 6. 

According to the results in Table 5, 6 and 

the order of reagents (oxides) addition  

to the mixture for agitation, it is remarkable that 

there is a transfer or attraction between  

the entities of some oxides and others one. 

Arguably, (ZrO2 was transferred to PbO and 

TiO2), (ZrO2, TiO2 to PbO and Sb2O3) and (TiO2 

to PbO and ZrO2) for processes 1, 3 and 5 

respectively. This leads to produce a maximum 

amount of PZT phase products. Moreover,  

for the processes 2 and 4, an attraction can be 

seen between entities of TiO2, ZrO2 oxides and 

those of PbO and La2O3 producing PLZT phase 

products at high rate. It has also been noticed 

that the choice of the mixing order between  

the various reactant oxides plays an important 
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role, because it directly affects the electronegativity 

difference between the oxide and consequently 

the attraction between them. Therefore, other 

oxides added to the mixture will attract  

the oxides that are less attracted by each other. 

About the different percentage ratios 

obtained for (PZT / PLZT) products (≈ 82.5% / 

17.5%; 67% / 33%; 70% / 30%) in processes 6, 

7 and 8 respectively, the results may be due to 

the existence of some oxides that have a greater 

electronegativity than others, which probably 

caused a spatial barrier preventing reaction 

between the reagents involved. 

These results suggest that the selectivity 

in the solid-state reaction may be related  

to the electronegativity and the different 

attraction forces between reactants. Therefore, 

the knowledge of phase formation mechanism 

and kinetics is essential for the optimization  

of the synthesis processes [23 – 26].  

 

6. Conclusion 

The present article describes the solid state 

synthesis of piezoelectric ceramic material.  

It was found that the mixing methods have  

a significant impact on conversion, and make 

selective synthesis process. It can be concluded 

that the most important factors governing this 

selectivity are electronegativity and interaction 

forces. The use of (2) and (4) processes leads  

to produce PLZT with higher quantities. 

However, the other processes (1, 3, 5, 6, 7 and 8) 

can produce a major amount of PZT. 

An optimum mass fraction of selected 

product can be obtained by taking into 

consideration the reactant physical properties 

such as electronegativity, ionic potential and 

attraction forces.  

The present article suggests estimate  

the products distribution in the final synthesis 

mixture of advanced ceramics materials  

by the solid state synthesis process with suitable 

selectivity. Developing this study would improve 

the industrial efficiency of the synthesis method 

by solid route. 
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Resume 

Changes of magnetic properties of thin metallic films caused by the magnetron 

sputtering technique and by oxidation lithography were studied. The magnetic 

nanostructure formation was done via a lithography by sputtering the material 

through a mask. The anodic oxidation lithography (LAO) via scanning probe 

microscopy (SPM) device Ntegra Aura was used to attempt to create the magnetic 

nanostructures. At the beginning, the work has been scoped to the preparation 

and testing multilayered magnetic nanostructures based on different combinations 

in material composition of layers. The magnetic properties of these samples were 

examined by Kerr phenomenon. We observed increasing of the magnetic hardness 

of the magnetic nanostructure when the copper layer in the composition 

of ferromagnetic and antiferromagnetic multilayers has been replaced  

by an aluminium layer. Adding the aluminium layer onto the copper layer resulted 

in a decrease of magnetic hardness. This work was followed by creating 

of horizontal nanostructures by LAO. Changes induced by the LAO observed 

in the magnetic properties of the samples correspond mainly to topographical 

changes of the surface. Changes in the magnetic properties induced by LAO  

or by a variability of sputtered layers could lead to the further production 

of magnetic printed circuit or photonic nanostructures. 
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1. Introduction 

Investigating the nanomaterial properties 

and new directions of using the acquired 

knowledge is driving the nanotechnology 

through time. Multilayers consisting  

of magnetic and non-magnetic metals were 

studied since the 90s of the last century. 

Combination of thin magnetic layers interlaced 

with thin non-magnetic layers leads to the giant 

magnetoresistance effect (GMR) commonly 

used in industry as integrated GMR sensors, 

such as magnetometers, differential sensors  

or magnetic field direction sensors (angle 

GMR), e.g. magnetic sensor for automotive 

applications [2]. Nowadays GMR elements 

production consists mainly of a vacuum 

materials deposition on a silicon substrate and 

subsequent modification of the area by thermal 

annealing and magnetic annealing. Using 

photolithography, the surface is adapted so that 

the sensor has the greatest resistance and for its 

measurement small current is sufficient. 

Resistors of 10 k were already formed  

as 2 m serpentine traces covering an area less 

than 100 m square [3]. Resistor areas are then 

involved in the Wheatstone bridge, where  

a change of the magnetic field is converted  

to an electrical voltage. Magnetic thin films are 

generally formed of iron, cobalt, nickel, or their 

alloys. Non-magnetic thin films are for example 

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative 

Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA.
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copper, or chrome. But the highest GMR effect 

can be achieved for the combination of cobalt 

and copper prepared at the room temperature. 

