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Abstract: In this paper it was studied the structure of EN AC 5083 aluminum alloy depending on cooling conditions. By cooling 
curves recorded for different casting conditions there were calculated the cooling rate (vr). The structural analyzes, performed by 
Image Pro-Plus 6.0 software, allowed both be highlighted structural particularities of various conditions for casting and establishing 
the correlation: lg d = lg v + n (where d is the dendritic parameter). 
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1. INTRODUCTION  
 

The EN AC 5083, Table 1, is part of Al-Mg classes 
alloys. This is characterized by good mechanical 
properties and it is a hard alloy with excellent 
weldability and good corrosion resistance including the 
marine environment. 

The great variety of platbands, sheets, foils, round bars, 
rectangular bars, different profiles, wires and pipes 
produced from this composition has, as a cake ingot, the 
round or /and  rectangular ones made by  semi-
continuous (continuous) casting. 

As it is known by structure finishing it is ensured both 
the improvement of exploitation properties and the 
reducing of metallic and nonmetallic impurities 
influence by their distribution on a much larger inter 
granular area, allowing the old metal waste recovery in 
processing of deformable alloys.  Basically these 
considerations are the basis of interest in technologies 
that ensure to obtain a fine structures both after casting 
(solidification) and after alloy processing by severe 
plastic deformation [1-10] or by pulverization + press 
technology [11]. Meanwhile, quantitative structural 
analysis provides data and the stability of processing 
technologies (hardware, plastic deformation, etc.). 

This paper analyzes the influence of cooling rate on 
structure of EN AC 5083 alloy casted-solidified at 
different cooling rate. 

 

2. EXPERIMENTAL DETERMINATIONS 

The alloy elaboration was performed in an electric 
furnace with electric resistance and a graphite crucible. 
Protection of the melt against oxidation was carried out 
by using a flow coating. This has been a temperature of 
730oC.  

The casting of alloy was done in forms made on different 
materials in order to modify cooling rate. In each form it 
was placed a thermocouple to register each variation of 
temperature versus time, Figure 1 a, b, c. In parallel was 
casted a directed solidified sample, fig. 1d. For the 
registration of cooling curve was used an ADAM type 
interface and K type thermocouple. 

 
 

Figure 1. Forms used in casting of solidified specimens with 
different cooling rates: 

 
a) the form of refractory brick; b) general view of the 
assembly; c) drop specimen, with copper support and 

refractory brick mould; d) wedge-pyramid sample mould 
casted; e) the mould form for directed solidification, with a 

copper support  and a form in a foundry sand;  f) melt 
spinning plant and the obtained tape; T-thermocouple 

position 
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Table 1. Chemical composition of EN AC 5083 alloy 

 

In order to enlarge the observation area of cooling rate 
influence on structure were cast bands by melt-spinning 
method. Figure 1.f shows the laboratory installation used 
for this purpose and the tape obtained. The length of 
fragments reached 200-300 mm strips, widths is 1-5 mm 
and thick of 30-70 microns, with very good ductility. 
Based on previous determinations [12] it has admitted 
that the cooling rate in this case was 5.105oC/s. 

 

 
 

Figure 2. Recorded cooling curves 
 

To determine the cooling rate it was resorted to derive 
the cooling curves (Figure 2). In Figure 3 are presented 
the variation curves of the cooling rates recorded for 
"Wedge" and "Directing-down" samples. 

 

 
Figure 3 Cooling rates determined by cooling curves 

derivation 
 

In Figure 4 there are represented the obtained significant 
structures for solidified samples at different cooling 
rates.  

It is observed that the down side of wedge sample (pin) 
structure is composed of very different sizes dendrites.  

The sizes of rough dendrites are about 35-50 microns 
and the fine ones are of 3-5 microns. This structure can 
be explained by starting of crystallization process in the 
ladle, with low cooling rate, and the finalization of 
solidification process in copper support, with high 
cooling rate. This observation is in agreement with 
maximum temperature values on cooling curve.  

Through direct measurements and quantitative analysis 
of recorded structures, Figure 5, by Image Pro-plus 6.0 
software [13-14], it was obtained the maximum, 
minimum and average of dendritic parameter values (d) 
Table 2. 

 

 

 
 

Figure 4.  Microstructure of solidified samples with 
different cooling rates:   

a) wedge-up sample;  b) wedge-down sample (pin) and  
c) tape cast by melt spinning method 
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Figure 5.   Quantitative analysis of structure using 

Image Pro-Plus 6.0 software 
 

In Table 2 there are listed the corresponding values of 
maximum cooling rates recorded during the 
solidification. 

 
Table 2. Data to determine the interdependence 

 lg d = lg v + n 

 

 

By constructing the diagram lg (d) depending on lg (v) 
Figure 6 and by mathematical processing of 
experimental data the equation resulted is (1):  

 

lg d = -0,28.lg v + 2,02   (1) 

 

which describes dendritic parameter variation depending 
on local cooling rate for the studied alloy(EN AC 5083).  

In parallel, in the previous figure it was also represented 
this interdependence for AlSi7Mg0.3 alloy:  

 

lg d = - 0,4.lg v + 2,37 [9]  (2) 

 

 
 

Figure 6.  Representation for determining interdependence: 
lg d = lg v + n 

 

It is worth mentioning that for aluminum-based alloys 
the coefficient value of ‘lgv’ term, this means that the 
inclination (declivity) of line varies in the range of from 
0.25 to 0.39 [12]. 

 

3. CONCLUSIONS 

By compliance with casting temperature it is ensured the 
structure homogeneity. 

Related to interdependence determining “lg d =-0,28.lg v 
+ 2,02” for EN AC 5083 alloy can make the following 
findings: 

 EN AC 5083 alloy, in structural terms, is less 
sensitive to changing cooling rate than other 
aluminum base alloys. 

 The cooling rates offered by conventional 
technology conditions for processing provide 
structure finishing at a rate of 94%. 

 Through the melt spinning technology the structure 
finishing is about 98%. 
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Abstract. The strength of materials is a complex function which involve two main components, material nature and the presence of 
defects. Usually glasses exhibit a fragile behavior due to a numerous flaws and the effect is a large range of data scattering in tensile 
strength measurement. The Weibull probability density function was applied to describe the scatter of experimental data in tensile 
test, which emphasize a difference between variance in case of tensile strength of three stainless steel grades and glass epoxy 
composite.  The main goal is mathematical modeling of those distributions and finding of equations which predict the probability of 
failure for a sample subjected to a specific stress. 
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1. INTRODUCTION  
 
Prediction of failure probability under a specific stress 
level could be an interesting tool in analysis of material 
behavior. The variability of a material characteristic it can 
be described by using Weibull distribution function [1] 
which cover a large scale of application, such as: fatigue 
performance [2, 3, 4], scatter of fracture toughness [5], 
probabilistic characterization in different static tests up to 
failure (four-point bending [6] or tensile test [7]).  

In this paper, in order to obtain a relationship between 
stress level and failure probability was used Weibull 
distribution. For comparison, analysis of experimental 
data scattering in tensile test was performed also by using 
normal distribution. 

The standard Weibull distribution function, which  is 
shown in equation (1) has three parameters. 
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where  
β - is the shape parameter,  
δ- is the scale parameter  
λ is the location parameter of the distribution. 
Each parameter has a specific significance as function 

of analyzed application. In case of tensile strength 
analysis, the current variable x is σ – ultimate tensile 
strength, λ- location parameter is the level of stress below 
which no fracture occurs, δ - scale parameter is usually the 
average of entire data set and shape parameter β (Weibull 
modulus) is a measure of experimental data scattering. 

If the general function (1) is customized for distribution of 
fracture strength, the failure probability of a specimen 
subjected to stress level σ is given by: 
















 0

lim

e1),,;(F 0lim  (2) 
 

Usually, for brittle materials is difficult to estimate a 
minimum value of tensile strength σlim under the material 
does not break certainly and in this case, the location 
parameter will be set to zero.  

The same presumption can be also done for other type of 
materials in case of lack of safety data. 
The strength of materials is a complex function which 
involve two main components, material nature and the 
presence of defects.  

Usually ceramics and plastic materials exhibit a fragile 
behavior due to a numerous flaws and the effect is a large 
range of data scattering in tensile strength measurement.  

The number of defects is dependent on sample size (large 
samples could have more defects as smaller ones, short 
glass fibers have higher strength then longer ones, etc.).  

For this reason, in case of large size fragile materials 
samples there is a higher scattering of experimental data in 
tensile strength measurement than in case of smaller 
samples [6, 8, 9]. This phenomena (sample volume 
contribution in data scattering) is shown also in case of 
high isotropic materials such as stainless steel (Fig.1). 
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Specimen size is taken into account by changing the 
exponent of function which describes the failure 
probability. If is considered the breaking probability of a 
specimen of the volume V0 as described by expression (2), 
the probability of fracture for a specimen of the same 
material and the volume V, under the same stress level σ 
is given by the equation (3) [9]: 


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

 0
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V
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From here, it can be formulated a practical conclusion, for 
specimens of material with the same resistance, more 
voluminous specimens show a higher probability of 
failure. In a similar manner, in case of the same 
probability of failure, specimens which exhibit higher 
volume have a lower tensile strength. 
 
2. MATERIALS 
 
Analysis of experimental data scattering, was performed 
on four type of materials, three stainless steel grades 

(noted S1- grade 430 annealed (12 samples), S2- grade 
316L  annealed (20 samples) and  S3- grade 301HT cold 
rolled and untreated (26 samples)) and a glass/epoxy 
composite (5 samples). The steel samples were cut out 
from head and tail of coils with 0.1 mm thickness. In order 
to emphasize the effect of specimens volume on the 
tensile strength, from S2 grade, were tested another 8 
samples with 0.3 mm thickness provided from coils in the 
same state of heat treatment. 

Composite plate has been made by four unidirectional 
prepreg plies HexPly M10 (50% volume fraction – E glass 
fibers) with stacking sequence [0/90/90/0] and 5 samples 
(noted GS0) were cut out along fibers direction from 
external plies.  
All tensile tests, up to failure, were performed according 
to DIN EN ISO 6892-1/ ISO 10113/ ISO 10275 by using a 
30kN Zwick Roell  machine. 
A brief analysis of correlation between sample volume 
and tensile strength is shown in  Fig.1. 
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Figure 1. Ultimate tensile strength of samples with 0.1 and 0.3 thickness from grade S2 

 
 
Even the difference is only 4% that it is not effect of 
imprecision measurement (normal scattering of 
experimental data due to measurement procedure or 
testing machine). It can be seen that even the maximum 
value of stress for thicker specimens is below the 
minimum value of thinner ones. 

It should be specify clear that all the samples from grade 
S2 were annealed in same condition after plastic 
deformation. In explaining the differences, might be 
possible the influence of intense cold rolled hardening 
effect which is higher in case of thinner sheet.  

The effects of cold rolling on thinner specimens may not 
be completely removed by annealing applied later. 
However in specimens with larger volume is higher the 
probability of defects occurrence which can reduce 
tensile strength. Experiments confirm the observations 
of researchers who have studied the influence of 

specimen volume, even in relatively homogeneous and 
isotropic material such as stainless steel. 
 
3. WORK PROCEDURE 
 
3.1 Estimation of Weibull parameters  
 
In theory, for a total number of samples n<100, ranking the 
tensile strength test data according to the order from small to 
large, the cumulative failure probability is given by the 
Bernard formula [10]:  

 
4.0n

3.0i
F i 


     (4) 

Starting from relation (2) and setting the parameter σlim=0 
(for brittle material there is not a limit of stress under the 
structure is safe - case of glass, ceramics and for steels we 
can make the same assumption in the absence of safety data) 
the Weibull distribution function becomes a two parameter 
function [11]: 
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If in the formula of Weibull distribution function is 
applied the double logarithm on both sides that is 
transformed into a linear relation such as equation (8).  
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In order to estimate the parameters of function (β- slope of 
the curve and a measure of data scattering  and the scale 
parameter σ0) the calculus was performed according to 
procedure shown in Table 1, which is specific for those n=12 
samples from S1 steel. For all tested materials has used the 
same procedure. 
 

 
Table 1. Weibull parameters estimation (stainless steel grade S1) 

 
Sample 
no. (i) 

Ultimate tensile 
strength σi 

[MPa] 

Probability of 
fracture 

 
4.0n

3.0i
F i 


  

  


















iF1

1
lnlny  

 ilnx   

1 490 0.0565 -2.8455 6.1944 
2 491 0.1371 -1.9142 6.1964 
- - - - - 

11 518 0.8629 0.6867 6.2500 
12 523 0.9435 1.0558 6.2596 

 
In Figure 1 is shown plot of the function in reciprocal 
double log scale on one axis (y) and a log scale on the 

other for three grade of steel and a stratified bidirectional 
glass/epoxy composite.   
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Figure 2. Weibull probability curves 

 
 
Regression of experimental data has been performed and 
if trend line is a straight line, the material strength 
distribution can be described by using the two parameter 
Weibull distribution.  

In order to compare the obtained parameter, were 
calculated according to normal (Gaussian) distribution 
the average, variance and standard deviation, results 
which are shown in Table 2. 

It is obvious that the Weibull modulus β in case of 
composite (8.6247) is much lower than moduli for 
steels. The difference in experimental data scattering are 
due to composite material anisotropy, lack of 
homogeneity (two distinct phases: the glass 

reinforcement and plastic matrix material), imperfect 
interfaces, presence of air voids during the resin cure.  

The probability, in case of composite, to propagate and 
accumulate flaws that may cause breaking at stress values 
different from the average value is much higher than in 
homogeneous materials such as steels. The value of standard 
deviation associated with βGS0 =8.6247, is σGS0= 50.8Mpa 
(10.2% from mean value) in comparison with values 
calculated for steels (e.g. βS1=56.027, σS1= 9.56MPa, 
1.88%). 

The differences between the average calculated by 
estimating the Weibull function parameters and 
corresponding classical average for normal distribution are 
smaller than the standard deviation. 
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Table 2. Parameters of Weibull distribution and normal distribution 
 

Parameter/Material Symbol S1 S2 S3 GS0 
shape 

parameter 
β 56.027 66.616 71.789 8.6247 

constant 
term 

c 394.53 430.65 532.35 54 Weibull distribution 

scale 
parameter 


c

0 e  507.31 642.04 1661.51 523.78 

mean μ 507.41 636.85 1648.96 497.4 
variance σ2 91.57 100.22 535.34 2580.64 

Normal distribution 
standard 
deviation 

σ 9.56 10.01 23.13 50.8 

 
 
3.2 Hypothesis distribution inspection 
 
Making a first approximation we have the Weibull 
cumulative distribution function described in relations 
(9-12): 
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In order to validate the form of function described above we 
must perform hypothesis distribution inspection. Generally 
are used nonparametric methods for comparing two set of 
distribution, in our case Bernard approximation and Weibull 
distributions (9-12).  

One method of analysis is Kolmogorov-Smirnov test (the 
best option mainly due to its sensitivity with small sample 
size) in which maximum difference between the empirical 
distribution function of the sample (Weibull)  and the 
cumulative distribution function of the reference distribution 
(Bernard) have to be lower than KS constant (for a given 
number of samples and a given significance level). 

    ),n(iBiW DFFmax    (13) 

The significance level is usually set to 0.05 which means a 
95% confidence interval. 
 The procedure is illustrated for S1 stainless steel in Table 3. 
 

Table 3. Kolmogorov –Smirnov test 
 

Sample 
no. (i) 

Ultimate tensile 
strength σi 

[MPa] 

Probability of 
fracture 

 
4.0n

3.0i
F iB 


  

Probability 
of fracture 

 
027.56

31.507
iW e1F







 


  

   iBiWi FFD   

1 490 0.0565 0.133105 0.076653 
2 491 0.1371 0.147959 0.010863 
- - - - - 

11 518 0.8629 0.959785 0.096881 
12 523 0.9435 0.995932 0.052383 

Max (Di) 0.207643 
Kolmogorov-Smirnov statistic D(12,0.05) 0.375 [12] 

 
4. RESULTS AND DISCUTION 
 
The test results (cumulative distribution  function CDF) 
are also shown in Fig.3. The error bars, added to Weibull 
distribution function values, have fixed value equal with 
Kolmogorov - Smirnov statistic.  