As the temperature rises during the preparation 

of the copper and cobalt multilayers, the GMR 

effect decreases due to the mixing of these two 

materials [4]. Thanks to their magnetic 

performances, the materials such as cobalt  

and copper also have a potential use  

in magneto-optics, especially in the construction 

of photonic crystals [5 – 8]. Reaching  

the dimensional limits of formation  

of nanostructures based on the magnetic thin 

films is what connects GMR electronics and 

photonic crystals. 

In our work we present possibilities  

for creating structured surfaces, whether 

applying a metallic material by magnetron 

sputtering through a mask, or a combination  

of planar sputtered sample with subsequent 

surface modification by applications of local 

anodic oxidation (LAO). The LAO is enabled 

by applying a bias voltage between the sample 

and the atomic force microscopy (AFM) probe 

that allows to create structures with a width  

of several tens of nanometers [9, 10]. 

 

2. Methodology  

Lithographic methods can be divided into 

two main groups. Top-down methods [11] 

(material removal layer after layer to achieve 

the desired structure) and bottom-up methods 

[11] (material layering, self-organization, etc.). 

In our study, we focused on two bottom-up 

methods of transferring a structure on a substrate. 

They have both a common basis in the magnetron 

sputtering allowing thin layers deposition from 

units to hundreds of nanometers under  

a reduced pressure. In case of the first method, 

the smallest size of the lithographic mask 

structures for which this structure is transferred 

on a substrate at the desired topographical 

layout by sputtering metal materials was 

investigated. In case of the other method,  

the combination of materials and suitable setting 

of an oxidation lithography was investigated  

for result into observable change  

of the magnetic properties of the substrate 

caused by the oxidation lithography. 

 

2.1 Selection of the materials for magnetron 

sputtering 

The selected materials - cobalt and 

copper - are typically used in a combination  

of layers for GMR reading heads of hard disks 

drives [1]. The principle of GMR is a reduced 

possibility of an electron to pass through  

a conductive material. Electron with spin 

oriented identically with magnetic domains can 

pass through unlike the electron with  

the opposite spin, which is reduced.  

For an antiferromagnetic configuration  

of the magnetic domains in the cobalt layers  

the resistivity is higher than for  

a ferromagnetic arrangement. The ferromagnetic 

or antiferromagnetic orientation of the individual 

magnetic layers of the composite material 

depends on the thickness of the non-magnetic 

interlayer as well as the rate of the magnetoresistance 

[4]. The GMR effect increase can be achieved  

by increasing the number of pairs of layers 

Co/Cu, adding buffer layers of Fe, or adding  

Al as interlayer [1]. Therefore we prepared  

a variation of multilayers Si/Fe/Co/[CuCo]5/Fe, 

Si/Fe/Co/[CuCo]2/Al/[CuCo]3/Fe, Si/Fe/Co/[CuCo]2/ 

Al/Co/[CuCo]2/Fe and Si/Fe/Co/[CuCo]2/Al/ 

[CuCo]2/Fe, where the Cu/Co interlayers 

thickness was chosen with respect  

to the antiferromagnetic ordering of the magnetic 

cobalt domains, as stated Parkin [4]. 

 

2.2 The oxidation rate analysis of the selected 

materials 

Both nanostructure creation methods 

require sputtering various materials and 

therefore it is necessary to swap the sputtering 

targets within a single procedure. Each material 

target change, however, leads to sample 

chamber opening and exposing the already 

sputtered material to the influence of  

the ambient (oxidizing) environment. A native 
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oxide layer forms on each material and  

the composite material thus becomes poorly 

definable. The following Table 1 indicates  

the tendency of our chosen materials to react 

with oxygen. Oxides listed in Table 1  

are the most common types formed by oxidation 

at room temperature. The column "E" refers  

to the energy that must be supplied  

to the system, to allow spontaneous oxidation.  

If the oxidation energy is positive, the material 

is stable. In the case of negative energy  

the spontaneous oxidation takes place.  

The more negative the value of this energy,  

the faster the material should oxidize. However 

the practical measurements as described in [12 – 

14] show that the oxidation process is more 

complex, and for some materials the assumed 

oxidation rate does not correspond with actual 

measured values (Table 1, column "P").  

The oxidation rate values for aluminum [12], 

iron and copper [13] and the cobalt [14] are 

related to the ambient temperature and normal 

levels of the relative humidity, i.e. 30 % - 50 %. 

 

Table 1  

Used materials and their oxides. The column "E" 

gives the theoretical value of the energy needed  

for the oxidation of the material, the column "P" 

gives the values of the oxidation rate for the relative 

humidity in the range 30 % - 50 %. 

Material Oxide 
E (kJ.mol-1 

oxygen)  
P (nm/30 s) 

Al 

Fe 

Co 

Cu 

Al2O3 

Fe3O4 

Co(OH)2 

CuO 

-1045 

-508 

-422 

-254 

0.6 

2.0 

0.8 

1.0 

 

The relative humidity has the most 

significant effect on the course of oxidation. 

Below 60% of the relative humidity  

the oxidation progress is moderately strong and 

only the first few nanometers of the material 

oxidize. The thickness of the native oxide layer 

is stable after about the first minute  

of the exposure to the material oxidizing 

influence and further increases slightly.  