It can be seen that all the values provided by normal 
cumulative distribution function (according to Bernard’s 
approximation) are inside the bars, which emphasize that 
relation (13) is respected. 

 
In this condition, the tested distribution is accepted 
according to the KS method and isreasonable the asumption 
that, the tensile strength of S1 steel it can be described by 
using two parameter Weibull distribution. 
In Table 4 are shown results of KS test applied for all steels 
and composite. 
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Figure 3 Hypothesis distribution inspection of empirical cumulative distribution function 

 
Table 4.The results of Kolmogorov – Smirnov test 

 
Material/Symbol No. of samples    iBiW FFmax   KS test (significance 

level 05.0 ) 
[12] 

Steel S1 12 0.207  D(12,0.05)=0.375 
Steel S2 20 0.104 D(20,0.05)=0.294 
Steel S3 26 0.266 D(26,0.05)=0.259 

Composite GS0 5 0.134 D(5,0.05)=0.563 
 
 
As can be seen in Table 4, except S3 grade, we may 
consider that the distribution of experimental data in 
case of tensile strength measurement could be estimated 
by a two parameters Weibull distribution.  

 
The hypothesis distribution inspection of functions 
shown in relations (9), (10 ), (12) reveals that, for each 
case, the Kolmogorov – Smirnov test value is lower than 

maximum difference between Weibull and Bernard 
cumulative distribution functions. For specimens of 
grade S3 (with cumulative distribution function shown 
in equation (11)) should be performed an extra analysis 
of that apparently different distributions from 'normal' 
distribution, because Kolmogorov – Smirnov test is not 
verified.  
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Figure 4. Weibull, real and normal cumulative 
distributions 

Figure 5. Real distribution 
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First of all, the experimental data were divided in 
intervals and have been calculated the frequencies for 
each interval according to procedure described in [13]. 
As shown in Fig.4, the Weibull distribution is close to 
normal one, but the values of cumulated frequency 
calculated with Bernard relation seems to be far away for 
some stress values situated at the beginning of the stress 
range. It can be seen that the real distribution in case of S3 
grade steel is a bimodal distribution, shown in Fig.5.  

 
In case of S3 grade the “abnormal” distribution has a 
simple origin. 
This is due to sample prelevation place (these are cut out 
from head and tail of coils). We can consider that there is 
a continuous variation of tensile strength along the coil 
length but in our tests the values around average are 
missing. 

The data should be a statistically random sample of the 
population, but in case of real cumulative distribution 
function curve the value 0.5 which is usualy specific for 
average of data set, is specific for the second frequency 
interval (the total number of samples is 26). 

We can consider that the Weibull distribution function 
could describe the tensile strength distribution even in 
case of S3 grade (ewuation has valability in case of an  
entire coil), but Kolmogorov - Smirnov test in our 
particular situation does not verify hypothesis distribution 
because the particularly values for specimens tested are 
just a part of a statistically random sample of entire 
population (specimens are  characteristic just for coil 
extremities).  
 
5. CONCLUSIONS 
 
Tensile strength distribution (the scatter of experimental 
data) could be described by using two parameter Weibull 
function. 

It is obvious that the Weibull modulus β in case of 
composite (8.6248) is much lower than moduli for steels 
(56, 66.6, respective 71,7).  

A large β is associated with a narrow interval for 
experimental data scattering. The standard deviation in 
case of glass/epoxy composite is 50.8, in comparison with 
those in case of steels (9.56, 10.01 and 23.13). 

The difference in experimental data scattering are due to 
composite material anisotropy, a lack in homogeneity 
(two distinct phases: the glass reinforcement and plastic 
matrix material), imperfect interfaces, presence of air 
voids during the resin cure. Fiber strenght and orientation 
could have also an statistical effect in composite and that 
will be the subject of future work. 

In case of samples from steel plate, the probability of 
defects presence  increases with thickness of plate. 

The comparison between predicted value and 
experimental data reveals that Weibull distribution 
provide an accurate instrument for analysis of data 
variability, despite fact that for S3 grade KS test reveal an 
nonconformity.  

Because the samples are cut out from head and tail of coils, 
non-normal distributions (bimodal distribution) is possible.  

That is just the effect of limitation in chosing of sampling 
site. Between head and tail of a coil is a continuous series 
of tensile strength values and is reasonable to believe that 
the mean for entire coil is specific for samples situated in 
the middle of the coil.  
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Abstract. The structural transformations occurring at tempering for some high-speed steels are a subject of research for which have 
been dedicated numerous studies. More complex compositions of the high-speed steels were direct consequence of the complexity of 
structural transformations which occur during heat treatment. On the other hand, current tendency in energy requires maximum 
efficiency and rational use of heating sources used in industry. Thus, only a precise knowledge of the kinetics of transformations 
occurring at tempering can be a basis for optimizing this treatment. Although cobalt is used for a long time as an alloying element, 
though relatively recently it was considered important to the properties of rapid steel. These circumstances, combined with the lack 
of quantitative information on the kinetics transformation at tempering operation treatment for some steel has led to this paper. The 
thickness of the studied samples is 5 mm and was taken from the annealed steel bars. These samples were subjected to hardening and 
tempering treatment in salts bath. Heating for hardening was performed in two steps, at 5500C and 8300C. Austenitizing was done 
at 12000C, during 120 seconds. The cooling was done up to 5300C in salts bath, with a keeping of 15 seconds, and then air cooling 
was done. On these samples were carried out, HRC Rockwell hardness measurements, and X-ray diffraction analysis. 

 
Keywords: high-speed steels, heat treatment, tempering operation, hardness measurements 

 

 1.  INTRODUCTION 

Alloying elements such as cobalt, molybdenum, 
wolfram, chrome and others have considerable influence 
on the properties of high-speed steels. These 
circumstances, combined with the lack of quantitative 
information on the kinetics transformation at tempering 
treatment for some steels has led to this paper. High-
speed steels of tools (STAS 7382-80) are rich alloy 
steels (up to 25%) with W, Cr, Mo, V, Co, with a  0.7- 1 
%. carbon content. High-speed steels are steels that 
unlike carbon steel and alloy steels of tools possess the 
most appropriate assembly for cutting properties (wear 
resistance and heat stability). 

These steels are intended for manufacturing cutting tools 
who process at high speeds (40-50 m/min) hard materials 
(HB 280), lathe tools, milling cutters, drills, threading 
tools, etc. The most high-speed steels are steels with  W 
(Rp3) with Co (Rp1, Rp2) and with Mo (Rp5, Rp10). 
Mechanical properties of hardened and tempered alloy 
steel, differ greatly from the mechanical properties of a 
carbon steel of the same carbon content, hardened and 
tempered at the same temperature. Alloy steel will 
present strength and toughness superior to carbon steel. 
Tempering temperature influences the mechanical 
properties of alloy steels, according to the literature [1-8] 
can be illustrated by diagrams of variation a mechanical 
properties with tempering temperature 

 
Figure 1. Tempering temperature influence on the 

hardness of high-speed steel, tempered at different 
temperatures [8] 

 
Variation of  hardness of high-speed steel in tempered 
state depends on temperature.  

Hardness variation and the proportion of residual 
austenite on the tempering at 5600 C are shown in the 
images below (figure 1 and figure 2): 
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Figure 2. Variation of hardness and the amount of residual austenite on the tempering at 5600 C [8] 

 
     2. EXPERIMENTAL TECHNIQUE 
 

Table 1. Chemical composition of sample 

Elements C Mn Si S P Cr Ni Cu Mo Co W V 

Concentration(%) 1.03 0.27 0.09 0.09 0.26 3.78 0.16 0.17 9.56 8.63 2.03 1.23 

              

For this study we used the annealed steel bars at Ф = 30, 
from which were cut samples, in the form of a disc. By 
mechanics machining all samples were brought to the 5 
mm same thicknesses. Samples thus prepared were 
hardened and tempered in salts bath. Heating for 
hardening was done in 2 stages at 5500C and 8300C. 
Austenitization was executed at 12000C  for 150 
seconds. Cooling has been done up to 5300C in salts 
bath, for 15 seconds, and then, in the air. The conditions 
of tempering have been preset in order to obtain the 
information necessary for drawing kinetic curves.  

For these samples thus treated were made -HRC 
Rockwell hardness measurements, and also the X-ray 
diffraction measurements. After each treatment stage, by 
machining, the surface layer was removed having about 
0.2-0.3 mm thickness. After this stage was carried out 
chemical corrosion to remove damaged layer because 

mechanical processing. After this processing were 
carried all measurements. For hardness measurements 
were carried out a minimum 6 hardness tests at a device 
type PH-C-01/02, with a maximum load of 150kgf. The 
X-ray diffraction analyzes was carried out on a Phillips 
PW 1130/90 diffractometer equipped with a vertical 
goniometer PW 1050/70 type.  

Registration of diffracted radiation was done with a 
proportional counter and for the monochromatic 
radiation has been used curved crystal graphite mounted 
in diffracted beam. Depending on the aimed purpose has 
been used radiation of copper, cobalt and iron. To 
determine the lattice constant for martensite is best to 
use the maximum (211).  
This maximum occurs in iron radiation at 2θ = 110.500 
angle and does not overlap with other peaks obtained for 
other structural constituents present in the sample. 

 
3. EXPERIMENTAL RESULTS 

Preliminary determinations have been preliminary 
tempering treatments  at a temperature of 100-3000 C for 
1h, for thermal stabilization of austenite. Based on 
preliminary determinations, according to the tempering 

temperature, in the conditions recommended by current 
standards, was obtained hardness variation with 
tempering temperature for 3 tempering operation of 60 
minutes each. The result is shown in Figure3: 
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Figure 3. Hardness variation with tempering temperature

From this curve resulted that the temperature for obtain a 
maximum hardness is situated in the range 5400C -5600C 
and therefore she was chosen as tempering temperature 
the temperature of 5500C. In the hardening state steel 
structure consisted of: martensite, residual austenite and 
M6C, MC and M23C6 carbides. The largest share of 
carbides in the tempered state had a M6C. The other 
types of carbides were found in much smaller amount 

but they gave diffraction peaks clear enough to be 
identified without doubt. During tempering treatment of 
steel, in the initial stage, initial austenite is transformed 
to martensite. The amount of residual austenite decreases 
after at least 2 tempering treatments attaining minimum 
values (< 15%) with beneficial effects on physical and 
mechanical characteristics of steels. In figure 4 is shown 
kinetics curve for transformation of residual austenite.  

 

Figure 4. Kinetics curve for transformation of residual austenite

From figure 4 we see that after isothermal maintaining 
approx. 4 minutes the transformation starts.Just two 
minutes after the start the transformation residual 
austenite amount reaches half of the initial (in figure 4 
represented by ordinate axis the amount of austenite in 
relative units, considering initial amount that 
corresponds at division 100).  With further increasing the 
duration of maintenance, transforming speed begins to 

decrease. It will be seen that after a 30 minute 
maintaining at 5500C, the amount of residual austenite 
reaches the limit of detection obtainable by X-ray 
diffraction (1.5%), a value below which no practical 
influence material properties. During of the tempering 
operation the martensite lattice parameter varies with 
time as shown in figure 5. 
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Figure  5. The  martensite lattice 

parameter variation according to the time 
of tempering 

Figure 6. The curves depicting the kinetics of  precipitated 
carbides 

 

 
Figure 7. The maximum hardness of investigated steel 

 

Figure 6 shows, in relative units, the curves depicting the 
kinetics of precipitated carbides, the maximum value 
being reached precipitates after a period of 80 minutes. 
In consensus with the other transformations has been 
observed as well as compounds such as the carbides, 
reach the maximum amount after about 80 minutes of 
isothermal maintaining. 
 
4. DISCUSSION  
 

For high-speed steels, the tempering must lead, first of 
all, to a high value of secondary hardness and also this 
treatment must eliminate the annealing tensions in order 
to improve the resistance of tools. High-speed steels 
after quenching have a significant amount of residual 

austenite (20% -30%). Therefore is need to execute 
tempering treatment  for increasing resistance at plastic 
strain for tools and  it is necessary as to obtain a total 
transformation of residual austenite [9]. For this purpose 
we recommend multiple tempering operations. 

For the studied steel these requirements are made for 
shorter heat treatment durations in comparison with the 
recommended standards for high-speed steels [10÷16]. 
Thus, as shown in figure 7, the maximum hardness is 
obtained at 550oC after a maintaining interval of 30 
minutes (figure 7). Analysis figure 3-7 allow us to 
conclude that the tempering operation is completed after 
a total duration of  80 minutes when the martensite 
lattice parameter attain a constant value (see figure 5) 
and the amount of precipitated carbides  attain a  the 

M6C 

M23C6 

MC 
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maximum value. Further increasing the duration of 
treatment, leaves practically unmodified the constant 
lattice. There are, however, other changes in the 
diffraction image,that changes the shape and width of the 
lines, both the matrix and the carbides. But because these 
changes are closely related the fine structure and the 
existing defects in phases, this problem will be the 
subject of another paper. 

Determined measurements, i.e. hardness, lattice constant 
and precipitated carbides behave additive compared to 
isothermal maintaining time. Therefore, the final 
tempering treatment may be achieved by three tempering 
with of shorter duration. Of course, depending on the use 
of steel should have different properties so cannot 
establish a definitive treatment without knowing the 
properties that result from tempering operation.  

The experimental results presented in this paper are 
intended to create a database relating to optimizing the 
applications of tempering treatments on high-rapid 
steels. This fact is to reduce the number of tempering 
treatments applied to steels and correlation of these with 
the amount of martensite at the expense of the amount of 
residual austenite, and implicitly to increase hardness 
and resistance to plastic strain at tools. Thus, the total 
final time of heat treatment is low and has positive 
effects on reducing production costs. Hot hardness test 
was conducted on a number of three samples subjected 
to three tempering of 30 minutes each at a temperature of 
550 0C. After being held for four hours at 6400C hot 
hardness for the three samples was respectively 60.5 
HRC, 61 HRC and 60.8 HRC. All these values is higher 
than the permissible limits of the standards for high-
speed steel, value is 58 HRC. 
 
    5. CONCLUSIONS 
 

The analysis of data presented in the paper result as 
follows: 
a) The tempering operation of the studied steel processes 
practically ends after approx. 80 minutes to isothermal 
maintaining at 5500C. 
b) The hardness, lattice constant, the amount of 
precipitated carbides are determinations that behaves as 
well as the additive size in relation to isothermal 
maintaining time at 5500C, which shows that the same 
results can be obtained by repeated tempering, but 
shorter. 
c) Variation a lattice constant with to isothermal 
maintenance time highlights the diffusive nature of the 
transformation occurring into martensite during 
tempering operation. 
d) The process of tempering achieved by multiple 
tempering operations is much shortened compared to the 
recommended standards. From the data of this papers 
may be recommended to make a tempering operation in 
three consecutive tempering to 5500C with duration of 
25-30 minutes each.  
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Abstract. Refractory concretes based on aluminous cements are used with great success in areas where high temperatures are 
required. The mineralogical composition of the high alumina cement is the main factor which gives the physical and mechanical 
properties at high temperatures of refractory monolithic materials.  
It is therefore desirable to use high alumina cements based on mineralogical compounds with high refractoriness, because in the end 
those beneficial properties can be found in the final product - refractory concrete.  
The aim of this paper is to design, realize and characterize different compositions of high alumina cements based on mineralogical 
compounds with the highest refractory from the CaO-Al2O3 binary system (i.e. CA, CA2, and CA6), and to find ways of hydraulic 
activation of calcium hexa aluminate, also. 
 
Keywords: calcium monoaluminate, calcium dialuminate, calcium hexa aluminate, activated hydration, mechanical strength, 
additive, highly refractory compound. 