This layer forms a sort of barrier between  

the pure material and oxidizing environment.  

For the relative humidity values between 60 % 

and 70 %, or by increasing the ambient 

temperature, the aggressiveness of the environment 

increases and the resistivity of the material 

decreases so that the oxidation takes place more 

easily. The progress of the oxidation rate has  

a logarithmic course, when after the first minute 

of the material exposure only a slight growth  

of oxide layer occurs [12]. 

 

2.3 Magnetron sputtering 

The principle of the magnetron sputtering 

lies in a bombardment of a solid material target 

by energetic particles (ions of an inert gas), 

thereby the material from the target is released 

and deposited on the substrate. The entire 

process takes place under a reduced pressure. 

The process gas (argon) is introduced into  

the chamber, where in the front of the material 

target a glow discharge is initiated by applying  

a voltage. The sputtering is suitable  

for a deposition of conductive material layers, 

which can thus be prepared more effectively  

in a comparison with chemical processes.  

The quality of a deposited layer is affected, 

besides the material target purity, by the biased 

voltage and by the rotation speed of the 

substrate table [15]. 

 

2.4 Formation of nanostructures using 

scanning probe microscopy 

The process of an intentional deformation 

of the surface of the sample is known  

as lithography and can be realized either  

by a mechanical or an electrochemical force. 

The mechanical force lithography in our case 

was used only as a tool for a division  

of the sample into smaller segments, on which 

an electric (chemical) lithography – the local 

anodic oxidation (LAO) was implemented.  

For the LAO the only requirement  

for the environment is a high relative humidity 

in the nearest area of the sample. The entire 

system must be closed in order to control  

the degree of the relative humidity.  
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In the environment with the high relative 

humidity a mechanical contact of submicron 

areas leads to spontaneous formation of a water 

meniscus between the tip and the sample.  

The meniscus is a source of oxyanions 

necessary for the oxidation of the sample 

surface. The oxidation is initiated by applying  

a voltage "U" to the tip [16]. The size  

of oxidation traces is primarily affected  

by the sharpness of used tip, but also by other 

parameters, for example by the value of bias 

voltage, the time for which the bias voltage  

is applied and by the inclination of the material 

to oxidize. The height of the trace and its 

continuity is indirectly dependent on the rate  

of a shift of the tip during the process. 

 

3. Material and experimental methods 

The used materials were prepared from 

material targets supplied by Quorum 

Technologies, namely: TK8900 Cobalt (Co) 

0.3 mm thick; TK8897 Iron (Fe) 0.1 mm thick; 

TK8875 Aluminium (Al) 1 mm thick;  

SC502-314H Copper (Cu) 0.1 mm thick. 

The multilayered films were sputtered  

on laboratory glass slides Thermo Scientific – 

Menzel-Gläser, extra-white soda-lime glass. 

The slide glass was treated in an ultrasonic bath: 

firstly in a detergent and then washed  

in distilled water, followed by an ultrasonic bath 

in acetone and methanol, both for 10 minutes. 

The slides were dried by compressed nitrogen 

and for the case of the direct sputtering were put 

into the deposition chamber of the coating 

machine Q150T ES located at laboratories  

of the Palacky University in Olomouc.  

The vacuum chamber was filled with argon at 

the operating pressure range between 5 x 10-3 

and 5 x 10-1 Pa. When combining multiple 

materials per sample it was always necessary  

to open the chamber and swap the targets.  

The target change time was minimized  

to 30 seconds. During this time the top 2 nm  

of iron oxidize. For cobalt and copper it was 

about 0.8 - 1 nm in this time period (see 

Table 1). During the sputtering process the layer 

thickness was taken into account so  

the sputtering/operating current was set to 25 mA 

for sputtering copper, 30 mA for cobalt and 

50 mA for iron and aluminium. The layer 

deposition was carried out according  

to the Table. 2. Columns I - V indicates  

the layers of a material differing from each other 

in combination, and thus magnetic properties. 

 

Table 2  

The composition of the tested multilayered films is shown in columns I, II, III, mask IV and mask V. In each row 

there is the layer number, chosen material and layer thickness. The layers are numbered starting from the silicon 

substrate. The absence of a layer in the composition is marked with a "-". 

Layer no. Material 
I 

(nm) 

II 

(nm) 

III 

(nm) 

Mask IV 

(nm) 

Mask V 

(nm) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Sum (nm) 

Fe 

Co 

Cu 

Co 

Cu 

Co 

Al 

Cu 

Co 

Cu 

Co 

Cu 

Co 

Fe 

- 

5.0 

1.2 

2.0 

1.1 

2.0 

1.1 

- 

2.0 

1.2 

2.0 

1.1 

2.0 

1.1 

5.0 

26.8 

5.0 

1.2 

2.0 

1.1 

2.0 

1.1 

5.6 

2.0 

1.2 

2.0 

1.1 

2.0 

1.1 

5.0 

32.4 

5.0 

1.2 

2.0 

1.1 

2.0 

1.1 

5.6 

- 

1.2 

2.0 

1.1 

2.0 

1.1 

5.0 

30.4 

5.0 

1.2 

2.1 

1.1 

1.2 

1.1 

- 

2.1 

1.1 

2.0 

1.0 

2.0 

1.0 

20 

40.9 

5.0 

1.2 

2.0 

1.1 

2.0 

1.1 

- 

2.0 

1.1 

2.0 

1.1 

2.0 

1.1 

5.0 

26.7 
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3.1 Creating structures using a mask 