 
1. INTRODUCTION 

 
The main mineralogical constituents of high alumina 
cement that have hydraulic activity and which are 
important for the manufacture of refractory concretes 
are: monocalcium monoaluminate (CA) and 
monocalcium dialuminate (CA2) which, by hydration, 
develop mechanical strength.  
To achieve a refractory concrete that can be used at very 
high temperature, it must be use high refractory 
hydraulic binders such as high alumina cement with a 
content of alumina ≥ 70%. An alternative technological 
option that can have the same result, and which it is 
showed in this paper, is to design a binder matrix whose 
value of molar ratio Al2O3/CaO is higher than the one 
corresponding to monocalcium dialuminate [1, 2]. 
The types of binder matrix (high alumina cements) used 
in this papers are base on CA6 and CA2, on CA2, CA 
and closer to stoichiometric CA2 (an industrial Alcoa 
cement).  
But once the value of molar ratio Al2O3/CaO is 
increasing the interaction with water of the mineralogical 
compounds is decreasing together with it the mechanical 
strength decreasing, too. But in the calcium aluminates 
series, the refractoriness increases with the basicity 
decrease and enrichment in alumina as follows: 
C12A7<CA<CA2<CA6. The mineralogical compound 
with the highest refractoriness from the calcium 
aluminates series is CA6, whose Al2O3/CaO molar ratio 
is 6:1. However, due to the fact that with the enrichment 

in alumina of the mineralogical compound the hydraulic 
activity decreases dramatically, the presence of CA6 was 
avoided [2]. To counteract this deficiency it can be use 
some additives with activation of hydration properties 
for CA6. From the great variety of high alumina cement 
activation of hydration must be chose the one that 
improve the physical and mechanical properties at room 
temperature and which do not affect refractoriness. One 
such activation of hydration is calcium sulfoaluminate. 
The data from literature indicates that it presence can 
enable interaction with water of high alumina cement, 
especially of the high refractory mineralogical 
compounds: CA2 and CA6 [3, 4]. 
 
2. MATERIALS 

The raw materials used to made high alumina cements 
on CA6 and CA2 and, respectively, based on CA2, were 
reactive alumina (Al2O3 content = 99.50%) and calcium 
carbonate (CaCO3 content = 99.70%).  

The raw materials used to made calcium 
sulphoaluminate, the activator of interaction with water 
for CA6 and CA2, were reactive alumina (Al2O3 content 
= 99.50%), calcium carbonate (CaCO3 content = 
99.70%) and dehydrate calcium sulphate (CaSO4·2H2O 
content = 99.98%).  

In order to achieve the high alumina clinkers, which by 
grinding were obtained cements based on CA2 and CA6 
and respectively based only on CA2, we used the CaO-
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Al2O3 binary system to choose the composition of 
mixtures of raw materials and heat treatment 
temperatures.  
For increasing the molar ratio Al2O3/CaO form high 
alumina cement based on CA and CA2 was used reactive 
alumina. 

The high alumina cements based on high refractory 
compound were characterized in parallel with the 
additivated samples and with the increasing Al2O3/CaO 
molar ratio samples. The percent in which the additive 
(calcium sulphoaluminate - C4A3Š) was added to the 
cement is 5%. The Al2O3/CaO molar ratio was 4.0 for 
the high alumina cement based on the usual cement with 
molar ratio Al2O3/CaO = 2.5 with addition of alumina 
(see Table 1). 
 

Table 1. Oxide composition of high alumina cements 
Cemen
t type 

Al2
O3 
(%) 

CaO 
(%) 

SiO2 
(%) 

Fe2
O3 
(%) 

Alk
alis 
(%) 

SO3 
(%) 

Mg
O 

(%) 

CaO 
free, 
(%) 

CA6+
CA2  

85.3
3  

14.24  0.15  0.1
2  

0.0
3  

0.00  0.1
3  

0.00 

CA2  77.6
0  

22.20  0.10  0.0
9  

0.0
2  

0.00  0.0
8  

0.00 

CA+C
A2  

70.9
1  

27.89  0.22  0.2
0  

0.2
1  

0.30  0.2
7  

0.00 

 

3. EXPERIMENTAL CONDITIONS 

Before starting to characterize these types of cements, 
they must t o  be identified in the CaO-Al2O3 binary 
system characteristic to the super aluminous cement, 
shown in Figure 1. 

The point shown in Figure 1 by C1 corresponds to the 
mineralogical composition of super aluminous cement 
based on CA2 and CA6 and C2 point corresponds to the 
mineralogical composition of super aluminous cement 
based on CA2. Regarding the location of industrially 
super aluminous cement composition, it is known only 
the fact that it can be located in CA - CA2 subsystem. 
 

 
Figure 1. Phase diagram of CaO-Al2O3 system 

 

It can be seen from Table 1 that all three cements have 
an alumina content exceeding 70%, threshold limit 
value considered for an aluminous cement to be use in 
making refractory’s used in applications that can be use 

at very high temperatures.  
In the Figures 2 to 4 are presented the X-ray diffraction 
spectrum of cements used in the experiments presented 
here in order to show that the composition corresponds 
to the chosen propose. 
 

 
Figure 2. X-ray diffraction spectrum of super 

aluminous cement based on CA and CA2 

 
Analyzing the peak intensity of ordinary super 
aluminous cement, the following mineralogical 
compounds were identified: CA (2.9625Å, 4.6672Å, 
2.5132Å) and CA2 (3.5000, 2.5990Å, 4.4400Å), together 
with A (2.0650Å, 2.5230Å, 1.5900Å). 

Well defined peaks of alumina presence from the 
composition of ordinary super aluminous cements is 
explained by the fact that usually the one obtained in 
industrially have the composition corrected by adding 
alumina, thus explaining the high alumina content 
obtained by chemical analysis which does not 
correspond to the place in CaO-Al2O3 binary system. 

Analyzing the shape and intensity of the peaks 
corresponding X-ray diffraction spectrum of the 
experimental super aluminous cements presented in 
Figures 3 and 4, it can be seen that in the analyzed 
samples were formed the mineralogical compounds 
wanted: CA6 (2.4780Å, 2.6230Å, 2.1090Å) and/or CA2 
(3.5000, 2.5990Å, 4.4400Å), corresponding to the 
composite selected from CaO-Al2O3 phase diagram for 
these cements. Along with these compounds was also 
found unreacted alumina (2.0650Å, 2.5230Å, 1.5900Å) 
from the raw mix. 
 

 
Figure 3. X-ray diffraction spectrum of super 
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aluminous cement based on CA2 

 
Figure 4. X ray diffraction spectrum of super aluminous 

cement based CA6 and CA2 
 
4. RESULTS AND DISCUSSIONS 

For a better understanding of the properties of the new 
high alumina cements, the results obtained after the 
physical and mechanical characterisation will be 
presented versus the ones obtained on the same 
cements but with 5% additive and with the one with 
addition of alumina, see Table 2 for characterisation 
at normal conditions and Table 3 for characterisation 
after exposure at high temperature. 

Regarding the water content for standard consistency for 
the high alumina cements types studied in this paper is 
correlated with specific surface area and complies with 
the recommended values (see [5, 6, 7]). 

Setting time of high alumina cements is related with the 
mineralogical composition. As it was anticipated from 
the moment of choosing the compositions of sintered 
alumina cement based on CA2 and CA6, the initial setting 
time and final setting time are much longer than those of 
high alumina cement based on CA2 that has a higher 
basicity. 

With the addition of 5% C4A3Š the initial and final 
setting times of high alumina cement were 
significantly shortened, Table 2. The initial setting time 
was reduced by approx. 63% - 64% and final setting 
time was reduced by approx. 80 - 84% for both high 
alumina cements with additive versus the samples 
without additives. 

The values of compressive strength obtained for high 
alumina cement based on CA2 and CA with molar 
ratio Al2O3/CaO = 2.5 are high, even at low 
hydration time. This was expected because in the 
composition of this cement are found mineralogical 
compounds with high reactivity towards water. 

The presence of reactive alumina lead to a very low 
improving of the compressive strength is attributed, 
probably, to the increased of workability and/or to 
the surface activity of the particles of alumina with 
positive consequence in the strength structures. 

 
Table 2. Physical and mechanical properties of high alumina 

cements at 200C 
Setting time Compressive strength 

Terms of hydration 

Blaine 
specific 
surface 

area 

Water 
content 

for 
standar

d 
consist

initial final 

1 day 3 
days

7 
days

28 
days

 
Cement 

type 

(cm2/g) (%) (min) (min) (MPa
)

(MPa
)

(MPa
)

(MPa)

CA2+CA
6

3490 28.0 415 1200 2 11 35 75 

(CA2+C
A6)+5% 
C4A3Š

* 28.0 150 240 3 22 49 80 

CA2 3210 28.0 320 960 38 59 72 76 

CA2+5% 
C4A3Š

* 28.0 120 150 41 67 81 88 

CA + 
CA2 with 
Al2O3/C

4370 36.0 135 210 75 94 103 107 

CA + 
CA2 with 
Al2O3/C

* 36.0  
135 

 
210 

 
76 

 
96 

 
114

 
115 

* It assumes to be the same as the cement of whose 
composition we try to improve. 

 
The compressive strength values of high alumina 
cements (Table 3 ) showed a strong influence to the 
temperature treatment at which they were exposed. 

 
Table 3. Mechanical properties of high alumina cements 

after exposure at high temperature 
Compressive strength (MPa) 

 
Cement type 

110oC 600 
oC 

800 
oC 

1000 
oC o 

1200 
oC 

1400 
oC 

1600 
oC 

CA2+CA6 75 74 71 67 65 121 130 

(CA2+CA6)+5% 
C4A3Š 

80 70 67 65 62 103 111 

CA2 76 70 68 64 63 91 98 

CA2+5% C4A3Š 87 69 65 60 59 84 90 

CA + CA2 with 
molar ratio 

Al2O3/CaO = 2.5
107 80 65 57 63 100 73 

CA + CA2 with 
molar ratio 

Al2O3/CaO = 4,0 
115 86 83 76 80 113 102 

 
All high alumina cements showed a decrease in 
compressive strength in the temperature range 110oC - 
(1000oC) 1200oC, due to structural reorganization that 
occurs in the critical temperature range. Instead in the 
range 1000oC (1200oC) - 1600oC, the values of 
compressive strength are improved than those recorded 
in the critical temperature range, this being due to the 
formation of ceramic binding between mineralogical 
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compounds present at high temperature. 
The decrease in compressive strength was higher for 
samples with additive, comparing to the one without 
additive, explained by the stronger hydration of the 
samples with additive. In the case on high alumina 
cement based CA and CA2 with molar ratio Al2O3/CaO 
= 4.0, the increase of compressive strength was higher 
than that reported to the strength values of cement 
without addition of alumina. Those increased values of 
compressisive strength were explained by XRD and 
SEM.  

The XRD helped to identify the mineralogical 
compounds presented in cement samples exposed to 
high temperatures, thus explaining the good behavior of 
the samples. After  the  exposure  at  1600oC  
representative  samples  from  all  cements  were 
exposure at XRD. The characteristic mineralogical 
components of every cement samples are presented in 
Table 4. 
 

Table 4. Diffraction lines of specific mineralogical 
components from high alumina cements after 

exposure at 1600 0C 
 

Calcium 
alumina 

d

Cement type 

CA6 CA2 CA A 

CA2+CA6 +++ +++ + - 
(CA2+CA6)+5% C4A3Š +++ +++ + - 

CA2 - +++ + - 

CA2+5% C4A3Š - +++ + - 
CA + CA2 with molar ratio 

Al2O3/CaO = 2.5 
- +++ ++ - 

CA + CA2 with molar ratio 
Al2O3/CaO = 4,0 

+ +++ ++ - 

 
 
The XRD of the samples highlight the presence of 
CA2 in all high alumina cements, very well crystallized 
and the presence of CA6 only in cements based on CA2 
and CA6 and, at the same time - in a smaller amount in 
the sample in which the molar ratio Al2O3/CaO was 
increased. This fact is due to the movement of the 
composition from the CA-CA2 subsystem to the CA2-
CA6 subsystem for the cement with increase molar 
ratio Al2O3/CaO. The crystallization of CA6, although is 
not very good, was favoured by high temperature and 
oxide composition of the sample, thus explaining the 
good mechanical behaviour of this sample at high 
temperature.  

The presence of additive was not detected after heat 
treatment at 1600oC, due to its low stability at 
temperatures higher than 1450oC. 

The samples under investigation by thermogravimetric 
analysis are samples of super aluminous cements 

hydrated for 3 days. Hydrated cement samples for 3 
days were dried before tests achievement for 3 hours 
in desiccator on calcium chloride, because traces of 
water that could be in samples to not influence the 
tests. 

Figure 5 presents the results of thermogravimetric 
investigations up to 1100oC obtained for super 
aluminous cements. Looking at Figure 5 we can see 
that with increasing temperature the mass loss is 
higher. These effects can be highlighted by DTG curve. 
It can be seen that first effect occurs around 70oC. This 
mass loss can be attributed to the existence of the  
water physical bound and of hydrated metastable 
compounds (C2AH8 – in the case of all cements or 
CAH10 - in the case of ordinary super aluminous 
cement) transformations in stable hydrated compounds 
(C3AH6). 

The intensity of this effect is higher for super aluminous 
cements based on CA and CA2 and for the one based on 
CA2. This because these cements presents more reactive 
mineralogical compounds in higher amounts than the 
one based on CA2 and CA6, because in this cement only 
one compound shows reactivity towards water. This does 
not mean that it does not present mass lose, but as it 
intensity is lower. 
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c) 

Figure 5. Thermogravimetric analysis of super 
aluminous cements: a) CA şi CA2; b) CA2 şi CA6; c) 

CA2 
 

The second area of mass loss occurs in the temperature 
range 180 - 280oC, where take place the partial 
dehydration of C2AH8, C3AH6 and AH3. Data from the 
literature   indicate   that   in   this temperature range the 
dehydration of C3AH6 goes to C3AH1.5, of C2AH8 to 
C2AH4 and of AH3 to A [2, 8, 9, 10, 11], thus explained 
the mass loss and the high peak intensity from the curve 
DTG. 

Regarding the third temperature range in which take 
place significant mass loss, this is included in the 
temperature range 600 - 730oC. This temperature range 
corresponds to complete dehydration of the hydration 
products, with the formation of C12A7 and CA, 
followed at 1000oC only CA and CA2 to be meet. 

In Figure 6 are presented the electron micrographs of the 
high alumina cements after the exposure at 1600oC. The 
SEM performed on samples exposed to 1600oC 
comes to support both compressive strength values 
of cement samples and mineralogical compounds 
identified by XRD. 
 

 
a) 

 
b) 

               
c) 

 
d) 

 
e) 

   
f) 

Legend:  CA2 crystals; CA6 crystals; Pores 
Figure. 6. Electron micrographs of the high alumina 

cements based on: a) CA2 and CA6, without additive; 
b) CA2 and CA6, with 5% C4A3Š additive; c) CA2, 
without additive; d) CA2, with 5% C4A3Š additive; 

e) CA and CA2 with molar ratio Al2O3/CaO = 2.5; f) CA 
and CA2 with molar ratio Al2O3/CaO = 4.0 

after the exposure at 1600oC 

It can be seen from Figure 6 that high alumina cement 
samples without additives shows better defined crystals 
ranging from 1 μm up to 40 μm for the sample base on 
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CA2 and CA6 [Fig. 6 a)], and from 1 μm up to 20 μm for 
the sample base on CA2 [Fig. 1 c)], lower porosity than 
the samples without additives [Fig. 6 b) and c)], this is 
due to the fact that this additive is not stable at high 
temperatures, although it presence at normal temperature 
(during hydration) was favorable. 

The electronic micrograph of high alumina cement with 
molar ratio Al2O3/CaO = 4.0 [Fig. 6 f)] revealed a 
structure composed of small crystals, between 1 μm and 
10 μm belonging to CA, CA2 and maybe CA6, well 
defined, forming a well-densified ceramic body.  
Regarding the porosity of the sample, it is composed of a 
number of pores not very high and pore sizes go up to 
max. 5 μm. Compared with the structure of high alumina 
cement with molar ratio Al2O3/CaO = 2.5 without 
alumina [Fig. 6 e)], the structure of high alumina cement 
with molar ratio Al2O3/CaO = 4.0 is more compact and 
well crystallized due to mineralogical composition. 
 
5. CONCLUSIONS  
 
After the different investigations made on the high 
alumina cement based on high refractory calcium 
aluminous compounds we drown the following 
conclusions:  

1. Using a hydration activator lead to improved 
structural and mechanical behavior of high alumina 
cements based on highly refractory mineralogical 
compounds at room temperature while maintaining the 
good behavior at high temperature of the base cements.  

2. The high alumina cements based on high 
refractory mineralogical compounds such as CA2 and 
CA6 presented a very good structural and mechanical 
behavior after heat treatment at high temperature, if the 
normal hydration has been activated.  

3. Once the molar ratio Al2O3/CaO of the high 
alumina cement was increase the value of compressive 
strength after the exposure at high temperature were 
increased because in the sample was found CA2 and 
CA6, formed by recrystallization.  

4. The presence of C4A3Š was favorable at normal 
temperature, especially for the cements with low 
interaction with water, thus obtaining an increase of 
mechanical strengths. After heat treatment at 1600oC, 
due to its low stability was not detected anymore.  
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Abstract.. In order to determine the optimum geometry of the ingot mold format  (the format of ingot mold with a diameter per 
height ratio H / D <3 and the conicity of minimum 7%)  was analyzed by mathematical modeling of solidification and segregation of 
the carbon and sulfur in it.  
It was considered 205Cr115 steel type (according with , STAS 3611 - Romanian stardandization) and known also as X210Cr12 steel 
type (according with European standard). It has been considered an element of volume   of coordinates x, y, z in the solidifying ingot 
and have made the following assumptions: (i) the equilibrium distribution ratio K, is applied to the solid-liquid interface; (ii) solid 
diffusion is negligible during solidification; and  (iii) the solid density is constant during solidification.  In carrying out the 
simulation of segregation mechanisms  are resolved heat transfer equation, that simulating the solidification process and are are 
solved the interdendritic fluid equation of motion. 
 
Keywords: X210Cr12, solidification mathematical model, ledeburite tool steel ingots 

 

1.  INTRODUCTION  
 
 Tool steels quality is evaluated by how the tool behaves 
under conditions of use. Tool steel should have those 
technical characterisitcs  that assure maximum 
reliability, even if their production causes some 
difficulties in manufacturing technology. The main 
characteristics that determine the behavior of the service 
tool are hardness and toughness, both related to the 
chemical composition, size and distribution of carbides, 
depens also of grain size and degree of purity[1-4].  The 
steel purity is assured by the way of elaboration process 
(oxidation, deoxidation), steel evacuation and casting of 
steel. The quality of the carbides is based, first of all, on 
the chemical composition of steel and of a number of 
technological factors, such as: (a) the conditions of 
casting and solidification, (b) plastic deformation and (c) 
heat treatmen, which more or less influence the 
homogeneity. In the segregation process it has an 
important role the physico-chemical charactistics of 
policomponent system (the  alloy tool steel). Each steel 
grade having its own solidification characteristics and 
even in the same type of steel  are differences depending 
on the carbon content)[1, 2]. 

Thus, at the solidification process appear at a time the , 
H, phases, carbides, the areas of occurrence of each 
phase and their coexistence with the liquid being very 
different.  

Taking into account the starting pouring temperature and 
the early change starting solidification temperature 
(separation of carbides and the extent of different 
temperature areas on the different phases ) resulting 

importance of respecting the conditions of casting, for 
the quality of carbides: the temperature and speed 
casting, the characteristics of the mold, the cooling 
conditions. 

It is known that the casting temperature is increasing 
influence on the re-melting and, consequently, the 
removal, and the degree of segregation and the size of 
the primary carbides In the following table (Table 1) 
shows the dimensional characteristics of   steel ingot 
mould used for casting of  ledeburite tool steel ingots: 
 
Table 1. Dimensional characteristics of ingot mould 

Dimensional characteristics of  ingot 
mould Steel 

Grade 
 
 

Pro-
duct 

Diame
ter 

 
 

Ingot 
Type 

 
 

Side 
[mm] 

Heigh
t 

[mm] 
 

H/D Wall 
Thick
ness 
[mm] 

< 80 
mm 

254 
mm 
30 
0kg 

310/ 
225 

710 2.52 65 /72 

Lede-
burite 
tool 
steel 

< 
150m

m 

356 
mm 
1050 

kg 

425/ 
314 

1258 3.40 90/ 96 

 
 The size of the ingot has a great influence on the size of 
the network of carbides, in particular with respect to its 
homogeneity of the ingot section, as shown in Fig. 1. 
Studies on ingot less than 300 kg, used in ledeburite steel 
casting have shown that the best results on the ingot 
axial capacity is obtained when using ingots with H / D 
<3 and conicity less than 7% [1].  
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Ingot mold wall thickness is also a much-discussed 
parameter. Reducing mold wall thickness and degree of 
homogeneity favorable influence the structural 
homogenity degree due segregation carbides.  

An ingot mold with thick walls provide intense cooling 
during the crust formation the ingot,  after that, begins to 
constitute an impediment to the heat flow outward, 
reducing cooling intensity. 

 
 

 
 
 
Figure 1. The size of the network of carbides, in correlation 

with  ingot section 
 

 
2.  MATHEMATICAL  MODEL  FOR 
SOLIDIFICATION AND SEGREGATION OF 
SOLID STEEL INGOTS  
 
Improvement of the existing ingot formats in operating 
process, is a part of the general issue on reducing 
material consumption.  In literature was developed 
different models of solidification of metals [5-9] taking 
into account the heat exchange by conduction and 
convection heat exchange, but with insufficient 
evaluation of the influence of convective heat transfer on 
the evolution of the solidification front.  

In order to determine the optimum geometry of the ingot 
mold consisting of G10 m type, was analyzed, by 
mathematical modeling,  the solidification process and 
the carbon and sulfur segregation, and also, in parallel, 
the same calculations were performed for the format G10 
used in Electric Steelworks Department  of  the former 
Special Steel Plant ( COS Târgovişte Company). 
It was considered the 205Cr115 steel grade. 

The mechanism of solidification and segregation of solid 
steel ingot can be treated by modeling hydrodynamic 
behavior of the interdendritic fluid due (i) to shrinkage 
forces occurring during solidification and due (ii) the 
forces of gravity caused by differences in density of the 
fluid. 
Liquid bicomponent phases region is considered as a 
porous medium, where the porosity coefficient and the 

pores’ size depends on the size of the  solidification pits 
fraction and solid fraction.The liquid bicomponent 
phases region  is changing during solidification. 
We consider a volume element of x, y, z  coordinations 
in  the solidifying ingot and  the following simplifying 
assumptions are made:  
- Equilibrium distribution ratio K is applied to solid-
liquid interface; 
- Solid diffusion is negligible during solidification; 
- Density of the solid is constant during solidification. 

Under these conditions, the equation describing the 
local redistribution of the solution is:  

 

L
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where: 

L

L

C

g


  is the differential variation of the volume 

fraction of liquid gL with the concentration in the liquid 
CL, considered relative to the volume element; 
 is the solidification shrinkage coefficient that is 
considered as a function of temperature; 
K is the equilibrium distribution coefficient which is a 
function of temperature; 
 is  change rate of the temperature in the volume 
element (degrees ° C / S) 

  V is the interdendritic fluid velocity in comparison to 
the solid (cm / s). 
Through the integrationof  equation (1), and setting 
boundary conditions C0 and CL is obtained: 
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Where C0 is the initial concentration 

So,  the distribution of the liquid phase concentration 
values  in ingot it depends, at any time, of time. 
In the course of the simulation of the mechanism of 
segregation are solved the following equation:  
 
A. The heat transfer equation, is the equation that 
simulating the solidification process: 
  

Tvv
C

T

P
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

  
  (3) 

 
where: T - temperature, ° C; 
- time, s; 
   - thermal conductivity, cal / cm-s- ° C; 
CP Specific heat; cal / g- ° C; 
-density, g / cm3 
 
B. The equation of the liquid fraction is: 
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where GL is the liquid fraction by weight. 
 
C. The equation of motion of the interdendritic fluid: 

 

(5) 
 

where:  
 - interdendritic viscosity;  = f (T) g / cm -s; 
K - fluid permeability of the structure considered as 
 K = f (gL) cm2; 

  ng
     - The acceleration vector of gravity, cm / s2;  

 pV
- pressure, kgf / cm2. 

 
Solving the equation of heat transfer and interdendritic 
fluid movement is done using the finite element method. 

This method analyzes the sudied field in the following 
three steps: 
(a)  dividing the field into a finite number of small 
discrete elements and interrelated by a finite number of 
nodes;  
(b) analysis of the properties of each element to suit the 
phasic area in which it replaces; calculate the "stiffness" 
of each element using the principle of minimizing the 
potential energy of the system; 
(c)  analysis of the distribution elements and reassembly 
of the physical variables of the contour determined by 
the condition data (specified). 

By solving the heat transfer equation is determined,  at 
each time,  until solidification: 
- gradient temperature distribution in the ingot; 
- distribution of the temperature change rates in ingot 

Knowing the temperature distribution in the ingot, we 
can calculate the values of physical parameters of 
mathematical model: the thermal conductivity; the 
density; viscosity; permeability; electrical constants. 

Thermodynamic and thermophysical quantities that 
are dependent on temperature, to solidification steel can 
be determined using the relationship 8-12: 

)()(1

1
7840

0
)( TTTT 





 
(6) 

                                   
where: 


















 







 


2

0

6
)T(

100

TT
76,0ch

9,2

100

16,273T
6,07,1010

                  
T0=1178,16K 
 
For T <1041K, Cp (T) is calculated with the equation  
 






 





 

  )T1041(0099,0
p e812,0

100

16,273T
1997,04814,01000)T(C

                                                                                 (7) 
 

For T >1041K, Cp (T) is calculated with the equation: 






 





 

  )T1041(0261,0
p e812,0

100

16,273T
1997,04814,01000)T(C

                                                                                       (8)  
 
For T  1173K, (T) is calculated by the formula:: 

  
1173

16,117374,26
74.26)( 0 T

T





                (9) 

  where: 
     ,Mn%36,23Si%88,34C%28,1642,740     

                                                                                     (10) 
 
For T > 1173K,  
(T) is calculated by the formula: 
 

(T) = 0,01164T+13,08628                       (11 
                

For the calculation of thermophysical quantities that 
vary with temperature and are input data, you can use the 
following relations: 
 

  826,41075,957,23 3 TCp    
    (12) 

 
  

   34 101017,13678,10  
sll TT      (13)     

                                         
where : 
- Cp  is the heat capacity ; 
-  l is the density of the liquid;  
- s is the solid density; 
-   the  thermal diffusivity of the alloy in solid form;  
- o the initial thermal conductivity; 
- Tl the liquid alloy temperature; 
- Ts the temperature of solidification; 
 
By solving the motion equation of interdendritic fluid is 
determined, in every time,  the biphasic zone: 
- Distribution of the fluid movements in the biphasic 
zone ont the all three directions; 
- Stress distribution in the biphasic dendritic structure; 
- Interdendritic fluid velocity distribution. 

We take into account two formats of the  ingot moulds: 
G10 used in COS – Targoviste SA (Electric Steelworks 
Department of   the former Special Steel Plant , COS 
Târgoviste Company)   and G10M with the following 
parameters and features: 

 
Table 2.  Ingot format moulds used at  COST S.A. 

Dimensions [mm] Mass 
[Kg] Dsup Dinf Dmed Hmas Htot 

980 420 320 370 200 1310 

Volume [dm3] Mass 
[Kg]  V1 V2 Vmass 

Conicity 
 [%] 

G10M 
Ingot 

format 
mold 

 

980 123.5 19.0 13.3 9.9 
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where   
Dsup- the upper diameter of ingot mould; 
Dinf - the lower diameter of ingot mould; 
Dmed - average diameter of ingot mould; 
Hmas- height of the ingot crop end (shrinking head); 
Htot- total height (the ingot crop end /shrinking head+ 
ingot mould); 
V1- volume of ingot mould; 
V2- volume of the ingot crop end (shrinking head). 
 
 
3. CONCLUSIONS 
 
 The test results using the mathematical model are 
following:  

(i) the axial biphasic area that solidifies the last in ingot 
and where the solidification shrinkage gap(‘pipe’) in  
ingot is formed, it is positioned all in the ingot crop end 
(shrinking head) for the  205Cr115 steel type; 

(ii) The maximum amount of carbon segregation, 
express by the maximum segregation coefficient, it's less 
for the  G10 format in comparison with  G10 m format.  

(iii)   the maximum  content  of carbon  in the area  with 
maximum segregation match in the required field of 
composition for this steel grade. 

In conclusion,  the format  ingot proposed  is G10m that 
was dimensioned  according with  indications from  the 
literature, that ensures appropriate quality of the  ingots. 
The obtained segregation value of C is in less than 
similar value of ingot G10 type.  
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Abstract: Starting of the characteristic expressions of some breaking polynomial criteria, known and used in practice, it is highlighted 
how to assess the safety coefficients used in some practical cases. It is obvious that the decision belongs to the user given the experience 
in the adequate technical domain. In this regard it must not neglect the fact in that the breakage is produced most often in unpredictable 
moments, conditioned by multiple factors, dependent on material, on manufacturing technologies of finished products, respective the 
operating conditions. 
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1. INTRODUCTION 
 

The industrial practice has shown many times that some 
deterioration of the mechanical equipments, in general, 
and those under pressure, from the process industries, in 
particular, occur in unwanted moments, sometimes 
becoming real material and human disasters. No matter 
how evolved the theoretical knowledge and the 
experimental procedures, there are still mysteries in 
many practical cases. It is necessary, therefore, to 
capitalize the obtained results in practical concretizations, 
on materials tested under operational conditions, 
obviously more aggressive than the common. The 
presence of some safety coefficients (or, otherwise 
expressed, like uncertainty in some industrial states) are 
useful both for the experimental models and the more for 
the methods of design, implementation and concrete use.  

The need for these measures is the more important for the 
anisotropic materials, such as composites, but also for 
metallic materials much better known in response in 
usual conditions. 

2. Polynomial/tensor criteria 

The mathematical expression of these types of criteria 
tries to overcome the shortcomings of other quadratic 
criteria, which do not distinguish the stretching and 
compression solicitations. 

According to [1-3], Gol'denblat  I. I. şi  Kopnov  V. A. 
(see the paper published in Mehanika Polimerov, vol. 1, 
1965, p. 70-78, for composite of plastic material armed  
 
 
with fiberglass) proposed the first polynomial criterion, 
written as a general form: 
( , , 1, 2, , 6i j k   ): 

     

 

6 6 6

1 1 1

6 6 6

1 1 1

         

i j i i i j i j
i j i

i j k i j k
i j k

f F F

F

 



   

  

  

  

     

    

  

   

                

(1) 

where the , , ,    exponents are experimentally 

determined values (constants of material).  
A simpler expression (with 1,0     ), 
retaining only the first three terms of the (1) 
equality, according to the papers [4 - 6], is presented 
under the form (Tennyson R. C – [7]):  

 
6 6 6

1 1 1

6 6 6

1 1 1

         ,

i j i i i j i j
i j i

i j k i j k
i j k

f F F

F

   

  

  

  

     

   

  

  
     (2) 

with , , 1, 2, , 6i j k   .  
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Usually the influence of the i j kF  size, compared 

to the other terms is neglected, so that the equality 
which is turned account for practical applications is 
presented under the form [2, 3, 5, 8, 9, 10]: 

 
6 6 6

1 1 1

,i j i i i j i j
i j i

f F F   
  

          (3) 

considering the notations: 1 2 3, ,     normal 
stresses, respectively: 

4 2 3 ;  5 3 1 ;  6 1 2 .   

The breaking corresponds to the 

  1i jf   condition [3], while the operating safety 

is ensured if   1i jf   .   

It is allowed that 4 5 6 0F F F    and 

1 4 1 5 1 6 2 4 2 5 2 6

3 4 3 5 3 6 4 5 5 6 6 4

   

0 ,

F F F F F F

F F F F F F

     

      
 

like simplifications resulting from the fact that in 
the main axis system of the material, the shear 
resistance is independent of sign. However, it is 
considered that the iF and i jF  factors are 

symmetrical tensors [8]. 

For an orthotropic material the (3) equality is converted 
to [5, 6, 8, 9, 11]: 

  2
1 1 2 2 3 3 1 1 1

2 2 2 2
2 2 2 3 3 3 4 4 4 5 5 5

2
6 6 6 1 2 1 2 1 3 1 3

2 3 2 3

2 2

          2 .

i jf F F F F

F F F F

F F F

F

    

   

    

 

        

        

          

   

(4) 

The  , , 1, 2, , 6i i jF F i j   sizes can be 

determined by the stresses at limit/breaking, through 
unidirectional tests. 