The combination of layers in Table 2 

labeled as "mask IV" and "mask V" were 

directly sputtered on the substrate through  

a mask. As a mask the copper grid below  

the samples for TEM was used, namely G200 

Gilder Grids, 200 mesh and Quantifoil R 3,5/1 

Cu-200QC3/1, Cu grid, 200 mesh with  

an additional membrane 5 mesh. After  

the detergent, the alcohol and the nitrogen 

treatment the mask was fixed on the glass slides 

so that the surface adheres well to the treated 

substrate. The substrate prepared this way was 

placed in a chamber of the coating machine and 

the process of sputtering a material according  

to the conditions above and in the order of that 

in Table 1 columns "mask IV" and "mask V" 

started. The mask was stripped off after 

sputtering and the sample was ready  

to characterize. 

 

3.2 Lithography by local anodic oxidation 

The lithography by local anodic oxidation 

was performed using the scanning probe 

microscope Ntegra Aura in the contact mode  

of the atomic force microscopy, in the vector 

mode of oxidation lithography respectively, 

using the probe DCP20 supplied by the NT-

MDT company. The oxidation was carried out 

for a different time duration from 500 ms  

to 2000 ms and for a different applied voltage 

from -2 V to -8 V at an artificially increased 

relative humidity in the range 65 – 78 %.  

For the purposes of the local anodic oxidation 

simple combinations of materials were layered.  

A bilayer of 20 nm Fe/ 5 nm Co was deposited 

on the glass slide, where cobalt forms a layer 

mitigating the environmental oxidizing 

influences so that the Fe layer is protected  

and therefore capable of the controlled 

oxidization. On the multi-layer material 

5 nm Co/ 5 nm Fe/ 5 nm Co a change of the magnetic 

response caused by the oxidation lithography 

was measured. For a magnetic measurements  

by the magnetic force microscopy a probe 

NSG01/Co was used. 

4. Results 

Changes in the magnetic response caused 

by a change in the composition of the sample 

layers were shown by a measurement  

of the hysteresis loop using the Kerr 

phenomenon. The scanning electron microscope 

(SEM) VEGA 3 LMU by Tescan company and 

the scanning probe microscope Ntegra Aura  

by the NT-MDT company in the mode  

of atomic force microscopy (AFM) were used  

to characterize the morphological and 

topographic properties of the prepared 

samples. The characterization of the magnetic 

properties of the samples was performed  

by a magnetic gradient measurement using  

the magnetic force microscopy (MFM)  

in the dual scanning mode where the topography 

of the sample is measured by a semi contact 

AFM. The information about magnetic force 

sensed between the probe and the sample  

is collected by rescanning the already 

measured line of the topography of the sample 

using the phase shift or the frequency of the tip  

in a certain predetermined height above  

the sample surface. 

The normalized magnetization of the composite 

material - sample I on an external magnetic field 

is shown in Fig. 1. The step on the hysteresis 

curve originates from different coercivities  

of cobalt and iron and is observable only  

for a specific angle of the sample toward  

the applied magnetic field. 

The magneto optical response of samples 

I, II and III measured for the same applied 

magnetic field is shown in Fig. 2. Inserting  

the aluminum layer, respectively aluminum 

oxide into the composition leads to a noticeable 

decreasing of the coercive field and  

a remarkable shift of the hysteresis curve 

towards the positive pole of the external 

magnetic field. The hysteresis loop of the sample III 

compared to that of the sample I, however, 

shows an increase of the coercive field, which is 

caused by replacing a thin layer of copper  

by a twice as thick layer of aluminium, 

aluminium oxide respectively. 
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Fig. 1. The sample I - Fe/[Co/Cu]5/Co/Fe:  

the hysteresis curve of magnetization on external magnetic field, where M is the total magnetization  

of the sample and Ms is the saturation magnetization. A step marked by the grey circle has an origin in different 

coercivities of the cobalt and iron. 

 

 

 
Fig. 2. The samples I, II and III: Hysteresis loops of the Kerr effect for samples I - Fe/[Co/Cu]5/Co/Fe (black), 

II - Fe/Co/[Cu/Co]2/Al /[Cu/Co]3/Fe (solid grey) and III - Fe/Co/[Cu/Co]2/Al/Co/[Cu/Co]2/Fe (dashed grey). 

 

 

 
Fig. 3. The homogeneity characterization of the sputtering process on the sample II - 

Fe/Co/[Cu/Co]2/Al/Co/[Cu/Co]2/Fe: the black curve characterizes the detection point of the sample closer 

to the center of the sputtering sample holder, the grey curve characterizes the same sample but the detection 

point of the sample was located at the edges of the sputtering stage. 
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In Fig. 3 two hysteresis curves are 

plotted, both for the sample II. The difference 

between these two curves has an origin  

in an unbalanced sputtering process - the values 

of the thicknesses of the individual layers  

for the gray curve are smaller and the layers are 

likely to be inhomogeneous. 