For the plane state of stresses ( 3 4 5 0     ), 

the (3) equality becomes [6]: 

  1 1 2 2 6 6

2 2 2
1 1 1 2 2 2 6 6 6

1 2 1 2 1 6 1 6

2 6 2 6

    

2 2

             2 .

i jf F F F

F F F

F F

F

   

  

   

 

      

      

        

   

   (5) 

In the [6] paper, for the case of a transversal isotropic 
material - special case of the orthotropy, with the 2 – 3 
plan of symmetry, is specified that: 

2 3 ;F F 1 2 1 3 ;F F 2 2 3 3 ;F F

5 5 6 6 ,F F and from the shear 

condition  4 4 2 2 2 32F F F   , so that the (4) 

equality becomes: 

     
 

   

1 1 2 1 2 1 2 3

2 2 2
1 1 1 2 2 2 3 2 3 2 3

2 2 2
2 2 2 3 4 5 5 5 6

2

2

2 1.

i jf F F F

F F F

F F F

    

    

  

        

         

       

  (6) 

In the [8, 9] papers the method of determining the 

1 1 1,F F factors is shown, considering 1 0  and all 

the others stresses 0i  , in the case of uniaxial 

solicitation of stretching or compression. It is deduced 
that [8]: 

2
1 1 1 1T TF X F X      -  for stretching; 

2
1 1 1 1C CF X F X      -  for compression, 

after that the corresponding tensors result [5, 8, 9]: 

1 1 1 ;T CF X X   1 1 1 .T CF X X     (7)        

Similarly, with the others non-null stresses, the 
expressions are established[5, 8, 9, 12]: 

2 1 1 ;T CF Y Y   2 2 1 ;T CF Y Y     

3 1 1 ;T CF Z Z                   (8)  

 3 3 1 ;T CF Z Z   2
4 4 1 ;F Q    

2
5 5 1 ;F R   2

6 6 1 .F S              (9) 

The 1 2 1 3,F F  and 2 3F  factors, called interaction 

constants, too [8], can be determined from three 
independent trials, where 

1 2 1 3 2 3, ,        , the others stresses 

being null. If it is accepted that 1 2    , the 

others stresses being null, the tensor criterion predicts 
the breaking (at limit) when [61]: 

   
 

1 2

2
1 1 2 2 1 2

    

1 .

i jf F F

F F F

 



   

    
           (10) 

In this equality considering successive that the stress 
values are , , ,T C T CX X Y Y  and   and replacing the 

1 2 1 1 2 2, , ,F F F F sizes with the (7) and (8) 

corresponding expressions we reach to [8, 9]: 
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1 2

1 1 1 1 1 1

1
.

2 1 1
          

T C T C

T C T C

X X Y Y
F

X X Y Y


  

       
     

  
   

      

(11) 

For a plane state of stresses, where 1 2 0F  , the (5) 

equality becomes [8, 12]: 

  2
1 1 2 2 1 1 1

2 2
2 2 2 6 6 6          .

i jf F F F

F F

   

 

      

   
        (12) 

When 1 2 0F  , the (5) equality, at limit, takes the form 

[8]: 

  2 2
1 1 2 2 1 1 1 2 2 2

2
6 6 6 1 2 1 2         2 1 ,

i jf F F F F

F F
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  

        

      
 

(13) 
where following some adequate calculations the equality 
is established [8-10, 13]: 

1 2 1 1 2 20,5 ,F F F                (14) 

the other sizes being the (7) expressions. 

►▼◄ 

The paper [2] introduces the idea of the presence of a 

sc safety coefficient, having the same value both the 

normal stresses and for the shear stresses, of mechanical 
nature, so that the (13) equality becomes: 

2
1 2 1 0 ,s sA c A c                       (15)  

where: 

2 2 2
1 1 1 1 2 2 2 6 6 1 2 1 2 1 22 ;A F F F F             

 2 1 1 2 2 .A F F                       (16) 

Solving the (15) equation the adoption of the positive 
value for the safety coefficient is permitted: 

   1 2 2 1 14 2 ,sc A A A A            (17) 

respectively: 

   2 2 2 1 14 2 .sc A A A A            (18) 

How 2 1 ,s sc c the user will decide which of the 

two values is accepted. 
Developing the previous problem in the case of 
simultaneous of the thermal stresses and/or stresses 
caused by humidity, alongside those mechanical, too, 
the (15) equality adjusts the form: 

   2
1 2 1 0 ,s sA c A c                   (19) 

with the corresponding notations:             
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   

   

   

        
 

       
           

         
(20)  

 
 

2 1 1 1 1

2 2 2 2  .

T T H H

T T H H

A F k k

F k k

  

  

       

     
       (21)  

The solutions of the (19) equation takes the form: 

   1 2 2 1 14 2 ;sc A A A A            (22)            

   2 2 2 1 14 2 .sc A A A A               (23) 

In this case, too, the user will choose the convenient 
variant of the safety coefficient value. 
In the case of the previous expressions the following 
notations have been used: 1 2,T T    thermal normal 

stresses; 1 2,H H   normal stresses due to humidity; 

1 2 1 2,T H   shear stresses due to the thermal effect, 

respective that developed of the humidity; 
,T Hk k  selection factors, with unitary values when 

the presence of the stresses is accepted, respectively with 
null values, as appropriate, when the respective effect is 
not taken into consideration. 

►▼◄ 

Criterion Karkkainen  L. R. – Sankar  V. B. – Tzeng   
T. J.  (2007) 

In the paper [1002], accepting the (8.85) 3 formulation is 
proceeded to the utilization of the effect of the developed 
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loads in the transversal sections under the external 
actions (Karkkainen  L. R., Sankar  V. B., Tzeng  T. J – 
Journal of Composite Materials, vol. 41, nr. 16, 2007, p. 
1917 – 1937),  so that the safety condition at the structure 
deterioration appear (at limit): 

   2 2
1 1 1 1 2x y x y x yF N N F N N F N N          

 2 2 2 2
3 3 4 4 6 6 1 ,x y x y x yF N F M M F M       

                 (24) 
where the ,x yN N normal unitary forces and the x yN  

shear unitary force, respective the ,x yM M unitary 

bending moments,  and the .x yM torsion  unitary 

moment are present. As a rule the conditions can be used 
[14]: 

1 1 11 1 ;t cF F F    1 1 1 11 ;t cF F F     
2

3 3 31 ;F F                    (25) 

 2
4 4 5 5 41 ;F F F   2

6 6 61 ,F F        (26) 

where 3 4 6, ,F F F are determined experimentally 

loads for solicitations to stretch/compression, shear or 
bending and torsion [14]. 

►▼◄ 

Note: For the composites with carbon or glass fibers, S. 
Liu  K. S., Tsai  W.S. (Composite Science and 
Technology, vol. 58, nr. 7, 1998, p. 1023 – 1032) 

recommends [14]: 1 1 2 2 1 20,9 0F F F     or, in 

general, 1 2 1 1 2 20,5 .F F F     

          ►▼◄ 

The security conditions at deterioration, written compact, 
have the forms [14]: 

   2 2
1 1 1

2
1 2 3 3  1;

x y x y

x y x y

F N N F N N

F N N F N

     

     
        (27) 

 2 2 2
4 4 6 6, 1 ;x y x yF m a x M M F M                       

(28) 

 
  4

  ;

, 1 ,

x x y y

x y

m a x N F N F

m a x M M F



 
          (29) 

where the helpful expressions was used [14]: 

 

 
 

1 1 2

2
1 1 2

1 1 1

2
1 1 1 1

2
3 3

            

       

1 2 ;     

4    

1

x

y

x y

y

x y

F F N

F F N

F F F N

F F N

F N

    
 
    
            
       
        

(30) 

 

 
 

1 1 2

2
1 1 2

1 1
1

2
1 1 1 1

2
3 3

         

1 2 .      

4    

1

x

x

y
x

x

x y

F F N

F F N

F F F N

F F N

F N

    
 
    
                           

(31) 

          ►▼◄ 

Considering a unique safety coefficient both for normal 
unitary forces and for the shear forces, the (27) 
expression becomes: 

2
1 2 1 0,N s N N s NA c A c               (32) 

with the corresponding notations: 

 2 2 2
1 1 1 1 2 3 3 ;N x y x y x yA F N N F N N F N       

 2 ,N x yA N N                           (33) 

where the effective loads created under the action of the 
external loads, without producing of some bending 
unitary or torsion moments are presented. By solving the 
(32) equation the solutions are obtained: 

     2
1 2 2 1 14 2 ;s N N N N Nc A A A A     

                (34) 

     2
2 2 2 1 14 2 ,s N N N N Nc A A A A     

               (35) 

recommending the choice of the convenient value: 

    1 2; .s N s N s Nc m a x c c               (36) 

In the case of the accepting and the presence of the 
rotations of the transversal sections of the plate, with the 
condition of one safety coefficient, the previous 
expressions adequately correct: 
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 
 

2 2
1 1 1 1 2

2 2 2 2
3 3 4 4 6 6

    

;

N x y x y

x y x y x y

A F N N F N N

F N F M M F M

       

      
                 

(37) 

respectively: 

     2
1 2 2 1 14 2 ;s N N N N Nc A A A A       

              (38) 

     2
2 2 2 1 14 2 ;s N N N N Nc A A A A       

              (39) 

    1 2; .s N s N s Nc m a x c c            (40) 

CONCLUSIONS 

This paper presents the general problem of the breaking 
polynomial criteria, respective the characteristic 
mathematical expression, adapted by different authors 
based on the nature of the tested anisotropic materials 
and the obtained result by adequate experimental 
research. Given the used criteria for exemplifying the 
content of the paper, the authors specify the expressions 
of some safety coefficient, whose values can be accepted 
by users. It is recommended, considering an ample 
bibliography, specific to the domain, direct research for 
the anisotropic materials, metal or composite, so the 
concrete practical data enable the certificated decisions. 
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Abstract. With the development of industry have made efforts to improve the performance of braking systems of motor vehicles on 
public roads. The choice of materials used for coupling brake system involved the development of new materials that meet safety 
requirements in circulation. During braking of any vehicle, due to the friction created between the disk and pad, temperature rise 
occurs with negative effects on the process of slowing down the vehicle. Mechanical and thermal stress being put on the brakes is 
very high. Due to overheating, brake discs and pads may warp or crack, and the material they are made may their change its 
structure. These defects give rise to vibrations and noise during braking, to reduce the coefficient of friction, reduce the effectiveness 
of the braking mechanism. This paper proposes a study regarding the thermal stresses effects of brake mechanism on the disc 
material of a car Dacia Logan. It proposes a theoretical model to calculate the temperature that occurred during the operation of the 
braking system and experimental analysis on the influence of temperature on the brake disc material. 

Keywords: disc brake, temperature, hardness, operating conditions 

 

1. INTRODUCTION  

The disc brake is a car body that is part of a complex 
mechanical brake system of a road vehicle. In the case of 
brake disc from the Logan braking system, subject of 
this study, braking occurs under the action of the master 
cylinder which increases the fluid pressure (brake fluid / 
glycol ether) inside of receptor cylinder. Pressure acting 
on the piston outward toward pushing to the brake pad 
and disc. Brake pads are machine parts that come in 
direct contact with the disc brake and by friction execute 
the braking (reduced travel speed or immobilization of 
the vehicle) [1]. Because the disc brake is a crucial 
component from the viewpoint of safety, materials used 
in brake system should be stable, abrasion resistant and 
have properties very good to wear under varying 
conditions of load, speed, temperature, environmental 
and durability [2,3,4]. 

In the literature are presented and analyzed different 
types of couplers materials [1,4,5,6], used to fabricate 
braking systems in particular disc brakes. From the 
literature study resulted that the material with the best 
properties is gray iron, because they have good 
tribological performance. It is known that gray cast iron 
is a material friction with very good quality / price ratio 
of cost. [7,8,20] The braking system of any road vehicle 
is a total change mechanism of various types of energy. 
When any car is moving at a certain speed we say that 
has a kinetic energy. When any car brakes, pads (or 
shoes) press on the disc (or drum) convert kinetic energy 
into thermal energy. Energy balance of the braking 

process indicates full conversion of kinetic energy into 
thermal energy [4]. The thermal stresses in the brake 
system may have undesirable consequences on: 
- Material discs and pads where internal tensions may 
occur; 
- Structural changes on the superheated material; 
- Deformation or roundness disk-plate system; 
- Premature wear of the disk-plate system. 

All this contributes to the deterioration of the vehicle 
braking qualities. The effects of these changes on the 
system disk-plate manifests as vibration and noise during 
braking by reducing the braking coefficient, etc., in other 
words lead to decrease traffic safety. Due to these 
undesirable consequences, friction materials used in 
automotive braking systems, must have wear resistance 
and high mechanical strength, low thermal conductivity, 
lubrication components with a role of increasing seizure 
resistance. Due to the many factors that influence the 
brake system, the paper proposes a theoretical and 
experimental approach of this issue. 

 

2. THEORETICAL MODEL TO ESTABLISHING 
TEMPERATURE OCCURRENCE ON THE 
FRICTION SURFACE BETWEEN DISK AND 
PLATE 

Interaction method of different parameters in the friction 
process required to calculate the friction surface 
temperature of any friction couplings, simplifying 
assumptions specific to the work analyzed [9-14]: 
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- For this case subjected to analysis between disk and 
plate there is no lubricant, and the entire amount of heat 
generated by the friction between the two elements 
dissipates; 
- The materials constituting the disk and pads are 
considered isotropic, and a thermal property does not 
change with temperature; 
- Due to the relative movement between the disc and the 
pads, the temperature at a certain point changes with 
time; 
- Distribution of temperature depends on the force 
(pressure exerted on the disc), surface topography 
(processing methods), properties of materials of friction 
coupling and the environment.  

In the transmission process of the flow of strength and in 
the presence of the sliding movement, the phenomena 
occurring in the contact real area ,so that we can define a 
temperature "local" (flash) snapshots at local micro areas 
and an average temperature of nominal surface. 
[10,11,15,16]. 

The flow of heat generated in the contact surface 
roughness peaks are evaluated by relationship: 

v
A

F
pvq

n
                          (1) 

Where:   - The friction coefficient of the surface; 

 p  - Pressure exercised on the contact surface; 

 v  - The relative speed between the surfaces; 
 F  - The force exercised by the plate; 
 nA -  Nominal area of the plate. 

In literature, the coefficient of friction between the 
material of the disc (which is analyzed for cast iron 
conditions) and pad material (which is ferodo) is 
estimated at 45,0...30,0  [1,17]. In reality, in 
tribology terms, the coefficient has a constant value. It 
depends on the speed of movement of the elements, how 
to process the surface, etc. 

Some part ( ) of this heat flow diffuses into the disc 
and the rest ( 1 ) diffuses into the plate so that the 
surface heats flux of: 

- The disc will be: 

qq1    (2) 

- Plate will be: 

         q)1(q2    (3) 

After reaching the state of thermal equilibrium and 
linearizing first law of heat flow is obtained: 

m

om
1 l

)TT(
q


    (4) 

Where: 1  - the thermal conductivity of the disc 

material; 

mT  - The average temperature of the contact 

surface: 

1n

m
om A

lFv
TT







   (5) 

T  - The temperature of the disc clamping 

system ( C20T o
o  ); 

ml  - Heat diffusion distance towards to the 

clamping mechanism of the disc. 

Evaluation of partition coefficient of heat is based on the 
Jaeger assumption [16]. This ratio is dependent on the 
thermal characteristics of the materials and of the sliding 
speed. The speed is one of the factors that influence the 
brake, the speed is parameterized so is inserted an 
invariant Peclet, considered an indicator of operating 
parameters: 

        
1a

rv
Pe


    (6) 

Where:  v  It is the rotation speed of the disc 
r  It is the disk radius; 

1a  Thermal diffusivity of the material disc 

( c/a   ). 

The properties of the material from they are made (the 
disc and the pads) are shown in Table 1. 

 
Table 1. Materials characteristics of the braking system 
Material 
Propertys 

Measurement 
 units/ symbol 

Cast 
iron 

Ferodo 

Conductivity [W/mK] -   445 0,08..0,21 

Specific heat [J/kg/K] - c  740 1000..1200 
Density  [kg/m3] -   7640 383 

 

In these conditions, the partition coefficient of heat it is: 

    


































5Pe

Pe
a

a
795,01

1

1,0Pe

2/1
2/1

2

1

2

1

21

1







      (7) 

For intermediate values of parameter Pe (0,1<Pe<5) it is 
recommended a linear interpolation. 

The average temperature at the friction surface will be: s 
(0.1 <On <5). 

Pe
H

p
4

Ha
TT

T
o

1

o1

om 






   (8) 

Where:   parameter dependent on dimensional 

characteristics; 

oH  The hardness of the disc material is 

(100…175HB). 

In the figure 1 is represented variation of the average 
temperature function of working parameter Pe, for the 
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three areas of the variation 
( ;1,01Pe  )53Pe;52Pe1,0  at different loads. 

 

 

 
Figure 1. Medium temperature variation depending on the 

speed dimensionless (Pe1, Pe2, Pe3) at different loads  

 
Analyzing evolution of temperature on the friction 
surface is evident that the temperature increase with its 
speed and the load (force push the plate on the disc). 

 

3.  MATERIALS AND ANALYSIS 

Materials used for friction couple in tribological terms 
are made from cast iron with lamellar graphite Fc150 for 
the disk and ferodo for the breaking plate. The selected 
material for structural analysis has the following 
composition: 3,3-3,5% C, 2,0-2,4% Si, 0,5-0,8% Mn, 
<0,2P <0,15P. Figure 2a, b are given new and worn 

brake discs from a Dacia Logan autovehicle, selected for 
the study. 

 
a)  Used discs 

 
b) New disc 

Figure 2. Brake discs used for study 
 

3.1. Macrostructural analysis 

By macrostructural analysis of old cast iron brake discs 
recovered, can be seen on the surface defects occurring 
on the disc. Figure 3 indicates detachment of material 
and corrosion. 

 
Figure 3. Macrostructural appearance of the used break 

disk 

 
In Figure 4 shows a disc irregular worn with blue spots 
on the lateral surface of the disc, spots appeared after 
thermal heating. Surface analysis of the used disk was 
realised at runtime 143 936 Km. 

In Figure 5 can be seen bumps on the outer surface that 
can describe a circle about 204 millimeters. These 
irregularities occur due to deformation of the material 
under the pressure it exerts the plate and are visible both 
on the left and the right disc. These irregularities occur 
due of material deformations under the pressure it exerts 
the plate and are visible both on the left and the right of 
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the disc. 

 
Figure 4. Irregular worn disc with blue spots 

 

 
Figure 5. Irregular worn-traces on disk left by  

brake plate 

 
3.2 Temperature monitoring in different sectors on 
the disk surface during braking 

To determine the temperature developed after friction 
from the disk surface during braking, the car was 
suspended in the front left and was simulated a braking. 
This experiment was repeated 4 times under identical 
conditions. In the Table 2 are presented averages of these 
measurements. The disk was divided into four diameters 
with 10mm distances between them and the temperature 
was measured on the disc surface with a machine called 
TROTEC - BP25. The device reads the surface 
temperature of the material using two laser beams, each 
measuring was announced by an audible alarm and the 
response time is 150 ms. The measuring range of the 
device it is between 50oC to 260oC  with accuracy 
between -50o-20oC, measurement error is ± 1 / 1,5oC, 
Laser class 11 with a laser power between 630/670 nm. 

 
Table 2. Measured values of the temperature at different 

diameters on the disc brake 
Temp. 
(oC) 

Braking 
time 
(min) 

D1= 
158mm 

D2= 
178mm 

D3= 
198mm 

D4 = 
218mm 

T0  41,5oC 41,5oC 41,5oC 41,5oC 
T1 1 min 132oC 146oC 135oC 78,5oC 
T2 3 min 147oC 154oC 153oC 130oC 

This analysis was achieved in the following conditions: 
air temperature = 38oC, engine speed 2000 rot / min and 
after braking 1800rot / min, wheel speed = 465rot / min. 

From the Table 2 can be seen that with increasing the 
breaking time grow and surface temperatures of the disk, 
especially in the contact area with the brake pads 

(corresponding to the diameter D2). 

3.3. Microstructural analysis 

For microscopic examination of a metalographic sample 
it was necessary previous preparation for the metal 
surface to be analyzed. Cutting the samples were made 
by mechanical cutting using a rotating disk-cooled with 
cooling emulsion based on water and then has been 
polished, polishing and chemical attack with NITAL 
(2% nitric acid + ethanol). Microstructural 
characterization of metallic samples was made with 
optical microscope MC6. Figure 6 presents the 
microstructural image of the sample taken from the new 
brake disc with a 250X magnification and figure 6.b is 
presented microstructure sample taken from the old disc 
brake at the same scale of magnification. The used 
material reveals the presence of a gray cast iron with 
lamellar graphite, graphite fine slides uniformly 
distributed in ferrite-pearlite mass base. 

 
a) New brake disk 

 
b) Old break disk 

Figure 6. Samples microstructure, 250x 

A perlitic basic mass with fine graphite and 
homogeneous spread shows the 100 time higher wear 
resistance than a grey iron with ferrite based and 
graphite heterogeneous spread [18,19,20]. 

Comparing the two images we can say that no structural 
changes occurred on used discs therefore temperatures 
were not so high to cause structural changes in the disk 
material.  

3.4. Rockwell hardness analysis 

In order to analyze the hardness of the samples were 
divided into four diameter with 10 mm distance from 
each other, and on these diameters was measured the 
hardness of 6 points. There have been five such 
measurements and in Table 3 are listed their average 
values. Hardness tests were made on a Rockwell 

40



The Scientific Bulletin of VALAHIA University - MATERIALS and MECHANICS –Vol. 15, No.  12 
 

 

 

hardness tester NAMICON. Indenter was a steel ball, the 
contact force is 980N (100kg). 

Figures 7.a, b is shown the proper hardness variations for 
diameters positions 2 and 3 identified as the area of 
contact between the brake disc and pad. For used disk 
were performed hardness measurements both sides (2V) 

and the reverse (2vr). For the new disc were measured 
hardness only one- sided (2n). 
Is found that the harness values not show significant 
changes. It can be concluded that the temperature during 
the operation of the braking system does not influence 
material strength. 

 
Table 3. Rockwell hardness values measured on new and used brake discs 

Diameter position 
Disk Diameter 

a b c d e f 
1 81,4 86,8 80,1 88,8 86,3 86,5 
2 94,9 89,2 96,1 89,5 90,9 91,7 
3 89,8 91,9 91,5 88,3 91,4 91 

Face 1 
(2v) 

4 87 86,5 84,1 87 89,5 84,7 
1 87 90,2 87,8 88,9 89,8 90,6 
2 87,8 87,4 88,2 86,5 89,3 90,3 
3 91,7 89,4 86,7 91,1 86,6 85,4 

Used 

Face 2 
(2vr) 

4 91,5 90,6 88,3 85,5 85,7 83,4 
1 82,1 88 87,9 89,5 89,1 87,3 
2 89 89,6 90,4 89,8 90,8 87,9 
3 85,2 91,2 90,1 89,4 90,7 89,9 

New 
Face 1 
(2n) 

4 91,9 92,4 90,8 91,9 92,8 93,3 
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Figure 7.  Measured values of hardness 
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4. CONCLUSIONS 

It is noteworthy correlation between the theoretical 
model for setting the temperature at low and medium 
speed with experimentally results. Small temperature 
differences between the theoretical model and 
experimentally measured values, is because the 
theoretical model considers that the friction occurs on 
surfaces in contact with peak asperities. Theoretical 
temperature under these conditions is greater than the 
average temperature measured on the surface, bench 
trial. 

In terms of tribological condition, on friction surface 
because of dimensional differences between nominal and 
real contact area is considered that: 
- For high contact pressures, the real contact area is 
almost equal with the nominal area and the heat transfer 
is considered one-dimensional; 
- For small contact pressures, the contact is performed on 
a finite number of rough edge of nominal surface and the 
heat transfer occurs from the rough edge to the whole 
body; 

The disc brakes has not presented traces of thermal wear 
demonstrated by corelations of hardness and microscopic 
analysis. The predominant wear was corrosion 
accompanied by adhesion and abrasion wear, as 
confirmed in macro analysis. 

By correlating structural analysis (micro and macro) and 
hardness we can see only changes in surface appearance 
and not in material hardness. Any differences between 
the measured temperature and hardness are insignificant, 
they fall into the error of measurement. 

For older car, the wear is more pronounced on the 
outside diameter of the disk, may be due to plan -parallel 
misalignment of the plate with the brake disk when is 
running. 
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Abstract. It is known that the transportation of oversized technological equipment raises particular poroblems, both from the economical 
and technicall point of view. Knowing the loads in the platform-equipment assembly, the intensity and the direction of the wind loads, the 
condition of roads and the way these act is imperative. The present paper seeks to determine the expression of the loads obtained on a 
platform with an even number of axles, loaded with a technological equipment and neglecting or not the deformation of the suspensions 
and tires. 
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1. INTRODUCTION 

Concern professionals (designers, manufacturers, 
transporters and users) in putting into operation and use 

of technically safe industrial mechanical equipment in 
general and those working under pressure in many 
practical cases with particularly dangerous substances 
from the chemical point of view and / or mechanicall, in 
particular, it is especially current [1 – 4]. It is known that 

 
 

Figure 1. Platform for transportation with even number of axles 
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a strong influence on the correct operation of industrial 
equipment is the precision in manufacturing, 
transportation and installation. Such possible weaknesses, 
occurred during the route from conception to putting into 
operation of mechanical structures should be avoided or 
known and their influence on the state of stress 
appreciated. It should not be neglected the fact that 
during transportation might appear the danger of 
explosionx and / or fire with the most dangerous     
effects [5]. The present paper aims to present some 
elements concerning the assessment of longitudinal 
stability when transporting oversize industrial equipment 
such as to avoid any unexpected damage. 

2. HYPOTHESES  STUDY 

Within the study are taken into consideration some 
acceptable simplifications, such as [6]: 
- The assembly, platform for transportation – load is 
considered as an one piece system, without showing how 
to support it and anchorage it; 
-  The forces occurring during transportation are 
considered concentrated in their points of application 
(wind forces are positive if their direction is opposite to 
the movement of the convoy); 
-  The road surface is considered without bumps; 
- The analyzed assembly is supported on wheels as a 
static beam with supports ( the wheel – suspension 
assembly) nondeformable or deformable. The platform is 
supported by constant stiffness along its length. 
- The reactions expressions are established at the contact 
of the tires with the road, using the method of three 
moments [5 - 9]. In this context, it si taken into 
consideration both the tracting force and also the 
resistance force behind the platform (present or not). 
-  The stability of the movement provides that the 
overturning bending moment, relative to the center of 
mass of the system studied, multiplied by a safety factor 
should be less than the stability calculated on the same 
point. 
- The condition that the lowest normal reaction si 
positive shall be checked: 

 
01,

0 ,m i i n
Z m i n Z


   

respectively that the largest to be below the bearing 
capacity of the axle: 

 
0

01,
,M i ai n

Z m a x Z Z


   

with 0n  is noted the number of the platforms axles. 

- Under the conditions specified above it can be 
calculated the force required to tow the convoy in 
question. 

 

3. CONDITIONS  OF  MOVEMENT  STABILITY 

3. 1. The deformation of the suspension and tires is 
neglected 

The unknown bending moments in the axles (considered 
as the platform supports) shall be obtained with the 
equality: 

       
0 0 0

1

2 2 2 ,M n M n l M nM A T


  
     (1) 

where   
0 2M nM  represents the transposed vector of 

the bending moments  02 , 2 ;jM j n   

 0 2M nA 
 
   - the matrix of the  influence factors, 

withc have the expressions: 

1 1 14 ;a d   1 2 1 ;a d …………………………. 

    11 1 ; ;i j i ja a d i j     

1 0 04 ; ; i 2, 3 ; 2, 3 ;i ja d i j n j n        

…………………………………………………………. 

0 0 0 02 , 3 1 2, 2 1; 4 ;n n n na d a d             (3) 

    
0 02 1, 2

T

il M n i n
T b  

  is the transposed 

vector of the free terms, in wherein: 

0 0 0 01 1
1 , 1 1

2 2 2 2

; ..... 6 ;f n n n nb d M b A         
   

      

0 00 0 0 2 1
, 1

2 2 2 2

6 ; ...... b .n n sn n nb A d M      
   

       (4) 

In previous equalities it was considered that the center of 
mass of the assembly is between the supports 

 0 02 1 , 2 ,n n  wich is why the sizes are: 

0 0 0 2 3 3
, 1

2 2 2

;n n nA A 
      
   


0 0 0 1 2 3

,
2 2 2

,n n nA A 
   
   
   

  

(5) 
where it is changed 1A  with 1d  [8]. 

Takeing into account the expressions of the bending 
moments of the supports, it results the normal reactions: 

   1 2 1 ;c r f c r f f fZ k F s i n M M d     

 2 2 3 12 ;fZ M M M d    ………………….. 

   1 1 1 02 ; i 3, 2 1 ;i i i iZ M M M d n      

……………………………………………………………. 

   
0 2 11n î v lZ d d M M g c o s          
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 0 0 02 1 2 2 1 12 ;n n nM M M d       

   
0 2 1 1n î v lZ d d M M g c o s         

 0 0 02 2 1 2 2 12 ;n n nM M M d      

…………………………………………………………… 

 
0 0 01 2 1 12 ;n n n sZ M M M d       

   
0 0 1 1 .n c r s c r s s s nZ k F s i n M M d      

(6) 

The condition for the stability of the moving assembly is 
presented in this case under the form:  

    1 1s v l T v c c r f c r f p pc F H H F k L         
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n
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0 1
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 0
1 12 s c c s

n
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       
 
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0

0

0 1
2 1

2 .
n

i
i n

Z i n d d
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3. 2. The deformation of the suspension and tires is 
not neglected 

The first unknowns of the problem at hand – the bending 
moments of the supports considered, it is determined also 
by he equality of the form (1). The non zero expressions 
of the items of the matrix  

  0 2M nA 
 
   are: 
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(8) 
while the free terms have the equasions: 
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(11) 
The reactions between the tires and the ground, in this 
case, are established by the expressions (6), where there 
are introduced the bending moments inferred from the 
above. At the same time, the condition of stability is 
maintained (7), in which the required adjustments will be 
made on the case. 
In the previous expressions it shall be taken into account 
relations like: 
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    (12) 

where: 

 1 .T f fK c o s f s i n            (13) 

Other notations:  c r fF   tractive force of the loaded 

platform;  c r sF   breaking force behind the platform; 

v T lF   the total wind force developed along the 

platform (as a resistance force if it is opposed to the 
movement of the assembly); i T lF   total inertia force in 

the case of accelerated or braked movement; E   the 

equivalent leasticity module of the platform, considered 
with an uniform geometry; I   moment of inertia of the 

cross section of the transport platform; ,î vM M   mass 

of the load respectively the vehicle mass; fM   bending 

moment developed by the normal component of the 
tractive force on the road (front) [8]; sM  ; fM   

bending moment developed by the normal component of 
the braking force or pushing force on the road [8]; d   

the distance from the front end of the platform to the 
center of mass of the assembly; 1d   the distance 

between two consecutive axles; f   coefficient of 

rolling resistance of tires (considered the same for all 
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tires); 1,c r fk   for angle f  positive (up direction) , 

respecively 1,c r fk    for the angle f  negative; 

g   gravity acceleration; l   the angle of inclination 

from the horizontal road;  pn   the number of tires 

belonging to an axle; f   the angle between the 

drawbar towing and horizontal; 1,c r sk  for the angle 

s  positive (situated up), respectively 1,c r sk   for 

the angle s negative; s  the angle between the 

drawbar of binding of the platform to the means of 
braking or pushing from behind. 