After the characterization of the surface 

magnetic properties, the next phase of the research 

took place. The material composition of the sample 

I has been sputtered through a lithographic 

mask as described above. 

In the left hand side of the Fig. 4  

the sputtered multilayer "mask IV" through  

a mask G200 is shown. The dimensions  

of the structure measured by the SEM and  

in parentheses dimensions of the masks 

provided by a supplier are as follows: Pitch 

120 m (125 m), Hole width 92 m (90 m), 

Bar width 34 m (35 m). From the image and 

measurement it is obvious that the sputtered 

structure does not have a good integrity -  

the region collapsed. The sample "mask IV" 

sputtered through a mask Quantifoil R 3.5 / 1  

is shown in Fig. 4 on the right. During the SEM 

measurements some Quantifoil membrane 

fragments were observed which means the membrane 

collapsed during the sputtering process. 

From the atomic force microscopy 

measurement (Fig. 5) on the left the height 

difference of a sputtered square structure and 

the area covered by the mask was determined  

as 40 nm, which corresponds to the sum  

of amount of the material sputtered  

in the individual layers according to Table 2. 

column "mask IV" (40.9 nm). The height  

of the spherical structure of the sample  

on the right varies from 2 to 4 nm instead  

of the expected 26.7 nm, from which we 

conclude that the collapse of the membrane  

of the masks occurred soon after the start  

of the sputtering. 

The AFM measurement image of LAO 

performed on the 20 nm thick iron layer with  

a 5 nm cobalt cover is shown in Fig. 6.  

The oxidation was performed for different 

applied voltages (columns) and for various time 

exposures of the voltage at one point  

of the curve (lines). Although the oxidation 

trace for the lowest applied voltage setting and 

the shortest oxidation time is apparent, in case 

of the largest negative voltage setting applied 

for the longest time the oxidation did not take 

place. Same for some medium voltages and 

times. The height of an oxidation trace within 

one single structure ranges from a few 

nanometers to several tens of nanometers  

(e.g. for a circle oxidized at voltage of -8 V and 

time of 1000 ms the height of the trace ranged 

from 3.05 to 70.8 nm). 

Fig. 7 shows a topographic measurements 

of the substrate 5 nm Co/ 5 nm Fe/ 5 nm Co 

with an area of an oxidized surface (top left) 

and the cross 68th line (top right). The MFM 

image and the cross-section of the same line  

is shown on the bottom of the Fig. 7. 

 

 
Fig. 4. The SEM snapshot of sputtering a structure through a mask G200 (left - "mask IV") and through a mask 

Quantifoil R 3.5 / 1 (right - "mask V"). 
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Fig. 5. The AFM image of structures sputtered through a mask G200 (left - "mask IV") and Quantifoil R 3.5 / 1 

(right - "mask V"). 

 

 

 
Fig. 6. The result of the LAO on 20 nm Fe/ 5 nm Co: circular structures in columns were oxidized at voltages  

of -2 V, -4 V, -6 V, -8 V from left, for the lines oxidizing time was 500 ms, 1000 ms, 1500 ms a 2000 ms  

from bottom. The centre of every circular structure lithography is marked with the cross. 

 

 

 
Fig. 7. The AFM LAO (upper left), and the MFM (lower left) of 5 nm Co/ 5 nm Fe/ 5 nm Co and the cross 

section and the same 68th line of the topography measurement (right). 
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5. Discussion 

According to [1], the insertion  

of an aluminium layer into the composition  

of the ferromagnetic and antiferromagnetic 

multilayers has the effect of increasing  

the magnetorezistivity of the multilayer.  

It is shown that the substitution of one interlayer 

of electrically conductive copper for  

the aluminium (aluminium oxide respectively) 

leads to an increasing of the magnetic hardness 

of the material (Fig. 2). 

Differently an addition of the aluminium 

oxide layer (aluminium respectively) to the copper 

interlayer has led to a shift of the hysteresis 

curve towards the positive pole of the external 

magnetic field (Fig. 2). That means only,  

a minor change of the external magnetic field  

is necessary for all the domains of cobalt to 

orient in a new direction of the magnetization.  

The magnetic domains in two thin  

adjacent layers arranges ferromagnetically  

or antiferromagnetically during the sputtering 

process. The type of the arrangement depends 

on the thickness of the non-magnetic interlayer 

[4]. Assuming the thickness of copper layers 

was chosen considering the antiferromagnetic 

arrangement, adding the aluminium layer right 

to an already sputtered copper layer may have 

resulted in the ferromagnetic ordering  

of the cobalt domains in the following layer, 

which would explain the shift of the hysteresis 

loop. 

The homogeneity of the sputtered layers 

is strongly dependent on the position  

of the substrate within the sputtering chamber. 

This dependence is confirmed by the results  

of the measurement of the hysteresis loops  

for the prepared sample investigated both  

in the area that was closer to the center  

of the substrate holder during the sputtering 

process and the area on its edge (Fig. 3). 