4. CONCLUSIONS 

The paper addresses the stability of the the movement of 
convoys for transporting oversized industrial equipment, 
often in existing installations of process industries. The 
study is carried out for the case where the deformation of 
the suspension and tires is neglected, respectively 
opposite case. The platform for transportation is 
equivalent to a beam with constant stiffness over its 
entire length. It is inserted the effects of inertia forces, of 
wind forces and obviously the masses of the platform and 
transport equipment. In each case the user can make 
adjustments convenient in the case for downhill slope or 
hill. 
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Abstract. Taking into account the importance of mechatronic applications, researches regarding the possibility to improve the 
lifetime of mechatronic components were made. Nanostructured metallic thin films (Ti, Cr, Al and Ti/Al multilayer) were deposited 
on different types of steel substrates, because nanomaterials have exceptional properties in relation to the common materials. In this 
paper a part of the results obtained after mechanical and topographic characterization of the thin films are presented. Cr is the 
deposited thin film showing the highest hardness on the surface of steel substrate type OSC. After the scratch tests realized, Ti layer 
presented the best adhesion on all types of steel substrates used in experiments. The results of these researches could be extremely 
useful for engineers in the mechatronic field. 
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1. INTRODUCTION 

 
Mechatronics, as science of mechanical-electronical-
computer systems is the result of technological 
development of the recent decades. All high-tech 
products made today are mechatronic products: modern 
cars, industrial robots, microrobots used in military 
industry, nanorobots used in medical investigations, 
computers, printers, office equipment, equipment for 
medical investigations, prostheses and artificial organs, 
audio, video recording systems, etc [1]. 

The surfaces of these systems, made of the most suitable 
materials are subjected, in time, to some tribological 
processes. As a result, friction and wear appear – 
processes that manifest at micro- or nano-scale and are 
heavily dependent on surface interactions. 
From tribological point of view, the wear is a process of 
progressive loss of material arising from the interaction 
of friction couplings surfaces. Between the wear and 
friction processes there is a close interdependence, 
meaning that the wear is a result of friction, and the state 
of surfaces resulting from friction influences the wear. 
Wear is a mechanical process in that the strains 
associated with the destruction process of the surface 
may exceed the material strength and, thus, wear 
particles occur. 

There are several wear mechanisms [2], which in some 
systems can be combined. These are: adhesive wear, 
abrasive wear [3], abrasive wear with the third body [4], 

superficial fatigue wear, corrosion wear and fretting 
wear. 
Taking into account these processes that have important 
effects on mechatronic systems, and the importance of 
the lifetime of components and systems in this area, the 
project researches presented in this paper focuses on the 
use of materials for tribological improvement of 
mechatronic components (high precision gears in 
miniature constructions, high precision bearings, 
components of mechatronic equipment for measuring, 
positioning and adjustment: bearers, guides, grippers, 
etc.).  
The materials commonly used in the mechatronic field 
must have certain properties: excellent resistance to 
degradation for minimizing the particles generation 
which can adversely influence the systems. The surfaces 
must be hard to keep the wear to a minimum value. 
Currently pure metals, stainless steels, and metal alloys 
are used. 
The need to have resistant components, with 
anticorrosive composition and improved mechanical 
properties have led to the application of thin films of 
materials with superior properties on different surfaces 
used in mechatronic applications. Nanomaterials have 
exceptional properties in relation to the common 
materials, for example: the tensile strength is 20-50 
times greater than the stainless steel; Young's modulus is 
5 times higher than the stainless steel [5]. 

The main objective of this project was the 
characterization of thin films surfaces with micro and 
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nanometric structures deposited by physical methods. 
Researches on materials were directed mainly to study 
the mechanical properties of their surface. 
Studies and progress have been done by the use of very 
hard alloys and materials to keep the wear to a minimum 
value. 

 
2. MATERIALS AND EXPERIMENTAL 

METHODS  
 

2.1. Materials deposition  
 

Thin films are deposited on mechatronic systems using 
different techniques. 

Deposition methods must take into account the nature of 
phenomena that take place in the deposition process, 
diversity of thin films forming parameters (composition, 
structure, thickness, components spread in volume) and 
their application parameters (adhesion, wear resistance, 
corrosion resistance, porosity). 

Therefore, under this project, studies have been 
conducted on thin films deposited by electrons beam 
evaporation. 

Electrons beam evaporation is a technique that deposits 
metallic thin layers for the transposition of geometries 
from the mask in the substrate followed by lift-off. 

Using the deposition process by electrons beam 
evaporation, nanostructured thin layers of Ti, Cr, Al and 
Ti/Al multilayer were deposited on four types of steel: 
OLC45, Rul1, C120 and OSC. OLC45 and Rul1 are used 
in mechatronics for the production of gauges, bushes, 
actuators, measuring dowels, opposite dowels, 
positioning stands, body of gauge. C120 and OSC are 
used in mechatronics for the production of screwed 
calibre and ledges, sensing heads, standards, punches. 
All these mechatronic components are subjected, over 
time, to wear [6]. 

Depositions were made with a Temescal FC-2000 
system (Figure 1), a versatile evaporation system that 
supports a variety of accessories to meet almost any 
requirement. FC-2000 is a system with rapid cycle, 
blocked charging, which allows the source to remain in 
vacuum during recharging of the substrate.  

 

Figure 1. System of deposition by electrons beam 
evaporation Temescal FC-2000 [7] 

Standard components of this system are: control system, 
electrons beam source, power supply, vacuum pump and 
control, air system, water system, vacuum chamber. 

Careful control of the electrons beam of Temescal offers 
completely digital operation, internal storage of up to 64 
user-defined patterns and compatibility with almost any 
electrons beam gun commercially available. 
 
2.2. Mechanical characterization of deposited thin 

films  
 
Nanostructured thin films deposited for improving the 
resistance of mechatronic components in this project 
were physico-mechanically, structurally and 
topographically characterized. 

Following these characterizations, information about the 
degree of influence of the material used were obtained, 
for a future enhancement of substrates resistance. 
Mechanical characterizations are important, highlighting 
important properties of deposited thin films, such as 
hardness and adhesion [8]. 
 
Determination of deposited thin films hardness 
To determine the hardness of deposited thin films, the 
system for micro-hardness measurement HMV-2 was 
used, a system used within metallographic researches.  

The automatic reading system for Vickers hardness tests 
(Figure 2) is designed to automatically measure the 
distance between opposite corners of the fingerprint to 
find the Vickers hardness based on the fingerprint image 
realized on the testing surface and captured by the CCD 
camera. 
 

 
Figure 2. Automatic reading system for  

Vickers hardness tests 
 
In the project, this system has been used to make 
measurements under the following conditions T = 24°C; 
H = 50%, F = 98.07mN, HV0,01, 10 sec.     
 
Determination of deposited thin films adhesion 
By using the scratch tests it is possible to detect 
premature failure of the coatings adhesion in real 
applications. Scratching test method is a very 
reproducible quantitative technique, where the critical 
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loads at which errors occur are used to compare the 
cohesion or adhesion properties of the coatings or of the 
substrate material. 
 

A CETR-UMT 2 system (Figure 3) was used to perform 
measurements and tests in order to determine the 
adhesion of thin films. The device allows two ways of 
sliding contacts: with alternative reciprocating or 
unidirectional sliding. It also allows to control the 
ambient temperature and humidity of air. 
 

 
Figure 3. CETR-UMT 2 system 

 
The device performs various types of tribological tests 
(pin-on-disk, ball-on-disc, block-on-ring, pin-on-ring 
and micro-indentation) having an interchangeable 
module, which can be mounted on a base structure. 
This device has a modular design, with a basic module 
that contains the positioning system, the charging 
system, the driving system, the measurement system, the 
electronic system of control and data acquisition-
processing. The device provides protection against 
vibrations. 
The tests involved the execution of a measuring cycle in 
three steps, with a normal force of 5 N, a length of 5 
mm, speed of 0.2 mm/s, having duration of 25 s. 
 
2.3 Topographic characterization of thin films 
surfaces deposited and subjected to the scratch-tests  
 
Topographic characterization of thin films deposited and 
subjected to scratch tests was carried out using atomic 
force microscopy (AFM). The working principle of the 
atomic force microscopy is the measurement of 
interaction force between a tip and the sample surface 
using special probes, made of a cantilever with a sharp 
tip at the end. The force applied on the tip by the surface 
leads to bending of the cantilever. Measuring the 
deflection of cantilever, it is possible to evaluate the 
interaction force tip – surface. Acquisition of AFM 
surface topography can be made by registering the small 
deviations of the elastic cantilever [9]. 
 

AFM measurements were performed using a microscope 
type NT-MDT NTEGRA Probe NanoLaboratory (Figure 

4) [10]. This type of microscope has the following basic 
systems and modules: base unit, base modules (probes, 
exchange support, scanner, heating platform, fluid cells, 
etc.), protective hood, optic viewing system, vibration 
isolation system and control system (SPM controller, 
termocontroller, computer with interface panel). 
Surfaces of 50/50 μm situated in different locations of 
samples were scanned and topographic parameters were 
determined using NOVA SPM Software – the software 
of NT–MDT NTEGRA Probe NanoLaboratory 
microscope. 
 

 
Figure 4. AFM microscope, NT–MDT NTEGRA Probe 

NanoLaboratory. 1 – base unit; 2 – probe; 3 – vibrations 
isolation system; 4 – optical viewing system 

 
Following this investigation, it was possible to identify 
more clearly the nature of the damage and to determine 
the roughness parameters of all characterized surfaces. 
 
3. RESULTS 

 
Ti, Cr, Al thin layers and Ti/Al multilayer were obtained 
following the deposition by electrons beam evaporation 
on four kinds of steel: OLC45, Rul1, C120 and OSC. 
These layers had thickness of 50 nm (Cr and Al), 100 nm 
(Ti), and Ti/Al multilayer with a thickness of 50 nm each 
layer (total multilayer thickness is 100 nm). 
 

After scanning 50 × 50 m areas of the different films 
deposited on all the substrates, different topographic 
parameters have been analyzed (surface roughness Ra, 
surface asymmetry Rsk, coefficient of kurtosis Rka) which 
provide information on distribution and damage of the 
deposited layers. 
 

The roughness was used as a deterioration indicator of 
the deposited layer to obtain information regarding the 
variation in height from one point to another. This is 
quantified by deviations of the real surface from its ideal 
form. If these deviations are large, the surface is rough; 
if the deviations are small, the surface is smooth. 
 

Asymmetry index Rsk assesses the asymmetry degree of 
a distribution and characterizes, together with the 
coefficient of kurtosis Rka, the shape of the distribution. 
The asymmetry index Rsk is negative or positive as the 
survey distribution is asymmetrical to the left or, 
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respectively, to the right. A symmetrical distribution, 
such as the normal distribution, has the zero asymmetry. 
 

The coefficient of kurtosis Rka is part of indices that 
assess the form of a distribution. A high coefficient of 
kurtosis shows a distribution with great "tails" 
(categories far from average are presented), while a 
small coefficient of kurtosis shows an assignment where 
are presented less categories far from average. In the 
case of a distribution close to the normal distribution, the 
coefficient of kurtosis is around 3. Based on this result, 
the excess E is defined as the difference between the 
coefficient of kurtosis and 3. For E > 0, the distribution 
is called leptokurtic (the height of the curve is higher 
compared to the normal), and for E < 0, it is called 
platykurtic (the curve is flattened). If E = 0, the division 
is mesokurtic. 
 

After analysing the roughness average values of 
deposited films it was seen that on the OSC steel 
substrate, films with the highest uniform surface are 
deposited. Titanium has the most uniform surface, and 
from the thin films deposited with thickness of 50 nm, 
aluminium is more uniformly deposited on this type of 
steel substrate.  It can be concluded that layers more 
uniformly were obtained starting from chromium, 
aluminium and titanium. In the case of Ti/Al multilayer 
that has a more uniform arrangement on the C120 type 
substrate. 
 

Taking into account that the average values of the 
asymmetry index, in the case of all three types of 
deposited layers, were very close to zero, it can be 
concluded that they have a symmetrical distribution. The 
only exception is the Ti/Al multilayer, which has a 
positive asymmetry index, bigger than 1, so it is a 
deposition with survey distribution asymmetrical to the 
left right. 
 

For samples in this project, the excess values obtained 
after the analysis of coefficient of kurtosis indicate a 
platykurtic distribution of all thin films deposited on all 
four substrates types. The exception is in the case of Ti 
film of 100 nm thickness, the excess of which has a 
positive value, therefore a leptokurtic distribution. 
 
3.1. Determination of deposited thin layers hardness  
 
As a result of the hardness measurements made at a 
temperature of 24°C, humidity of 50%, with a force F = 
98.07mN, HV0,01 in 10 seconds were obtained the results 
shown in Table 1. 
 
Table 1. Results obtained from measuring the hardness of 
nanostructured layers deposited on different types of steel 

Layer Substrate 
M (The average value of  

hardness) 
OLC45 91.5 

Rul1 79.0 
C120 86.9 

Ti 

OSC 91.0 
OLC45 94.8 Cr 

Rul1 94.3 

C120 94.4 
OSC 96.6 

OLC45 81.4 
Rul1 84.9 
C120 84.8 

Al 

OSC 84.4 
OLC45 83.9 

Rul1 81.3 
C120 84.3 

Ti/Al 

OSC 86.3 
 
These values were analysed and hardness variations of 
the thin films deposited on a particular substrate type 
were obtained, variations which can be seen in the 
following figures.  
 

 
Figure 5. Variation of metallic layers hardness deposited on 

OLC45 steel 
 

 
Figure 6. Variation of metallic layers hardness deposited on 

Rul1 steel 
 

 
Figure 7. Variation of metallic layers hardness deposited on 

C120 steel 
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Figure 8. Variation of metallic layers hardness deposited on 

OSC steel 
 
It is observed that on all the four types of substrate, Cr is 
the deposited thin film that has the highest hardness, 
having an average value greater than 90, in all four 
cases. Ti also has a high hardness, but when it is 
combined with Al, its hardness decreases given the fact 
that the top layer is Al, a metal with a lower hardness.  
 
3.2. Determination of deposited thin films adherence 
by scratch tests 
 
Adhesion of metal layers deposited on various steel 
substrates was determined by the scratch tests using 
CETR-UMT 2 system shown in Figure 3. 
Tangential force Fx, the normal force Fz, movement in 
the normal direction Z, movement in the tangential 
direction Y, time T, friction force Ff (value in module of 
Fx), friction coefficient COF (ratio Fx/Fz in module) were 
used and determined.  
The average values obtained from these tests are 
presented in table 2.  
 

Table 2. The average values obtained from tests and 
measurements of adhesion. 

Layer Substrate 
Time 

[s] 
Depth 
[mm] 

Force Ff 

[N] 
COF 

OLC45 3.729 0.016 3.497 0.727 
Rul1 3.933 0.01 3.229 0.664 
C120 2.5 0.009 2.972 0.605 

Al 
50nm 

OSC 4.430 0.02 6.272 1.267 
OLC45 2.612 0.018 4.876 0.991 

Rul1 1.606 0.01 3.891 0.802 
C120 2.012 0.013 3.557 0.719 

Cr 
50nm 

OSC 2.377 0.021 3.461 0.717 
OLC45 1.931 0.01 3.915 0.81 

Rul1 1.960 0.01 3.139 0.639 
C120 2.052 0.012 4.16 0.846 

Ti 
100n

m 
OSC 1.656 0.01 4.482 0.91 

OLC45 2.053 0.013 3.658 0.739 
Rul1 2.012 0.012 3.199 0.647 
C120 1.859 0.01 3.503 0.702 

Ti 
50nm 
+ Al 
50nm OSC 2.082 0.017 3.354 0.701 

 
Analysis of these results leads to the following 
conclusions: 

 The time shown in the third column indicates the 
moment of separation of the deposited superficial 
layer. 

 At this point there is a significant increase in the 
depth of penetration of the testing device. 

 The values of the friction force Ff and the sliding 
friction coefficient COF are appropriate to the 
produced phenomenon. 

 

Friction coefficient COF values are decreasing in the 
order of Al, Cr, Ti, Ti/Al. These values are generated 
and by adherent structure of the deposited material, and 
by the peeling strength of the hardened surface layer. 
 

Regarding the moment of separation of the deposited 
surface layer, Al detaches the fastest from the C120 
substrate, Cr from the Rul1 substrate, Ti from OSC 
substrate, and the Ti/Al multilayer detaches the fastest 
from C120 substrate.  
 

If are taken into account, mainly, the values of detaching 
times on the four substrates types it can be see that Al 
shows the latest moment of separation on all four steels, 
which may indicate a good adhesion between it and 
variants of steel. 
 