The result of the sputtering lithography  

is that the polymeric and thin membranes are 

unsuitable for the sputtering of thin metal 

layers. The sputtering process led to the collapse 

of the thin type Quantifoil membrane.  

The reason could be in the load  

on the membrane produced by the sputtered 

material, or even in a pressure change  

in the chamber, which is a part of the material 

target replacement or in a combination of both 

factors. The copper grid is preferable for this 

technique but its disadvantage is the size  

of the structures that can be sputtered.  

The metal masks with a sufficient resolution are 

not easily available. 

The increasing height of the oxidation 

traces with a rise of the oxidation time and with 

an increase of the applied negative voltage fit 

the findings on a silicon oxidation [16].  

The missing oxidative traces on the lithography 

for this work and the large elevation changes 

within one oxidizing trace may correspond  

to an asymmetry in the sputtered cobalt coating 

layer, so that only in some areas the oxidation  

of the iron was possible. 

 

6. Conclussions 

The multilayered nanostructures 

Fe/Co/[Cu/Co]5/Fe, Fe/Co/[Cu/Co]2/Al/[Cu/Co]3/Fe, 

Fe/Co/[Cu/Co]2/Al/Co/[Cu/Co]2/Fe, Fe/Co and 

Co/Fe/Co were prepared by the magnetron 

sputtering method. The first results show 

possibilities and certain reserves of the lithographic 

methods same as reserves in the preparation 

 of the samples. The used sputtering device has 

only one material target holder so during  

the material target change the already sputtered 

layer was exposed to the influence  

of the ambient (oxidizing) environment.  

The oxidation of the sputtered layer was 

minimized only by shortening the time  

of change of the material target, so these layers 

are not well material defined. Even so these 

multilayers are sufficient for a preliminary study 

of the lithographic methods. 

The basic magnetic characterization  

of the prepared multilayers Fe/Co/[Cu/Co]5/Fe, 

Fe/Co/[Cu/Co]2/Al/[Cu/Co]3/Fe and Fe/Co/[Cu/Co]2/ 

Al/Co/[Cu/Co]2/Fe was performed by their 

hysteresis loops measuring using the Kerr 
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phenomenon. Adding the aluminium layer into 

the composite of iron, cobalt and copper,  

the significant shift of the hysteresis curve was 

noticed. The rearrangement of the magnetic 

domains of the 4th cobalt layer from  

the antiferromagnetic to ferromagnetic 

arrangement towards the 3th layer can be  

the cause of the curve shift. Substitution  

of the intermediate copper layer by aluminium 

has led to an increase of the coercive field  

of the composed material without a shift  

of the hysteresis loop and therefore  

the antiferromagnetic arrangement of the individual 

layers of cobalt is unchanged. The measurements 

also confirmed the dependence of the magnetic 

properties of the sputtered layers on the location 

of the substrate in the sputtering chamber during 

the sputtering process. 

The formation of nanostructures  

by sputtering the material through a mask has 

been successful using the grids below TEM 

samples. Two types of the grid were used.  

The lateral dimensions of the sputtered structure 

through the grid G200 were 125x125 m.  

The structures did not have any sharp edges. 

Probably while removing the mask part  

of the sputtered material slid off the mask. 

Sputtering of the structures through  

the secondary mask Quantifoil R 3,5/1 showed 

that the structures with lateral dimensions  

of 4 m are possible to prepare. However  

the mask itself was unsuitable due to  

the membrane material which collapsed after 

sputtering of the first 5 nm of iron. 

On the prepared multilayers Fe/Co and 

Co/Fe/Co the local anodic oxidation was 

performed. The topographic deformations  

by the atomic force microscopy and the rate  

of magnetic change by the magnetic force 

microscopy were investigated. The topography 

of the oxidation trace is strongly dependent  

on the homogeneity and the thickness  

of the cover cobalt layer. According  

to the magnetic response measurement some 

magnetic changes could have been induced via 

the local anodic oxidation. However  

the magnetic response corresponds to  

the topographical changes more likely. 

Both multilayer preparation methods led 

to the formation of a structured surface. Such  

a structure of several square mm depending  

on the size of the mask can be performed  

by the magnetron sputtering during one single 

processing. The details of the structures achieve 

dimensions from tens to several units of m. 

For achieving a similar result using  

the oxidation lithography, a macroscopic 

translation of the sample is needed. Combining 

of the individual lithographically modified areas 

would require a high accuracy of the translation 

stage. The oxidation trace itself can be even  

a few hundreds of nm wide which allows  

an incomparably better resolution of the structure 

than sputtering through a metal mask enables. 

For an optional application of the lithography 

by sputtering and by oxidation for example  

in the field of the photonic crystals,  

the resolution and the material composition  

of the mask is necessary to solve as well as  

the collapse of the structure after removing  

the mask. One possible solution could be  

a combination with the method of ion beam 

lithography. An essential step is the use  

of a sputtering apparatus with more material 

targets so that during the sputtering process 

contamination of the substrate is eliminated.  

In the case of the local anodic oxidation the first 

step of improvement a change in preparation  

of the sample is crucial. That means to find out 

such configuration for which the covering 

cobalt material is distributed homogeneously. 
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Resume 

Diamond – like carbon (DLC) film is promising materials for many technical and 

engineering applications. DLC films are used in many different industries 

for example: in medicine, in electronics, in optics and the automotive industry. 

They have excellent tribological properties (low friction coefficient), chemical 

inertness and high mechanical hardness. 

This paper provides an analysis of the microstructure, mechanical and tribological 

properties of DLC films. In the study of the coating used several surface sensitive 

techniques and methods, i.e. High Resolution Transmission Electron Microscopy 

(HRTEM), Scanning Electron Microscopy (SEM), Raman spectroscopy 

and tribological tests like ball-on-disc. 

HRTEM investigation shows an amorphous character of DLC layer. In sliding dry 

friction conditions the friction coefficient for the investigated elements is set  

in the range between 0.02-0.03. The investigated coating reveals high wear 

resistance. The coating demonstrated a good adhesion to the substrate. 
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1. Introduction 

Diamond-like carbon (DLC) is a meta-

stable form of the amorphous carbon with 

predominance tetragonal bonds (sp3), 

characteristic of the diamond [1]. In practice, 

this term refers to a group of materials having 

both sp2 (graphite) and sp3 (diamond) bonds, 

but a number of sp3 bonds can vary from a few 

to tens of percent. The DLC coating includes 

both amorphous carbon (a-C) and hydrogenated 

carbon (a-C:H) [1, 2]. Depending on the ratio 

of sp3 to sp2 bonds and hydrogen content, DLC 

coatings are divided into several groups. 

The coatings of DLC type are: a-C, ta-C,  

a-C:Me, ta-C:H, a-C:H, a-C:H:Me (Me = W, Ti, 

Mo, etc.), a-C:H:X (X = Si, O2, N2) [3].  

A major impact on the properties of DLC 

coatings is their way of deposition and humidity 

and the type of gas [4]. Various types of DLC 

coatings are different mechanical, electrical and 

tribological properties. Overall, DLC coatings 

have a high hardness, modulus of elasticity, 

thermal conductivity, optical transparency  

in the IR spectrum and electric resistance, 

abrasion resistance, good fracture toughness, 

chemical resistance, and biocompatibility [3-7]. 

The most important feature is the low 

friction coefficient (< 0.1) and wear resistance 

under the dry friction. Friction coefficient 

of DLC coatings also depends on the hydrogen 

content, the working environment and coating 

additives [8, 9]. This is related to the phenomenon 

of slip that occurs in the boundary layer through 

a process of graphitization and oxidation. 

The DLC coating is a kind of solid lubricant, 

consisted mainly of graphite and respective 

metalsoxides. During friction thanks 

to graphitization process the layer is renewable 

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative 

Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA.
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[1]. However, as research showed graphitization 

is not the only factor causing the lubricating 

properties of DLC. The hydrogenated DLC has 

good lubricating properties under dry nitrogen 

and argon and vacuum, wherein the graphite has 

lost these properties [10]. 

It is important to control internal stresses 

in DLC coatings. DLC coatings have high 

compressive residual stresses (0.7 GPa – 

5 GPa), which tends to result in plastic 

deformation and poor adhesion. Reducing 

the residual stress can be made by doping 

of metallic elements (Ti, Cu, W) or non – metal 

(O2, N2, Si). However, this causes a reduction 

of hardness. Compared to the monolayer, 

a multilayer coating maintains high useful 

properties while reducing the residual stress [10, 

11]. Another way to reduce internal stress 

is surface texturing by segmentation of DLC 

films [12].  

Because of the unique properties, 

deserves special attention use of low friction 

DLC coatings on coverage structural elements 

of machines and mechanical equipment. They 

are operating under variables tribological and 

corrosive conditions. The functionality of them 

depends largely on the structure and properties 

of surface layers. The coatings and thin layers 

are made for the protection of contact area and 

to counteract of material wear processes [13]. 

Conventional coatings used on tools are not 

suited to resist friction forces because they have 

not enough wear resistance [14]. 

The aim of the paper was to examine 

the structure, mechanical and tribological 

properties of DLC coatings deposited  

on the X40CrMoV5-1 hot work tool steel 

by plasma assisted chemical vapour deposition 

(PACVD) method. 

 

2. Experimental procedures 

The tests were made on samples of DLC 

(diamond-like carbon) coating deposited  

on the X40CrMoV5-1 hot work tool steel 

substrate. The DLC coating was produced 

by PACVD process. The DLC coating was 

deposited using acetylene (C2H2) as precursor. 

The deposition conditions were following: 

voltage: (-500 V), chamber pressure: 2 Pa, 

temperature process: 220ºC. To improve the 

adhesion of DLC coatings, a transition CrN 

interlayer was deposited. 

Diffraction and thin film microstructure 

were tested with the use of the TITAN 80–300 

ultrahigh resolution scanning/transmission 

electron microscope. The thin cross-section 

lamellas for transmission electron microscopy 

(TEM) observations were prepared by focused 

ion beam (FIB) technique using Quanta 200i 

instrument with gallium ions. 