3.3. Topographic characterization of thin films 
surfaces deposited and submitted to the scratch tests 
 
After the scratch tests on each sample and examining the 
scratch traces with the optical microscope, several types 
of surfaces damages resulted from critical loads were 
detected: deformations and detachments of material, 
detached fragments of deposited layers, semicircular 
cracks of the coating, raising of the material on the 
edges, cutting of the base material and oxidation. 
There are also areas with uniform surfaces, almost 
without defects. 
 

Identifying more clearly the nature of damages and 
topographic parameters setting of all the investigated 
surfaces was performed by atomic force microscopy. 
2D images, 3D images, calculated topographic 
parameters (Figures 9 – 12) and profiles on X and Y 
axes of these surfaces were obtained.  
 

  

 
Figure 9. AFM surface characterization of Cr thin films 

deposited on substrate type OLC45 and submitted to 
scratch tests 
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Following these measurements, the values of roughness 
obtained indicates a damage of the deposited films 
surfaces. It is about the surfaces where scratches, 
particles that came out of the surface or cracks were 
observed. However, taking into account that the averages 
values of roughness are of the nm order it can be 
considered that there was not a very high destruction of 
those surfaces. This allows considering it almost smooth 
surfaces. Ti layer deposited on the all four types of steel 
shows the lowest value of the roughness among all the 
layers deposited. The fact that the scratch tests had not 
greatly damaged the surface can be interpreted as good 
adhesion of Ti layer on all types of steel substrates used 
in experiments. 
 

   

 
Figure 10. AFM surface characterization of Ti thin films 

deposited on substrate type Rul1 and submitted to scratch 
tests 

 

   

 
Fig.11. AFM surface characterization of Al thin films 

deposited on substrate type C120 and submitted to scratch 
tests 

 

   

 
Figure 12. AFM surface characterization of Ti+Al thin 

films deposited on substrate type OSC and submitted to 
scratch tests 

 
Asymmetry index Rsk, for all the layers deposited, has a 
positive average value indicating a survey asymmetric 
distribution to the right. If one takes into account that for 
some layers the values of this index are close to zero (Al 
deposited on Rul1=0.3 and Cr deposited on C120=0.25), 
these could be considered normal distributions. 
 

Coefficient of kurtosis Rka shows for all deposited layers 
values that lead to a negative excess, indicating a 
platykurtic distribution. For Ti layer deposited on the 
OSC substrate, the excess has a value close to zero 
(0.56), giving the opportunity to be considered as 
mesokurtic distribution. Also, the Ti layer deposited on 
the OSC type substrate has a value close to 3 (ie 2.44), 
which indicates the possibility of considering a normal 
distribution.  
 
4. CONCLUSIONS 

 
After the study performed the importance of such 
deposited materials was highlighted for the mechatronic 
domain: 
 tests and measurements have been made for 

physico-mechanical and topographic 
characterizations of nanostructured Al, Cr, Ti thin 
films and of Ti/Al multilayer deposited by the 
method of electrons beam evaporation on steel 
substrates type OLC54, Rul1, C120, OSC; 

 it was observed that on the all four substrates, Cr is 
the deposited thin film showing the highest 
hardness. Ti also has a high hardness, but when it is 
combined with Al, its hardness decreases, given that 
the top layer is Al, a metal with lower hardness.  

 the highest average hardness for all four types of 
nanometric layers was obtained on the surface of 
OSC substrate; 

 Al detaches the fastest from the C120 substrate, Cr 
from the Rul1 substrate, Ti from OSC substrate, and 
the Ti/Al multilayer detaches the fastest from C120 
substrate;  

 for the topographic characterization, the values of 
some tribological parameters, such as roughness, 
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asymmetry index and coefficient of kurtosis, were 
analysed; 

 taking into account that the average values of 
roughness are of the nm order it was considered that 
there was not a very high destruction of deposited 
layers.  

 the fact that the scratch tests had not greatly 
damaged the surface can be interpreted as good 
adhesion of Ti layer on all types of steel substrates 
used in experiments; 

 the positive value of the asymmetry index for all 
layers deposited indicates a survey distribution 
asymmetric to the right; 

 coefficient of kurtosis shows for all layers deposited 
values that lead to a negative excess, indicating a 
platykurtic distribution. 

The results of these researches could be useful for 
engineers in the mechatronic field, who are studying the 
functioning conditions of mechanical parts components 
and not only, establishing the functional role of each 
component in the whole assembly and choosing 
materials that correspond to their proper operation. 
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Abstract: According to the IWA norms, the water loss category includes also the apparent loss water due to measurement errors of 
the water meters used at the connections. This paper presents the experimental results obtained during two years of registrations in 
TARGOVISTE's Water Company network. A program for verifying the water meters used for connections has been implemented 
according to a statistical distribution, depending on the number of appliances and their dimensions. Using a theoretical simulation 
model, calibrated on the basis of the actual reference flows measured on the metrology approved measuring stand, a procedure was 
developed to assess the level of deviations in the fully metered water distribution network. Depending on the values of deviations and 
flows actually recorded by the meters in the distribution network, it was possible to estimate the percentage of the losses from the 
actually used water meters. 

Keywords: Water meter, loss water measurement stand, theoretical simulation model. 

 

1. INTRODUCTION 

Knowing the errors in measuring water flow rates in 
city water networks is a major requirement for 
accurately compiling balance sheets for specific 
consumption and consumption forecasts in the short 
and medium term.  

In order to correctly evaluate these errors, flow 
measurements will be made on an approved stand for 
water meters as they are brought out of the field, 
following the following national rules: [10, 11, 12, 13] 
- the batch water meters with the nominal diameters Dn 
15, Dn 25 and Dn 32 will be checked on stand of CAT 
- TÂRGOVISTE water company - authorized by 
BRML  - Romanian Office for Metrology and Lengths  
by 1 / 3 pieces survey (33%); 

- batch water meters with nominal diameters smaller 
than Dn 15 will be checked by 1 / 2 pieces survey 
(50%); 
- batch water meters with nominal diameters larger 
than Dn 32 will be 1/1 (100%) checked. 

During these checks, the flow rate at which the water 
meter starts to record is measured: Qstart.  
Most water meters currently approved and marketed on 
the market are with turbine, single or multiple, dry, wet 
or semi-dry screen, with constant or volumetric cross 
section, moving parts (kinetic transducers). Electronic 
water meters using the COANDA effect are less 
commonly used (less than 5% of bundles). 

Kinetic water meters used in meters are meters that are 
based on the principle of proportionality between the 
turbine rotation speed and the speed of water passing 
through the meter (Figure 1) [6, 7, 8, 9] 

 
Figure 1 
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The turbine movement is transmitted via a wheel drive 
or magnetic induction to an integrator that measures 
and displays the volume of water consumed by each 
time by integrating the speed with time according to 
the passage section. The main metrological 
characteristics of a water meter are: 
- Q nominal is the nominal flow; 
- Dn nominal diameter; 
- A, B, C, D precision class. 

An important feature of all measuring devices is 
measuring accuracy.  

Depending on the accuracy of the water volume 
measurements, the water meters are framed in the 
precision classes: A, B, C, D; the best being the 
precision class D and the lowest, the precision class A. 
Classification in a class by the BRML metrological 
norms in Romania, is made according to the errors 
recorded by the apparatus at four standardized flows: 
Qminim, Qtransitory, Qnominal,      Qoverload, having different 
values depending on the diameter of the water meter 
(flow rate) [12,13]    (Figure 2). 

  

  
  
 

An essential and important element from a practical 
point of view, but not specified by the manufacturers in 
the prospectus of these devices, is the sensitivity of the 
water meter [1,2,3].   

This is a feature of all measuring devices related to 
measurement accuracy, type-dimension and operating 
principle (manufacturing technology) The sensitivity of 
the meter is expressed by the sensitivity threshold that 
is defined by two flows: 
- Qp starting flow rate - representing the flow at which 
the rotor is moving, recording the flow passing through 
the counter. Typically, this flow is characterized by 
large negative errors, which begin to decrease with its 
increase [6,7,8,9]  (Figure 2). We defines the percent 
flow rate error as follows: 

%100
Q

QQ

real

realp
p 


     (1) 

- Qni unregistered maximum flow rate  through the 
water meter without producing the turbine motion, no 
consumption being recorded. Practically the maximum 
unregistered Qni rate is considered: 

pni Q99,0Q       (2) 

The measurement error in this case is -100%.(Fig. 2).  
In order to highlight the influence of starting flow rate 
Qp on actual consumption in meter counting, the 
special metrological test bench was experimentally 
determined by errors and the error curve for different 

drinking water meters with different nominal diameters 
was constructed.  
Figure 2 shows the form of the standard curve, making 
clear both the value of the starting Qp flow rate and the 
variance of the measurement error. 
 
2. PROCESSING OF EXPERIMENTAL DATA 

For the processing of the experimental data obtained by 
measuring on the approved stand for water meter 
verification CAT, the calculation relations used for: 
- Deviation flow rates measured for the follows flow 
rates:  Qmin the minimum flow rate,  Qtr  - transitory 
flow rate ; Qn  - nominal flow rate (in liters / min): 
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The index i corresponds to the measured measurements 
(i = 1, ... n), and the index R and M indices have the 
meanings:  R corresponds to the regulated flow ; M 
corresponds to the measured flow. 
- Average deviations of the minimum and transient 
minimum flow rates: 
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- Minimum, transient and nominal flow raste errors (in 
percent %): 
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   (5) 

Figure 3 shows the two curves of flow rates / 
deviations  according to the flow passing through a 
water meter: 
- the regulated standard flow deviation  - R; 
- the measured flow deviations  - M 
 
a. For the regulated standard curve (R), it can be seen 
from Figure 3 that: 

- for the minimum Qmin flow rate and the transient 
deceleration Qtr the related deviations min and tr 
are between + 5% and -5%. 
- for the nominal flow Qn and the overload Q, the 
measurement deviations Δn and Δ are between + 2% 
and -2%. 
b. For the curve determined by measurements on the 
stand (M), it can be seen from Figure 3 that: 
- for the start-up flow rate (Qp) the p deviation is 
greater than 5%, this aspect must be considered much 
more rigorously, in the present paper we only 
summarize the minimum, nominal and transient flows. 
- for the minimum Qmin flow the deviation min is 
greater than 5% 
- for nominal Qn and overload Qs, the measurement 
deviations Δn and Δ are between + 2% and -2%

 
 

 
 
 
4. EXPERIMENTAL SITE DATA COLLECTON  

The experimental measurements were carried out on a 
district in DAMBOVITA county comprising 146 fully 
metered water meters of the same type Dn 20 C class 

for a continuous 4-year operation through which water 
was delivered with an average hardness of 120 Germans 
degree.

 
Figure 4 
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The analyzed district was divided into 10 zones (Figure 
4) having approximately the same number of branches, 
where a counter was assigned to which a data logger was 
attached. At the entrance to the water network a Dn 80 
class C meter with double wrinkle dial was installed to 
record the total flow delivered. The statistical analysis of 
the measurements made on 10 water connections to 
connected households and to the sewerage network, 

where the evolution of debits was recorded using data 
logging for a period of one month, the data being 
downloaded every two days, led to the elaboration of a 
Work procedures and processing of the experimental 
data presented below. Graphical recording of a sample 
with data on water volumes from datalogging is 
described in Figure 5. 
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Figure 5 

 
With the data records above, a database was created 
which generated a monthly average flow curve actually 
measured by the ten water meters (q1 ... q10) from the 
studied connections, according to time, during the a one 
month: 
Qmonthly average = q1 + q2 + .... + q10 (6) 

The data recorded by the 10 data logger connections 
were processed using the MATLAB  equivalent method  
and led to a monthly average flow distribution law based 
on the three Qmin, Qtr, Qn flow  rates having a specific 
evolution shown in Figure 6. 
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Figure 6

 
Distribution ratio of average monthly flow rate 
monthly  Qaverage monthly, in connections with Qmin, Qtr, Qn 
flow rates can be approximated by the equivalent surface 
method using the following simplified relations: 
Qmin = 20% Qaverage monthly    (7) 
Qtr = 50% Qaverage monthly    (8) 
Qn = 30% Qaverage monthly    (9) 
 
The starting flow rate Qp can be appreciated as 
representing a quantity of water that flows continuously 
but is not recorded by the counters.  

 
This flow rate can be approximated in the first step as a 
percentage of 1% of the meters in the analyzed area, 
related to the average starting rate measured on the 
stand.  
Annexes A, A2 present the results obtained on the 
assessment of the measurement deviation in the analyzed 
district area. 
We calculated the unregistered flow rates for the 
minimum flow rate (Qmi-NI), the transient flow (Qtr-
NI), the nominal flow (Qn-NI) for relations: 
Qmin NI = emin  Qmin    (10) 
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Qtr NI = etr  Qtr     (11) 
Qn NI = en  Qn     (12) 
The unregistered monthly average flow is the sum of the 
three debits above: 
QNI = Qmin NI + Qtr NI + Qn NI   (13) 
Unregistered startup flow is determined according to the 
relationship: 
Qp = 1%  Nr.cont.  Qpaverage   (14) 
The total unregistered flow is determined according to 
the relationship: 
Qtotal = Qaverage monthly  + Qp   (15) 
The total measurement error is calculated as the ratio 
between the total unregistered flow rate and the total 
measured rate, expressed as a percentage: 

%100
Q

QQ

lunarmediu

pNIlunarmediu
tot 


   (16) 

 

The calculations for these debits and measurement errors 
are given in Annexes A1, A2.  
The green values are within the limits of the IWA norms 
and the values that do not fall within these limits are red. 
 
4. THEORETICAL SIMULATION MODEL 

The theoretical simulation model, calibrated on the basis 
of the actual reference flows measured are achieved  
with professional software SOLID WORKS- FLOW 
SIMULATION. The simulation model is shown in 
Figure 7.The input data are presented in Table 1. 
The simulation  achieved  with FLOW SIMULATION 
lead to the results presented as follows: 
Figure 8 - Simulating the water velocity in the outlet 
Figure 9 - Simulation of water pressure in the outlet 
Figure 10 - Simulation of the pressure inside the turbine. 
 

Table 1 

 
 

 
Figure 7 

 

 
Figure 8 

 

Goal Name Unit Value Averaged Value Minimum Value Maximum Value Progress [%] 

GG Max Velocity 1 [mm/s] 1246.842008 1246.973223 1229.134108 1265.088691 100 

GG Torque (Y) 1 [N*mm] -0.337095557 -0.366292725 -0.457597104 -0.274885938 100 
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Figure 9 

 
 

 
 

Figure 10 
 
5. CONCLUSIONS 

- the measured values of the meters under test lead to 
an error: 
tot = -11.262%     (17) 
- since the 10 counters were chosen randomly from the 
146 connections, it results that on the analyzed area, 
the operator has a commercial loss of 25.26% due to 
the counters used. 
- in practice it was found that on the analyzed network, 
the delivery flow rate (Q delivery) was in the analyzed 
period (one month): 
Q delivery = 2117,1 mc / month   (18) 

The average monthly total flow rate measured from the 
readings of the 146 counters was: 
QTaverage monthly = q1 + q2 + .... + q146  

QTaverage monthly = 1473.43 mc / month  (19) 

The difference between the delivery and the total 
monthly average flow rate measured (QTaverage monthly is: 

Q delivery – QTaverage monthly = 634,668 mc / month    (20) 
This difference flow rate represents a loss of 30.4%, 
although no damage to the network was recorded 
during the analyzed period.  

The difference between the loss determined by the 
theoretical method presented above of 11.262% and the 
experimentally measured in situ of 12.1% may have 
the following causes: 
- The existence of meters with deviations higher than 
the average resulting from the developed model. 
- Unpunished small spikes or start-up flows higher than 
the approximate one in the model shown. 
-the exposed method uses only deviations measured in 
three points, namely the deviations in Qmin, Qtr and Qn. 
 
6. SOLUTIONS PROPOSED 

It is possible to increase the number of points for 
determining the deviations measured, for example by 
dividing the analysis interval between the minimum 
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flow rate Qmin and the maximum flow rate Qmax in the 
"m-1" subintervals to which the flow points correspond 
(q1, q2, ... qm) with the measurement deviations (1, Δ2 
....,  Δm) between the regulated standard curve and the 
measured curve on the stand for the verified water 
meter. 
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