Adhesion of the coating to the substrate 

material was verified by the scratch test  

on the CSEM REVETEST device, by moving 

the diamond indenter along the examined 

specimen’s surface with gradually increasing 

load. The tests were made using the following 

parameters: load range: 0–100 N, load increase 

rate (dL/dt): 100 N.min-1, indenter’s sliding 

speed (dx/dt): 10 mm.min-1, acoustic emission 

detector’s sensitivity AE: 1. 

The critical load LC2, causing the loss 

of the coating adhesion to the material, was 

determined on the basis of the values  

of the acoustic emission AE and recorded 

friction force Ft as well as observations  

of the damage developed in the scratch test  

on a LEICA MEF4A light microscope. 

The friction coefficient and wear rate 

of coating were determined in the ball-on-disc 

test. The tests were carried out on the T-01M 

(ITE) device with the following parameters: 

sliding speed: 0.2 m·s-1; normal load: 20 N; 

counterpart: Al2O3 of 10 mm diameter; sliding 

distance: 1000 m; temperature: 22°C (± 1°C); 

relative humidity: 30 % (± 5%). 

 

3. Results and discussion 

The cross-section of the investigated 

DLC coating is presented on Fig. 1. The coating 

presents a compact structure, without any 
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visible delamination or defects. The morphology 

of the fracture of investigated coating 

is characterized by a dense microstructure. 

The fractographic observations made with 

the electron scanning microscope allow to state 

that the tested coating indicates a monolayer 

structure. The SEM investigation indicates 

the occurrence of CrN interlayer between 

the substrate material and the DLC coating, 

which affects the improved adhesion. 

The thickness of coating is 1.5 μm. 

Subsequently, for the coating’s structure 

characterization, the TEM and HRTEM 

observations were used. The images, presented 

on Fig. 2 were obtained from selected regions. 

The bright-field images (Fig. 2a) and HRTEM 

micrograph (Fig. 2b) show a nanocrystalline 

character of DLC film. However there are also 

areas present in the investigated layer  

of quasi-amorphous nature, what was confirmed  

by a mind of the electro diffraction 

investigation. The electron diffraction patterns 

obtained have shown the considerable 

broadening of diffraction rings (Fig. 2c).  

The critical load values LC1 and LC2 were 

determined using the scratch test method with 

the linearly increasing load, characterizing 

adhesion of the investigated coatings to the steel 

substrate (Fig. 3). The first critical load LC1 

corresponds to the point at which first damage 

is observed (Fig. 4a); the first appearance 

of microcracking, surface flaking outside 

or inside the track without any exposure of the 

substrate material - the first cohesion - related 

failure event. The second critical load LC2  

is the point at which complete delamination 

of the coatings starts; the first appearance  

of cracking, chipping, spallation and 

delamination outside or inside the track with  

the exposure of the substrate material - the first 

adhesion related failure event (Fig. 4b). 

The investigated coating shows relatively high 

values of critical load. First failure occurs 

at values (~ 9 N). The second critical load 

values LC2 occurs at 37 N. 

To determine the tribological properties 

of the DLC coating, an abrasion test under dry 

slide friction conditions was carried out  

by the ball-on-disc method. Fig. 5 presents 

the graph of friction coefficient µ changes 

obtained during wear tests in relation 

to counterpart with Al2O3. The friction curve 

has initial transitional state of unstabilized 

course, during which the friction coefficient 

is reduced along with the growth of sliding 

distance up to obtaining the stabilized state, 

which normally occurs after a distance  

of about 100 m. Under technically dry friction 

conditions, after the wearing-in period, 

the friction coefficient recorded for the associations 

tested is stabilized in the range 0.02-0.03. 

No case of complete coatings wear-through 

occurred because the maximum wear-in depths 

were below their thicknesses (Fig. 6).

 

 

 
Fig. 1. SEM fracture image of DLC coating deposited onto the X40CrMoV5-1 steel substrate. 

200 nm 
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a) TEM bright-field image b) TEM dark field image 

 
c) corresponding SAED patter 

Fig. 2. Structure of the DLC coating. 
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Fig. 3. Diagram of the dependence of the acoustic emission (AE) and friction force Ft on the load for the 

X40CrMoV5-1 steel with the DLC coating. 

(full colour version available online) 
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a) at LC1 b) at LC2 

Fig. 4. Scratch failure pictures of the DLC coating on X40CrMoV5-1 steel substrate. 

(full colour version available online) 
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Fig. 5. Dependence of friction coefficient on sliding distance during the wear test for DLC coating. 

 

 
Fig. 6. Wear pattern profile after the wear test of DLC coating. 
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4. Conclusions 

Basing on the investigation results 

the following conclusions were arrived at:  

 DLC coating was deposited successfully 

on X40CrMoV5-1 hot work tool steel substrate; 

 the TEM investigation revealed that 

DLC layers have a nanocrystalline and/or quasi-

amorphous structure; 

 on the basis of the scratch test, it was 

found that the critical load LC2 is in the range 

37 N; 

 under the technically dry friction 

conditions, the friction coefficient is within 

the range 0.02-0.03. 
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